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Editorial on the Research Topic
 Plant microbiome: interactions, mechanisms of action, and applications, volume III




Terrestrial plants are of unique evolutionary and ecological importance (Margulis and Sagan, 1997). At present, approximately 400,000 plant species comprise nearly 80% of the world's living biomass (Bar-On et al., 2018). Their symbionts, including representatives of fungi, bacteria and other microorganisms, are equally remarkable (Gray, 2017). Microbes inhabit nearly all plant tissues, both inside and out (Barnes et al., 2025); collectively, they are referred to as the plant microbiome. The interactions within and among these microbes, and between microbes and plants, are central to terrestrial life, shaping individual plant phenotypes and driving the functioning of entire ecosystems (Barnes et al., 2025).

This Research Topic focuses on the interactions of plants with fungi and bacteria. Fungi vary in their interactions with plants, from obligate parasites (e.g., rust fungi, order Uredinales) to obligate mutualists without which certain plants cannot survive (e.g., some mycorrhizal interactions). Some fungi are even parasitized by plants (Bidartondo, 2005). The functional diversity of plant-fungal interactions is striking. Fungi, themselves, “probably evolved from a line of fungus-like protists that absorbs food directly from the living or dead bodies of algae, plants, and animals; and fungi seems to have coevolved with plants in the move to the land” (Margulis and Sagan, 1997). These authors argued that without their symbionts, plants might never have emerged and evolved on land: “dry land was as hostile an environment for plants as the moon is for us.”

Today, drought and salinity represent major constraints on crop yields (Verma et al., 2021). The contributions to this research topic primarily address research on microbes that improve the growth and yield of economically important plants affected by drought and salinity (Delaux and Schornack, 2021). Knowledge of endophyte applications to crops is more advanced than in any other sector of agriculture. However, even with crop plants, the most effective endophytes may never be identified, and even when they are their performance in a given crop system may fall short of optimal outcomes in the near future.

Advances in plant–microbe research reveal the critical role of microbiomes in maintaining plant health, productivity, and resilience in both ecological and agricultural environments. A central theme across the articles in Plant Microbiome: Interactions, Mechanisms of Action, and Applications, Volume III, is the idea that plants and their microbiomes are integrated holobionts and understanding their interactions is key to solving problems of food security, environmental stress, loss of biodiversity, and the sustainable use of bioresources. Together, the articles cover staple cereals, legumes, fruit trees, medicinal herbs, forest ecosystems, and desert shrubs, painting a tapestry of how microbiomes influence plant function, environmental tolerance, and even the integrity of medicinal compounds.

An overarching theme throughout this collection of works was the untapped microbial richness within medicinal and endangered plants. Research on Elephantorrhiza elephantina, a traditionally valued but declining medicinal herb in southern Africa, illustrates how a combination of both next-generation sequencing and culturing strategies can uncover concealed microbial symbionts in plant tissues. Predominant taxa such as Pseudomonas, Microbacterium oxydans, and Stenotrophomonas maltophilia were not only detected but also found to be bioactive metabolite producers, with high antimicrobial activity against a wide array of bacterial pathogens (Tlou et al.). Their demonstrated production of antimicrobial metabolites revealed the unexploited potential of endophytes as a sustainable source of bioactive compounds. This is important as it provides an alternative to the overharvesting of plants for therapeutic use, placing endophytes as new reservoirs of pharmacological agents. Similarly, in Polygonatum cyrtonema, a medicinal plant used in traditional Chinese medicine, microbial structure was found to be directly correlated with the storage of polysaccharides and saponins, which are key compounds to the plant's activity and commercial value (Yang et al.). The endophytic and rhizosphere microbiota differed between the Sichuan and Guangxi provinces, with Burkholderia, Caballeronia, Paraburkholderia and Amycolatopsis being negatively correlated with levels of bioactive compounds and Enterobacter having a positive correlation with the accumulation of polysaccharides. These observations place microbial ecology in the context of not just agronomy, but also the consistency and authenticity of medicinal plant products. In these contexts, the microbiome is no longer a silent background associate and becomes an active driver of cultural, economic, and pharmacological value.

These articles also emphasize the manner in which plant-associated microbiomes support stress tolerance in the main staple crops. Repeated monocropping of peanuts, a key legume, was found to significantly reorganize rhizosphere microbial communities, reducing taxa with beneficial functions in nutrient cycling and disease suppression and increasing potential pathogens. This microbial imbalance, commonly referred to as “continuous cropping obstacles,” contributes to a gradual decrease in peanut yields under prolonged monoculture. Control over microbiome structure was thus found to become a viable option to restore soil equilibrium and maintain productivity in high-input cropping systems. The same was found with rice crops in saline–alkaline soils, where the salt-tolerant cultivar “Jida17” assembled a more diverse and stress-acclimated microbiome compared to the susceptible “Tongxi93,” also showing a positive correlation with improved yield and grain quality (Zhong et al.). Functional pathways involving stress tolerance, nutrient cycling, and hormone modulation were enriched in Jida177-associated communities, illustrating how crop breeding and microbiome engineering are complementary levers for resilience. Casting the net wider to encompass nutrient limitation, phosphate-solubilizing rhizobacteria were found to mobilize phosphorus present in insoluble forms, enhancing rice P status and increasing field yields by as much as 15% (Rasul et al.). The multi-trait functions carried out by Acinetobacter MR5 and Pseudomonas R7 provided stress relief, suggesting the practical value of well-characterized microbial inocula. All of these studies show that plant productivity from monocultures under salinity and nutrient limitation is associated with the host's ability to recruit, harbor, and work with beneficial microbes.

A study on Bacillus sp. SW7 derived from mangroves highlighted an underutilized opportunity of exploring the potential of extremophilic microbes adapted to saline and heat-stressed systems. Isolated from mangrove sediments in the United Arab Emirates (UAE), the bacterium exhibited remarkable tolerance to high salinity (11% NaCl) and temperature (50 °C), and expressed multiple traits typically associated with plant growth-promoting (PGP) characteristics, including: solubilization of phosphate and potassium, production of indole acetic acid and ammonia, and catalase/oxidase activities (Afridi et al.). In a shade-house trial using tomato (Solanum lycopersicum), the addition of SW7 to tomato seeds greatly increased seed germination, leaf density and plant biomass. Harvested plants had only slight to no effects on the levels of photosynthetic pigments, indicating that beneficial nutritive substances and stress-tolerance (not photosynthetic efficiency) are responsible for growth-promoting effects. Together the results of this study demonstrate the potential of extremophilic PGP bacteria as bioinoculants for improving agroecological performance in arid and marginal soils, which could allow agriculture to become less reliant on chemical fertilizers and increase its resilience to climate stressors.

In addition to the co-inoculation of PGP bacteria, there are increasing consortia of fungi and bacteria that are being considered for their synergistic roles. Zeng et al. reported that co-inoculation of the arbuscular mycorrhizal fungus (Funneliformis mosseae) with a PGP bacterium (Pseudomanas sp. SG29) and a PGP rhizobacterium (Bacillus sp. SG42) resulted in greater improvements in tobacco seedling growth. Among the treatments tested, A_SG29, a co-inoculation of F. mosseae and Pseudomonas SG29, produced the greatest changes with regard to biomass, nutrient uptake (N, P, K), leaf area, chlorophyll content and root morphology. Using rhizosphere sequencing, they found evidence of increased beneficial microbial taxa, increased arbuscular mycorrhizal fungi (AMF) root colonization, and upregulation of metabolic pathways related to nutrient cycling and supporting plant growth. These results illustrate the ecological benefits of microbial co-culture: the ability to create targeted combinations of AMF and plant growth-promoting rhizobacteria (PGPR) that shape the microbiome of the rhizosphere enough to enhance early seedling development, while decreasing reliance on agrochemicals.

Soil type itself is a central parameter that affects plant–microbe interactions and their ultimate influence on crop yield responses. For example, in a comprehensive study of ratoon sugarcane (Saccharum officinarum) on sandy, loam and clay soils, Wang, Ma et al. determined that soil microbiological functions (which include respiration and catalase activity) were highly correlated with the theoretical sugar yield that could be obtained from the crop. Also, loam soils had the most balanced environment, which supported the greatest rhizosphere function and yield potential compared to sandy or clay soils. Additionally, bacterial abundance in the rhizosphere was negatively correlated with soil biochemical function, while fungal abundance was positively correlated. This indicates the distinct functional roles of fungi and bacteria in sugarcane rhizospheres, with fungi performing more of the biochemical functions associated with yield. The structure of root-associated endophyte communities also differed between soil types, demonstrating its direct effect on plant growth. These findings provide a basis for soil-specific management approaches and highlight the importance of improving the microbial community structure of different soils to increase sugarcane yield in ratoon systems.

While much of the focus has been on crop systems, insights from forest ecosystems can also provide valuable lessons regarding plant-microbe-soil interactions. Guo et al. examined the soil microbiome of the shiro, the distinct mycelial zone of the ectomycorrhizal fungus Tricholoma bakamatsutake, in association with Quercus mongolica. Shiro soils were found to have higher availability of potassium and nitrogen, but a lower availability of phosphorus and organic matter, when compared to non-mycorrhizal rhizosphere soils. The fungal community was less diverse in shiro soils than in non-mycorrhizal rhizosphere soils, and the community was dominated by T. bakamatsutake, which suppressed potential competitors such as Russula and Penicillium. In contrast, the bacterial community showed more diversity, with enriched communities of mycorrhization-helper taxa (such as Paenibacillus and Bacillus) and associated plant growth-promoting genera (e.g., Solirubrobacter and Streptomyces). Functional predictions showed the upregulation of pathways for sugar and fat catabolism the enrichment for genes involved in gibberellin biosynthesis, and carboxylesterase activity.

Microbiomes have also emerged as key players in plant adaptations to environmental contamination. Alongside ecological evidence, experimental work using ectomycorrhizal fungi with Pinus tabulaeformis under lead stress showed that fungal partners increase host growth, photosynthesis, and antioxidant defense while immobilizing lead in lead pyromorphite minerals through biomineralization (Cheng et al.). This novel dual mechanism of physiological tolerance on behalf of the host and geochemical stabilization in the rhizosphere is a potential model for the sustainable remediation of contaminated soils. These studies suggest that microbes are highly active participants in contaminated ecological zones, rather than passive residents.

Beyond well-studied bacterial–fungal consortia, other cross-kingdom microbial associations, such as those involving microalgae and bacteria, are emerging as important ecological inputs. An integrated review of microalgae–microbe interactions in saline–alkaline agriculture showed that algal photosynthesis and bacterial respiration constitute metabolic cycles that exchange carbon, oxygen, vitamins, and siderophores, generating extracellular polysaccharides that enhance soil aggregation and water relations (Ren et al.). These consortia were found to promote enhanced plant antioxidant responses and perform better than individual inoculants in soil and foliar treatments. By connecting autotrophic and heterotrophic metabolisms, algal-microbial systems open up new ranges of bioformulations to address salinity stress. Notably, this suggests a future for microbial interventions in agriculture, beyond single-strain inoculants and toward multi-kingdom consortia that reflect the complexity of natural ecosystems.

The microbiomes of shrubs and trees offer a new perspective, emphasizing drought resilience and longevity. A study of the hybrid buffaloberry (Shepherdia utahensis “Torrey”) showed that communities of soil, rhizosphere, and nodular organisms, dominated by Proteobacteria, Actinobacteriota, and Frankia nitrogen fixers support plant survival in droughty habitats (Devkota et al.). Interestingly, some individual strains had a combination of plant growth-promoting characteristics, including some that displayed all seven functions that were tested. These multipurpose microbes could be advantageous for designing inoculants for low-water-use horticulture and dryland restoration and would be safe from the potential isolation of microbes. An example of this is the study of global citrus root, which identified a conserved core microbiome associated with perennial fruit systems in nine countries and six continents. This microbiome comprised taxa such as Bradyrhizobium, Pseudomonas, Streptomyces, Cladosporium, and Mortierella (Lombardo et al.). Despite obvious environmental heterogeneity, the consistency of plants and their microbial associations indicates that perennial fruit trees may have a functional template that could be exploited to create universal inoculants. This provides an opportunity for scaling and, by virtue of not needing to adapt to each local environment, suggests that microbiome management involves optimizing conserved cores.

Endophytic microorganisms are part of the plant microbiome and fulfill important functions such as promoting plant growth and protecting against potential pathogens (Ghosh et al., 2020). These mechanisms can be diverse but they have been divided into two categories for study: direct and indirect. Direct mechanisms include functions such as the production of phytohormones and the facilitation of nutrient uptake from the soil. On the other hand, indirect mechanisms include the production of antimicrobial compounds that inhibit pathogen growth and the stimulation of the plant's defense systems (Glick and Gamalero, 2021). By providing these microbial services to their plant host, plants were found to exhibit better growth and to be able to improve their overall fitness even under biotic or abiotic stress conditions (e.g., drought or salinity) (Kumar and Nautiyal, 2022).

Two microbial groups reported as endophytes are fungi of the genus Trichoderma and bacteria of the genus Bacillus. Santoyo et al. analyzed the multitrait characteristics of these two groups. While their work did not exclusively focus on endophytes, they did emphasize the importance of these groups in performing synergistic tasks that help plants tolerate salt stress. Salt stress in agriculture is a global problem affecting a large portion of arable land, approximately 40%, and is more severe in underdeveloped regions.

Another issue affecting arable land is the presence of heavy metals and metalloids such as arsenic (Zhou et al., 2018). However, it has been shown that endophytic fungi can increase tolerance to these contaminants and even aid in the phytoremediation of contaminated soils. Such is the case of the endophytic fungus Serendipita indica, which in a synergistic interaction with the actinobacterium Zhihengliuella sp. ISTPL4 improved rice tolerance to arsenic presence and toxicity. Both microorganisms improved plant growth parameters such as shoot length, root length, shoot dry weight, and root dry weight, in addition to biochemical parameters such as chlorophyll content, protein content, and antioxidant enzymatic activities. These improvements were observed in comparison to uninoculated control plants. Additionally, plants managed to withstand arsenic stress due to the increased production of phytohormones in the presence of the microbial mixture (Sharma et al.).

The study of beneficial microorganisms can be approached using two strategies: culture-based and non-culture-based. The former provides an opportunity to study or manipulate the microorganisms in interaction with various crops, and also offers the possibility of generating bioinoculants applicable to different production systems. For example, Safaie et al. isolated over 1,000 strains of endophytic fungi from plant tissues such as roots and shoots (from Ferula ovina, F. galbaniflua, and F. persica), which were assigned to different species within the orders Eurotiales, Pleosporales, Botryosphaeriales, Cladosporiales, Helotiales, Hypocreales, Sordariales, Glomerellales, and Polyporales. Interestingly, root tissues harbored greater diversity than aerial tissues, given their closer contact with the rhizosphere.

Using techniques such as high-throughput 16S rRNA gene sequencing, the diversity of endophytic bacterial populations was determined in three Sichuan bamboo species: Phyllostachys edulis, Bambusa rigida, and Pleioblastus amarus. Out of a total of 1,159 operational taxonomic units (OTUs) possibly belonging to 811 species, the most abundant phyla were Proteobacteria, Actinobacteria, and Myxococcota. According to a functional analysis using PICRUSt, endophytic bacteria in bamboo leaves are mainly associated with six biological pathways: human diseases, metabolism, cellular processes, environmental and genetic information processing, and organ systems. These results indicate that their metabolic functions jointly influence the genetics, environment, and community structure of bamboo (Yan et al.).

The microbial diversity associated with a plant can be influenced by various factors, including biotic stress—particularly from pathogen attacks—which can lead to the recruitment of beneficial microbes (Liu et al., 2021). Wang, Xu et al. evaluated the endophytic microbiome of walnut (Juglans regia) in interaction with two pathogens: Colletotrichum gloeosporioides and Fusarium proliferatum. The results showed that despite changes in relative abundances, the dominant bacterial communities remained similar during infection by both pathogens. Interestingly, endophytic fungi were more sensitive to the presence of pathogens. However, both pathogens, C. gloeosporioides and F. proliferatum, promoted the enrichment of beneficial bacteria such as Bacillus and Pseudomonas, which are widely reported as antagonists of pathogenic fungi and promoters of plant growth. Their study also evaluated the performance of the endogenous antagonistic bacteria Pseudomonas psychrotolerans and Bacillus subtilis, which exhibited inhibitory effects on both pathogenic fungi and participated in the interaction.

The role of endophytes in challenging environments has been increasingly documented. Wang, Shi et al. provided a comprehensive analysis of dark septate endophytes (DSEs) in plant roots in heavy metal-contaminated ecosystems, identifying 22 distinct DSE species and revealing that colonization patterns are profoundly shaped by environmental variables such as soil nutrient status, organic matter content, and overall fungal community diversity. Their research group demonstrated that nutrient-rich soils foster higher DSE abundance, whereas heavy metal stress selects for resilient fungal communities with enhanced tolerance. This research not only elucidates the ecological determinants of DSE distribution but also establishes a theoretical foundation for leveraging these endophytes in the bioremediation of polluted habitats.

In a complementary study, Dong et al. examined the role of native seed endophytes in tobacco's resistance to Ralstonia solanacearum. High-throughput sequencing uncovered a marked increase in Paenibacillus in the resistant varieties, and the isolated strain Paenibacillus odorifer 6036-R2A-26 was found to effectively suppress bacterial wilt while simultaneously promoting plant growth. These results emphasize the dual functional potential of seed-associated microbiomes in enhancing both disease resistance and crop productivity, offering new avenues for microbiome-informed breeding and biocontrol strategies.

Understanding the drivers of rhizosphere community assembly is another key research focus. Ma et al. investigated the assembly of rhizosphere microbial communities in 108 plant samples by integrating the analysis of root traits, soil chemistry, enzyme activity, and metabolite profiles. The authors revealed that small-molecule metabolites—such as glycerol, sorbitol, phytol, and α-ketoglutaric acid—serve as primary drivers of microbial community composition, exerting a greater influence than either soil physicochemical properties or root morphological traits. Rhizobium emerged as a keystone genus shaping community structure, and experimental supplementation with these metabolites successfully steered microbial assemblages toward configurations enriched with beneficial microbes. These findings highlight the transformative potential of targeted metabolite interventions in engineering plant-associated microbiomes for improved ecosystem function and crop performance.

The integration of natural compounds with beneficial microbes provides innovative solutions. Jiang et al. explored the synergistic effects of osthole and Bacillus amyloliquefaciens on Panax quinquefolius in a forest ecosystem. Their treatments enhanced photosynthetic efficiency, upregulated antioxidant enzyme activity, and modulated the root microbial community by increasing bacterial diversity while reducing fungal diversity. Crucially, the recruitment of growth-promoting microbes resulted in increased biomass and a decreased incidence of anthracnose, demonstrating the practical potential of combining natural bioactive compounds with beneficial microbes to elevate plant resilience and productivity in the field.

Traditional agroecosystems continue to reveal valuable microbial resources. Rivera-Hernández et al. characterized the culturable rhizobacterial communities of tunicate maize grown in traditional Mexican agroecosystems and revealed stage-specific functional roles, with tasseling-stage bacteria enhancing growth and pathogen suppression, and maturity-stage bacteria contributing to organic matter mineralization and nutrient cycling. Importantly, several genera, including Rhizobium, Sphingobium, and Arthrobacter, were identified as previously undescribed plant growth-promoting rhizobacteria (PGPR) in maize landraces. This work highlights the critical importance of conserving native crops and their associated microbial genetic resources as reservoirs for sustainable agriculture and novel biotechnological applications.


Conclusion

In conclusion, plants and their microbiomes function as integrated holobionts whose interactions are essential for evolution, ecosystem balance, and agricultural resilience. Understanding and harnessing these partnerships offers key solutions to challenges in food security, environmental stress, and sustainable resource use.
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Tricholoma bakamatsutake is a delicious and nutritious ectomycorrhizal fungus. However, its cultivation is hindered owing to limited studies on its symbiotic relationships. The symbiotic relationship between T. bakamatsutake and its host is closely related to the shiro, a complex network composed of mycelium, mycorrhizal roots, and surrounding soil. To explore the symbiotic relationship between T. bakamatsutake and its host, soil samples were collected from T. bakamatsutake shiro (Tb) and corresponding Q. mongolica rhizosphere (CK) in four cities in Liaoning Province, China. The physicochemical properties of all the soil samples were then analyzed, along with the composition and function of the fungal and bacterial communities. The results revealed a significant increase in total potassium, available nitrogen, and sand in Tb soil compared to those in CK soil, while there was a significant decrease in pH, total nitrogen, total phosphorus, available phosphorus, and silt. The fungal community diversity in shiro was diminished, and T. bakamatsutake altered the community structure of its shiro by suppressing other fungi, such as Russula (ectomycorrhizal fungus) and Penicillium (phytopathogenic fungus). The bacterial community diversity in shiro increased, with the aggregation of mycorrhizal-helper bacteria, such as Paenibacillus and Bacillus, and plant growth-promoting bacteria, such as Solirubrobacter and Streptomyces, facilitated by T. bakamatsutake. Microbial functional predictions revealed a significant increase in pathways associated with sugar and fat catabolism within the fungal and bacterial communities of shiro. The relative genetic abundance of carboxylesterase and gibberellin 2-beta-dioxygenase in the fungal community was significantly increased, which suggested a potential symbiotic relationship between T. bakamatsutake and Q. mongolica. These findings elucidate the microbial community and relevant symbiotic environment to better understand the relationship between T. bakamatsutake and Q. mongolica.
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1 Introduction

Tricholoma bakamatsutake, an edible mushroom, often forms ectomycorrhizae with the roots of Fagaceae trees, such as Quercus mongolica (Deng, 2003; Ota et al., 2012). T. bakamatsutake exhibits similar morphological characteristics, aroma profiles, and nutritional composition to those of T. matsutake (Quan et al., 2005, 2007); however, it is priced lower in the market compared to T. matsutake (Kang et al., 2018). The growing demand for T. bakamatsutake necessitates its cultivation due to limited natural sources (Deng, 2019; Hou, 2020). Consequently, researchers are investigating optimal environmental conditions for the laboratory culture of T. bakamatsutake mycelia (Terashima, 1994, 1999; Wu et al., 2009; Yamanaka et al., 2019), while also attempting fruiting body production through transplantation into natural habitats (Kawai et al., 2018; Hou, 2020). However, disparities between natural and laboratory environments exist, and factors like soil physicochemical properties and microbiome composition may influence fruiting body yield in natural environments.

The underground mycelia of T. bakamatsutake form a white, sponge-like structure called shiro (Ogawa, 1977). In T. matsutake, the shiro plays an important role in the formation of fruiting bodies (Yun et al., 1997), which form at the core of the shiro. High-throughput sequencing has been widely used to study the microbiome in the shiro (Kim et al., 2014; Oh et al., 2016; Ye et al., 2018), allowing for the discovery of microbial diversity and non-culturable microorganisms by directly analyzing genetic material from shiro samples (Shokralla et al., 2012; Kim et al., 2014). Kim et al. (2014) investigated bacterial communities in T. matsutake shiro using pyrophosphate sequencing and found that environmental factors may have a greater influence on these communities than the dominance of T. matsutake. Oh et al. (2016) identified several microorganisms associated with T. matsutake, including Bacillus and Umbelopsis, which may benefit T. matsutake growth. Vaario et al. (2011) found that T. matsutake coexists with various fungal and actinobacterial species, and high enzymatic activity is involved in organic carbon degradation in the shiro. This approach can be used to study the symbiotic relationship between T. bakamatsutake and Quercus mongolica to provide a deeper understanding of T. bakamatsutake shiro and lay a foundation for future artificial cultivation. Additionally, T. bakamatsutake adapts more easily to the environment than T. matsutake, making it suitable for artificial cultivation (Deng, 2019; Hou, 2020). However, limited research on T. bakamatsutake shiro hinders its artificial cultivation and economic prospects.

Given its ectomycorrhizal (ECM) nature, the effects of T. bakamatsutake on other microorganisms, ecological milieu, and host plants necessitate careful consideration. ECM fungi colonize plant roots, modify the soil microbiome structure (Calvaruso et al., 2007; Li et al., 2019), and continuously spread their mycelia. The dominance of ECM fungi is driven by ecological niche competition, metabolite secretion, and the enrichment of mycorrhization helper bacteria (MHB) (Poole et al., 2001; Moeller and Peay, 2016). The symbiotic relationship between ECM fungi and host plants is important as the fungal mycelia closely adhere to plant roots, providing effective protection against pathogens for woody plants (Tedersoo et al., 2020). This symbiotic relationship also enhances nutrient exchange between ECM fungi and the plants; photosynthates are transported from the plants to the roots where ECM fungi reside, while minerals are transported from ECM fungi to the plants via mycorrhiza (Nehls et al., 2010; Nehls and Plassard, 2018). Additionally, ECM fungi play an important role in increasing plant resilience and improving forest environments (Song et al., 2015; Bennett et al., 2017; Yu and Yuan, 2023).

This study aimed to compare the soils of shiro and Q. mongolica rhizosphere to reveal the ecological relationship between T. bakamatsutake and Q. mongolica in natural forests. Further, the contributions of T. bakamatsutake to the host and environment were evaluated. The results herein contribute to a better understanding of the relationship between ECM fungi and their hosts in the micro-ecosystem, while providing a theoretical basis for the artificial cultivation of T. bakamatsutake.



2 Materials and methods


2.1 Soil sampling and determination of soil physicochemical properties

In August 2022, 28 soil samples were collected from four cities in Liaoning Province, China, Anshan (AS), Kuandian (KD), Xinbin (XB), and Xiuyan (XY). The sampling sites were situated in a mixed forest comprising Q. mongolica and Lespedeza bicolor, with Carex callitrichos being the predominant herbaceous plant. All sampling locations were maintained at a minimum distance of 10 m from L. bicolor. These 28 samples included 14 T. bakamatsutake shiro soil (Tb) and 14 corresponding Q. mongolica rhizosphere soil (CK) samples. The Tb samples were collected from the shiro soil under the fruiting body of T. bakamatsutake. The CK soil samples were collected from the non-mycorrhizal soil of the oak rhizosphere, located 5 m away from the shiro, ensuring that both the CK and Tb samples originated from the same oak rhizosphere. Additionally, this distance not only mitigated potential impacts of shiro on the CK samples but also minimized environmental disparities between Tb and CK. All the samples were collected by first removing the surface litter layer, then collecting soil at a depth of 5–15 cm and diameter of 10 cm using a soil sampler. The samples were encoded in the format of city name followed by Tb/CK (e.g., ASTb represented the Tb soil from Anshan). Grouping and numbering details for all samples are provided in Table 1. The samples were stored at −4°C upon the removal of the gravel and roots and subsequently divided into three parts. The first was dried and passed through a 20-mesh sieve to determine the chemical properties; pH, total nitrogen (TN), total potassium (TK), total phosphorus (TP), available nitrogen (AN), available potassium (AK), available phosphorus (AP), and organic matter (OM) were measured using previous methods (Bao, 2000). The second sample was desiccated and subsequently sieved through a 100-mesh sieve to determine its mechanical composition using the Bouyoucos hydrometer method (Bouyoucos, 1936). The third was stored at −80°C for DNA extraction.



TABLE 1 Collection and grouping of the 28 soil samples.
[image: Table comparing soil samples from four cities: Anshan (AS), Kuandian (KD), Xinbin (XB), and Xiuyan (XY). Two soil types are listed: *T. bakamatsutake* shiro soils and *Q. mongolica* rhizosphere soils. Each city has specific soil samples labeled with codes, with geographical coordinates and elevations provided for each city.]



2.2 DNA extraction, polymerase chain reaction (PCR) amplification, and Illumina MiSeq sequencing

Total genomic DNA of the microbiome was extracted using the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The quality of the extracted genomic DNA was determined using 1% agarose gel electrophoresis with a DYY-6C electrophoresis apparatus (Liuyi Biology, Beijing, China). The concentration and purity of the DNA were determined using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, United States).

For bacteria, the 16S-specific primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify different regions of the 16S ribosomal RNA (rRNA) gene. For fungi, specific primers, including the internal transcribed spacer ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′), were used to amplify different regions of the ITS gene. The PCR mixture included 4 μL of 5 × Fast Pfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast Pfu polymerase (TransGen Biotech, Beijing, China), 10 ng of template DNA, and ddH2O to a final volume of 20 μL. The cycling conditions were as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, single extension at 72°C for 10 min, and 4°C. The amplification of all the samples was performed in triplicate using the ABI GeneAmp® 9,700 instrument (ABI, CA, United States). The PCR products were extracted using a 2% agarose gel and purified with the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions. The purified PCR products were then quantified using a Quantus™ Fluorometer (Promega, Madison, WI, United States).

The purified PCR amplicons were pooled in equimolar amounts, paired-end, and sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States) according to the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) protocol. Raw sequencing reads were deposited in the database of the National Center for Biotechnology Information Sequence Read Archive (BioProject: PRJNA955660).



2.3 Data processing

Raw FASTQ files were de-multiplexed using an in-house perl script, quality-filtered using fastp version 0.19.6 (Chen et al., 2018), and merged using FLASH version 1.2.7 (Magoc and Salzberg, 2011). The optimized sequences were clustered into operational taxonomic units (OTUs) using UPARSE 7.1 (Stackebrandt and Goebel, 1994; Edgar, 2013), with a 97% sequence similarity level. The most abundant sequence in each OTU was selected as the representative sequence. The taxonomy of each OTU representative sequence was analyzed using RDP Classifier version 2.2 (Wang et al., 2007) against the Silva 16S rRNA and Unite ITS gene databases, with a confidence threshold of 0.7. Finally, metagenomic functions were predicted for the bacterial and fungal communities. The functions of the microbial community were predicted using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2), BugBase, FAPROTAX, and FunGuid, based on the OTU representative sequences. PICRUSt21 is a software comprising the following series of tools: HMMER is used to align OTU representative sequences with reference sequences; PA-NG and Gappa are used to place OTU representative sequences into a reference tree; castor is used to normalize gene copies; and MinPath is used to predict gene family profiles and allocate them into gene pathways. BugBase is a tool for predicting the 16S phenotypic functionality of microbiota and can be used as a web application.2 For the prediction and visualization of microbial phenotypes, OTU tables and mapping files should be inputted into the BugBase operating program. FAPROTAX is the ecological function database of prokaryotes and classifies the ecological roles of bacteria and archaea in the environment according to published literature. The collapse_table.py command in FAPROTAX can be employed to assign and summarize the functional groups of bacteria into OTU taxonomic tables (Louca et al., 2016). FunGuid3 is the ecological function database of fungi and was constructed based on existing literature. By uploading and analyzing the fungal relative OTU taxonomic table in FunGuid, predictive results can be obtained for the ecological functionality of the fungal community.



2.4 Statistical analysis

Data analyzes were performed using the Majorbio Cloud platform4 and R (v4.0.2). Mothur (Schloss et al., 2009) software5 was used to calculate the alpha diversity indices, such as the Chao and Shannon’s indices. The Wilcoxon rank-sum test was used for the inter-group variation analysis of the alpha diversity indices, and a non-metric multidimensional scaling (NMDS) analysis based on the Bray-Curtis distance algorithm was used to test the similarity between the samples’ microbial community structure. The PERMANOVA test was used to assess the percentage of variation explained by the treatment along with its statistical significance determined using the Vegan v2.5–3 package. A canonical correspondence analysis (CCA) and redundancy analysis (RDA) were used to investigate the interactions between the soil physicochemical indicators and microbial community structure. The Spearman’s correlation coefficient was used to investigate the relationship between the physicochemical properties of the soil and microbiota abundance, based on the composition distribution of the species. To detect differences between the samples and overall differences and exclude chance data, the significant differences between the two groups were analyzed using a multiple-group sample analysis (eight groups) and two-group analysis of Tb and CK. Multiple-group sample analyzes compared the mean of all samples within each group, while two-group analyzes compared the mean of all samples in the Tb groups with that of the CK groups. The means of the differences in the physicochemical properties of the samples were determined using Duncan’s multiple range test and T-tests in the SPSS Statistics software (version 17.0; IBM Inc., Armonk, NY, United States). The Kruskal–Wallis H test and Wilcoxon rank-sum test of variance were performed using the Majorbio Cloud platform.




3 Results


3.1 Physicochemical properties of the soil samples

The physicochemical properties of the samples in different groups showed significant differences after the Duncan’s multiple range test (p < 0.05) was conducted. The Tb group samples had significantly lower levels of pH, TP, TN, AP, and silt than did the CK group samples in most regions but had significantly higher levels of TK, AN, and sand (Table 2). The T-test yielded comparable findings for the overall analysis of both the CK and Tb groups (Supplementary Table S1).



TABLE 2 Physicochemical properties of Tricholoma bakamatsutake shiro soils.
[image: Table displaying soil sample data with columns for sample names, AK, AP, AN (mg/kg), TK, TP, TN (%), OM (g/kg), pH, Sand, Silt, and Clay (%). Each cell includes a mean value and a standard error, with different letters indicating significant differences at p ≤ 0.05.]



3.2 Diversity of the microbial community

The raw data results from MiSeq for the fungal and bacterial communities are presented in Supplementary Tables S2, S3. Sample sequences were drawn flat according to the minimum number of sample sequences before the analysis. The fungal and bacterial coverage indices were 99.57 to 99.93% and 96.70 to 98.76%, respectively. This indicated that most of the fungal and bacterial taxa were detected in the soil samples, and the sequencing results correctly depicted the microorganisms in the samples.

For the fungal community, 47 fungal OTUs were shared between the Tb and CK groups (Supplementary Figure S1A). The CK groups had more unique OTUs than the Tb groups. The Tb and CK groups were analyzed separately (Supplementary Figure S2). The Tb groups had 63 shared OTUs, with XBTb and KDTb having the lowest (57) and highest (168) number of unique OTUs, respectively. The CK groups had 136 shared OTUs, with ASCK and XYCK having the highest (567) and lowest (92) number of unique OTUs, respectively. For the bacterial community, 663 bacterial OTUs were shared between the Tb and CK groups (Supplementary Figure S1B). The Tb groups had more unique OTUs than the CK groups. In the Tb groups, a total of 1,674 OTUs were observed (Supplementary Figure S3). XBTb had the highest number of unique OTUs (536), while KDTb had the lowest (157). In the CK groups, a total of 1,039 OTUs were observed. ASCK had the highest number of unique OTUs (816), while XYCK had the lowest (163).

The Chao and Shannon indices were used to assess the α diversity of the microbial community, with the former reflecting species richness and the latter reflecting species diversity (Supplementary Figure S4). In the fungal community, both indices of the Tb groups exhibited lower values than those of the CK groups, particularly in the Shannon index, which displayed highly significant differences across all regions (p < 0.001). Notably, the Xinbin (XB) region demonstrated both the highest (XBCK) and lowest (XBTb) values for these indices. Regarding the bacterial community, both indices of the Tb groups were higher than those of the CK groups; however, a significant difference was observed only in the Kuandian (KD) region (p < 0.01). These findings indicate a significant decrease in species richness and diversity in the fungal community of the shiro but an increasing trend in the bacterial community.



3.3 Differences in the microbial relative abundance and community structure

For the fungal community, Basidiomycota, Ascomycota, and Mortierellomycota were dominant in all the soil groups. Basidiomycota (96.21 to 99.77%) and Ascomycota (56.02 to 83.65%) were the dominant phyla in the Tb and CK groups, respectively. At the genus level, the heatmap and abundance bubble map (Figure 1) indicated that Tricholoma, Russula, and Mortierella were the dominant fungal genera in the different regions. Apart from Tricholoma, most genera in the Tb groups were less abundant than those in the CK groups. At the species level, T. bakamatsutake was the dominant species in the Tb groups, exhibiting 87.7, 88.0, 99.1, and 89.1% abundance in ASTb, KDTb, XBTb, and XYTb, respectively. For the bacterial community, Actinobacteria, Proteobacteria, and Acidobacteria were dominant in all the soil groups. Proteobacteria and Actinobacteria were the most abundant phyla in the CK and Tb groups, respectively. The genus-level heatmap (Figure 2A) and abundance bubble map (Figure 2B) indicated that the genera Bradyrhizobium, Acidothermus, Mycobacterium, norank_f__Xanthobacteraceae, and Burkholderia-Caballeronia-Paraburkholderia (BCP) were the dominant genera in both groups.

[image: Heatmap analysis and bubble map visualization showing community abundance at genus level in fungal taxa. Panel A displays color-coded heatmap of genera across samples with a legend. Panel B illustrates a bubble map indicating abundance and taxonomy categories with labeled axes and color legend for taxonomic groups.]

FIGURE 1
 Composition of fungal communities at the genus level in the different groups. (A) Heatmap; (B) Abundance bubble map. Bubble size and color indicate the abundance and classification of the genus, respectively.


[image: Panel A shows a community heatmap analysis at the genus level with various taxa across different samples, color-coded by taxonomic categories. Panel B is an abundance bubble map at the genus level, displaying the abundance of different taxa with bubble sizes indicating abundance levels. Taxonomic categories are differentiated by colors: Proteobacteria, Actinobacteriota, Acidobacteriota, Chloroflexi, and Verrucomicrobiota.]

FIGURE 2
 Composition of bacterial communities at the genus level in the different groups. (A) Heatmap; (B) Abundance bubble map. Bubble size and color indicate the abundance and classification of the genus, respectively.


The Kruskal–Wallis H test (eight groups) and Wilcoxon rank-sum test (CK and Tb) were used to analyze the differences in the abundance of microorganisms between the groups. In the fungal community (Supplementary Figure S5), T. bakamatsutake was significantly more abundant in the Tb groups than in the CK groups, whereas almost all the other fungi, such as Russula and Penicillium, were significantly lower in abundance in the Tb groups than in the CK groups. This suggests that the dominance of Tb has a broad and significant effect on other fungi. However, the dominance of one species did not result in an overwhelming change in the bacterial community. In the Tb groups (Supplementary Figure S6), there was a significant increase in Actinobacteria, such as norank_f__67–14, Streptomyces, Pseudonocardia, Bradyrhizobium, norank_f__Xanthobacteraceae, norank_f__norank_o__Elsterales, and Nocardioides. The multigroup analysis showed that BCP was significantly more abundant in ASTb and XYTb than in ASCK and XYCK but less abundant in KDTb and XBTb than in KDCK and XBCK. The abundance of common MHB (Frey-Klett et al., 2007) was further assessed in the analysis (Supplementary Figure S7). The identified MHB, which were significantly more abundant in the Tb groups than in the CK groups, were Sphingomonas, Paenibacillus, and Bacillus.

The NMDS analysis showed differences in the microbiome structures in the CK and Tb groups (Supplementary Figure S8). The fungal communities in the CK and Tb groups also differed. In the CK groups, KDCK was far from the other CK groups, indicating that the structure of the fungal communities of the oak forests in KD differed from that in other areas. The bacterial communities in both groups were generally similarly distant but different from each other.



3.4 Correlation between soil physicochemical properties and microorganisms

The CCA/RDA analysis revealed significant impacts of the soil physicochemical properties on the bacterial and fungal communities (Figure 3). The AP, TP, TN, sand, and silt levels exhibited significant correlations with both the fungal and bacterial communities, indicating their pivotal roles in shaping and regulating the microbial community. The Spearman’s analysis revealed significant correlations between the microbial community and physicochemical properties of the soil (Figure 4; Supplementary Table S4). In the fungal community, T. bakamatsutake exhibited a positive correlation with the levels of clay, TK, and sand, while displaying a significant negative correlation with the levels of silt, pH, TN, TP, and AP. In the bacterial community, most of the bacteria demonstrated a significant positive correlation with the silt content as well as the TN, TP, and AP levels. Notably, several actinomycetes displayed similar patterns to T. bakamatsutake in terms of their associations with the physicochemical properties of the soil. For example, Streptomyces, Pseudonocardia, norank_f__67–14, Nocardioides, and Solirubrobacter exhibited a positive correlation with the TK and sand levels but a negative association with other physicochemical properties.

[image: Two scatter plots labeled A and B analyze the relationship between environmental factors and species distribution at the OTU level. Plot A is a Canonical Correspondence Analysis (CCA) with axes CCA1 and CCA2, explaining 16.09% and 11.85% variance, respectively. Plot B is a Redundancy Analysis (RDA) with axes RDA1 and RDA2, explaining 29.68% and 14.43% variance, respectively. Data points are color-coded and labeled, with arrows representing environmental variables such as sand, silt, pH, and others. Each plot shows clustered points and directional vectors indicating the influence of variables.]

FIGURE 3
 CCA/RDA analysis of the relationship between the microbial communities and soil physicochemical properties. (A) Fungal communities; (B) Bacterial communities. AP (r2 = 0.5386, p = 0.001), TP (r2 = 0.7456, p = 0.001), TN (r2 = 0.6587, p = 0.001), sand (r2 = 0.318, p = 0.01), and silt (r2 = 0.5227, p = 0.001) were significant factors that influenced fungal community structure. AK (r2 = 0.2546, p = 0.021), AP (r2 = 0.6052, p = 0.001), TK (r2 = 0.203, p = 0.049), TP (r2 = 0.4041, p = 0.001), TN (r2 = 0.4976, p = 0.001), sand (r2 = 0.2562, p = 0.025), and silt (r2 = 0.4882, p = 0.001) were significant factors that influenced the bacterial community structure. CCA/RDA, correspondence analysis/redundancy analysis.


[image: Heatmap comparing microbial composition across two datasets, labeled A and B. Dataset A displays variability in microbial genera across different environments with colors ranging from blue to red, indicating the abundance levels from -1 to 1. Dataset B uses a similar color gradient to show differences in other microbial taxa, with values from -0.5 to 0.5. Each row represents a microbial taxon and each column a different environment or sample type.]

FIGURE 4
 Heatmap of Spearman’s correlation coefficients in the microbial communities and environmental factors. (A) Fungal communities; (B) Bacterial communities. The correlation coefficient R values are shown in different colors, and the color ranges for different R values are shown in the legend on the right. The squares with a significance mark are the correlation thresholds, where |R| ≥ 0.1. The significance levels are denoted by asterisks: * for 0.01 < p ≤ 0.05, ** for 0.001 < p ≤ 0.01, and *** for p ≤ 0.001.




3.5 Functional predictions of the microorganisms

Functional predictions were made for the bacterial and fungal communities; the number of enzymes and pathways is explained in Supplemental Table S5. The fungal community function was predicted using PICRUSt2 and FunGuid. The results of the enzyme-level analysis facilitated by the Kyoto Encyclopedia of Genes and Genomes (KEGG) indicated that adenosine triphosphatase, glucan 1,4-alpha-glucosidase, and unspecific monooxygenase were the most abundant across the samples. The MetaCyc pathway abundance statistics showed that aerobic respiration I, aerobic respiration II, fatty acid, and beta oxidation were the most abundant metabolic pathways in each sample. The significant differences were analyzed by focusing on the top 50 data points on abundance. The abundances of enzymes (Supplementary Figures S9A,C), such as glucan 1,4-α-glucosidase and carboxylesterase, and metabolic pathways (Supplementary Figures S9B,D), such as aerobic oxidation and fatty acid degradation, were significantly higher in the Tb groups than in the CK groups. Fungal communities were classified using the fungal FunGuid function, with ECM fungi (including ECM and ECM-fungal parasites) being the most abundant in all the groups. An analysis of the significance of these differences (Supplementary Figures S10A,B) showed that ECM-fungal parasites were significantly higher in the Tb groups than in the CK groups, whereas ECM and saprotrophic parasites were significantly lower in the Tb groups than in the CK groups.

Functional predictions of the bacterial communities were performed using PICRUSt2, BugBase, and FAPROTAX. An enzyme-level analysis of the KEGG functions showed that NADH: ubiquinone reductase, DNA-directed DNA polymerase, and DNA helicase were the most abundant across the samples. The MetaCyc pathway abundance statistics showed that aerobic respiration I and pyruvate fermentation of isobutanol were the most abundant pathways in each sample. An analysis of the significant differences showed that the enzymes (Supplementary Figures S11A,C), enoyl-CoA hydratase and long-chain-fatty-acid-CoA ligase, and metabolic pathways (Supplementary Figures S11B,D), fatty acid and beta oxidation I, were significantly more abundant in the Tb groups than in the CK groups. The bacteria were phenotypically predicted using BugBase and analyzed for significant differences (Supplementary Figure S12). Seven of the nine phenotypes differed significantly. The phenotypes that were most frequent in the Tb groups were gram-positive, contained mobile elements, and exhibited stress-tolerance, whereas the phenotypes that were more frequent in the CK groups were facultative, anaerobic, potentially pathogenic, gram-negative, and aerobic. The metabolic and ecological functions of the bacteria were predicted using FAPROTAX software. The results (Supplementary Figure S13) showed that chemoheterotrophy and aerobic chemoheterotrophs were the most abundant in each sample. Chemoheterotrophy, the abundance of aerobic chemoheterotrophs, and aromatic compound degradation were higher in the Tb groups than in the CK groups, whereas nitrogen fixation was lower in the Tb groups than in the CK groups.




4 Discussion


4.1 Physicochemical properties of T. bakamatsutake shiro

The pH range of all the soil samples was 5.04 to 6.19, which falls within the optimal pH range for the growth of ECM fungi, as reported by Yamanaka (2003). This pH range provided a conducive environment for the proliferation of diverse ECM-fungal species. Nitrogen (N) is the most abundant mineral nutrient required by plants (Xie et al., 2022). Due to the continuous accumulation of OM in forests, organic N dominates over inorganic N in soil (Rineau et al., 2015). However, plants cannot absorb organic N directly; thus, they often establish symbiotic relationships with microorganisms to enhance their uptake of inorganic N (Courty et al., 2015). ECM fungi represent a common example, as they convert soil organic N into inorganic forms through the secretion of extracellular enzymes and other mechanisms, thereby increasing the availability of inorganic N for plant assimilation (Rineau et al., 2015; Sebastiana et al., 2022). This may explain why the content of AN was significantly higher in most of the Tb groups than in the CK groups, while TN showed a significant decrease. Phosphorus (P) is a crucial element for plant growth; however, the content of P in all the samples analyzed in this study was found to be low. This occurrence is not uncommon, as P often limits tree productivity in forests worldwide (Plassard and Dell, 2010). Plants engage in a cooperative relationship with ECM fungi to enhance their ability to acquire P, thereby mitigating the P deficiency in the host (Cairney, 2011). This cooperation primarily manifests through ECM-mediated P solubilization and subsequent efficient mineral absorption (Cairney, 2011; Meeds et al., 2021). This could explain the significantly lower levels of TP and AP observed in the Tb groups than in the CK groups in this study. The sand content was significantly higher in the Tb groups than in the CK groups, whereas the silt content was significantly lower in the Tb groups than in the CK groups. These findings are in line with the soil structure of the T. matsutake habitat (Ji et al., 2022). Improved air and water permeability in the soil may be necessary for the survival of T. bakamatsutake. The relationship between the physicochemical properties and microorganisms was determined using subsequent correlation analyzes.



4.2 T. bakamatsutake alters microbiome diversity

The fungal communities in the Tb groups exhibited a significant reduction in species richness and diversity, indicating that T. bakamatsutake exerted inhibitory and eliminative effects on other fungi, which is consistent with findings from previous studies on ECM fungi (Yu et al., 2021; Shen et al., 2023). Notably, XBTb displayed the lowest fungal diversity in the Tb groups. This could be attributed to the abundant presence of T. bakamatsutake fruiting bodies at the XB sampling sites, which would have resulted in a stronger effect of T. bakamatsutake on other fungi within the shiro. Conversely, XBCK exhibited the highest fungal diversity among all the samples, suggesting that the soil environment in XB was conducive to the growth of a wide range of fungi. This may also explain why T. bakamatsutake was found to be most abundant in the XB area.

For the bacterial communities, the Tb groups had higher bacterial diversity than the CK groups. ECM-fungal roots can support different types of bacteria (Liu et al., 2018), as the expanded mycelial network of ECM fungi provides a habitat for bacterial communities (Miquel Guennoc et al., 2018), and the photosynthetic products obtained from ECM fungi provide nutrition for many bacteria (Read and Perez-Moreno, 2003; van Scholl et al., 2006; Colin et al., 2017). In the present study, T. bakamatsutake received most carbohydrates from the plants, and its mycelia expanded in a denser network, attracting various types of bacteria. OM degraded or secreted by T. bakamatsutake may cause bacterial aggregation; however, the exact substances need to be confirmed.



4.3 Changes and interactions of bacterial communities in shiro

MHB and endophytic bacteria associated with T. bakamatsutake were increased in the shiro. MHB can increase mycorrhization by inducing the rapid expansion of fungal mycelia and stimulating the formation of plant lateral roots to increase contact opportunities (Riedlinger et al., 2006; Rigamonte et al., 2010). Mycorrhizal fungi are selective regarding the type of bacteria in their rhizosphere (Izumi and Finlay, 2010), with different mycorrhizal fungi selecting different bacteria based on their requirements. In this study, Sphingomonas, Paenibacillus, and Bacillus were highly abundant and significantly different between the Tb and CK groups. These bacteria, often found in mycorrhizal environments (Bending et al., 2002; Timonen and Hurek, 2006; Nguyen and Bruns, 2015), promote the growth and colonization of ECM fungus mycorrhizae (Requena et al., 1997; Hrynkiewicz et al., 2009; Ji et al., 2022). Species of the genera Bacillus and Paenibacillus were significantly high in abundance in the T. matsutake shiro (Oh et al., 2016). Sphingomonas species are endophytic bacteria of ECM fungi, such as in T. matsutake cotyledons (Liu et al., 2021), which possess the ability to degrade aromatic compounds and exhibit metabolic activity against toxic pollutants (Yang C. et al., 2022; Yang M. et al., 2022). Thus, several of the abovementioned bacteria may contribute to the growth and development of T. bakamatsutake and its root-colonizing mycelia.

T. bakamatsutake aggregated plant growth-promoting bacteria (PGPB). Bacterial genera that have been confirmed as PGPB, such as BCP, Solirubrobacter, and Bacillus, were significantly more abundant in the Tb groups than in the CK groups. In future studies, several genera with high abundances will be explored. BCP are widely distributed in the soil and plant roots and promote plant growth, improve plant resistance, and reduce self-toxicity (Beukes et al., 2017; Luo et al., 2021). In the present study, BCP abundance was higher in both the ASTb and XYTb samples than in the corresponding CK samples. Inter-root secretions are enriched with and degraded by BCP to reduce plant auto-toxicity (Luo et al., 2021). Therefore, the possibility of Tb inter-root secretions, whether enriched with BCP or not, requires further study. In addition to being beneficial to plants, BCP aid the development of T. matsutake (Xu, 2021). Actinobacteria are considered special PGPB that promote plant growth and help plants resist pathogenic bacteria in several ways, including through the decomposition of OM, secretion of antibiotics, degradation of pollutants, and secretion of phytohormones (Bhatti et al., 2017; Olanrewaju and Babalola, 2018; Hayat et al., 2021). In the present study, the relative abundance of Actinobacteria was significantly higher in the Tb samples than in the CK samples. The significant increase in Actinobacteria was mainly concentrated in the genera Streptomyces, Pseudonocardia, norank_f__67–14, Nocardioides, and Solirubrobacter. Streptomyces, the most highly anticipated PGPB among actinomycetes, can efficiently colonize inter-root surfaces and promote plant growth through the direct production of phytohormones and decomposition of OM (Verma et al., 2011; Olanrewaju and Babalola, 2018). Norank_f__67–14 and Solirubrobacter species belong to the order Solirubrobacterales, which increases phosphorus flow and inhibits the flow of toxic aluminum and manganese from the soil to the plant, thereby promoting high crop yields (Wang et al., 2022). Nocardioides and Pseudonocardia are highly metabolically active against toxic pollutants, and their secretions exert antimicrobial activity (Carr et al., 2012; Singha and Pandey, 2021; Yang C. et al., 2022; Yang M. et al., 2022). Therefore, T. bakamatsutake aggregates Actinobacteria to degrade soil contaminants, secrete antibiotics to suppress pathogenic bacteria, and provide nutrients for itself, thereby aiding its own growth and development and the oak environment.

Microorganisms interact via metabolites. Actinomycetes in the shiro had the most significant effect on other bacteria, especially gram-negative bacteria. The abundance of norank_f__norank_o__Elsterales was lower in the Tb groups than in the CK groups. Elsterales may be associated with plant pathogenicity, soil carbon metabolism, aluminum accumulation, and soil impoverishment (Xu, 2021). This suggests that actinomycetes can suppress microorganisms that are detrimental to T. bakamatsutake and oak forests. However, actinomycetes can inhibit beneficial microorganisms, such as BCP. The analysis of the significant differences in the bacterial communities and Spearman’s analysis (Supplementary Figure S14) showed that Actinobacteria, Pseudonocardia, Solirubrobacter, and Nocardioides were significantly negatively correlated with BCP, with significant differences in the abundance of the three genera in XB and KD. Nocardicin A, a metabolite of Nocardioides, has a broad-spectrum gram-negative inhibitory effect (Aoki et al., 1976; Nishida et al., 1977; Luo et al., 2013) and is a natural product of Pseudonocardia (Carr et al., 2012). Therefore, bacteria that belong to the BCP genera may be more sensitive than other bacteria to the inhibitory effects of these three genera. This explains the low abundance of the BCP in XBTb and KDTb. Other beneficial bacteria, such as Bryobacter (Wang et al., 2022) and Roseiarcus (Yu et al., 2020), were similarly significantly affected. Despite the inhibitory effects of actinomycetes, beneficial bacteria still prevailed, some of which, including Bacillus, were not as negatively affected; therefore, this did not affect the growth and development of T. bakamatsutake.

Bacterial competition for ecological niches was considered in this study. Bradyrhizobium and norank_f__Xanthobacteraceae, which are nitrogen-fixing rhizobia (Rhizobiales) that promote the growth and root development of some plants (Yang C. et al., 2022; Yang M. et al., 2022), were highly abundant in all the samples. Therefore, Rhizobiales are symbionts of T. bakamatsutake; however, they were lower in abundance in the Tb groups than in the CK groups, which is notable. In addition to antibiotic antagonism, Rhizobiales compete with other bacteria, such as Frankia (Wall, 2000), for nitrogen fixation, ecological niches, and other aspects.

The interactions between bacterial communities are not limited to antagonistic and competitive interactions, and symbiotic interactions were observed in this study. A prime example is the manner in which actinomycetes suppress some bacteria and degrade toxic pollutants to provide nutrients and a good habitat for other bacteria and plants. These effects are not as widespread as the antagonistic effects of actinomycetes; however, they are apparent.



4.4 Characteristics of the fungal communities in the soils of shiro and Q. mongolica forest

T. bakamatsutake dominated its shiro, with the highest relative abundance of 99.1% being in XBTb. Most fungi in the Tb groups were affected by the dominant effect of T. bakamatsutake; therefore, the fungi affected by T. bakamatsutake were divided into two main groups. The first group comprised other ECM fungi that mainly included Russula, Piloderma, Laccaria, and Sebacina. The dominant effect of T. bakamatsutake on other ECM fungi is reflected in the competition for ecological niches, such as plant root symbiosis sites and soil nutrients, whereas T. bakamatsutake metabolites may have a suppressive effect on other ECM fungi. The second group included reported plant pathogenic fungi, such as Penicillium (Li et al., 2010) and Trichoderma (Gajera et al., 2015). The dominant effect of T. bakamatsutake on pathogenic fungi is reflected in the competition for nutrients and survival space, while actinomycetes enriched by T. bakamatsutake inhibit some pathogenic fungi. The decrease in pathogenic fungi promoted the growth and development of Q. mongolica. In addition to these two groups of fungi, other common fungi in oak forests were affected by the dominance of T. bakamatsutake.

The fungal communities in the CK groups from the four areas were jointly analyzed (Figure 5). ECM fungi, such as Russula, Piloderm, and Lactifluus, shared a similar habitat with T. bakamatsutake––the oak forest. However, these ECM fungi are the main competitors of T. bakamatsutake, the most competitive being Russula, which is the most abundant among the ECM fungi (Ji et al., 2019). In addition to mycorrhizal fungi, genera, such as Mortierella, are common fungi present under oak trees and may contribute to the growth of oak forests (Guo et al., 2022) and indirectly help the formation of symbiotic relationships between oak forests and mycorrhizal fungi.
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FIGURE 5
 Pie plot of the fungal community composition at the genus level in the Quercus mongolica rhizosphere soil (CK) group. (A) ASCK; (B) KDCK; (C) XBCK; (D) XYCK.




4.5 Potential functions of T. bakamatsutake in symbiotic associations

Given the abundance of T. bakamatsutake in the Tb groups, the predictive function of the fungal community primarily reflected the functional contribution of T. bakamatsutake. The predicted results for the MetaCyc pathways showed a significantly higher abundance of sugar and lipid catabolism-related pathways, such as aerobic respiration I, tricarboxylic acid cycle II, glycolysis III, pentose phosphate pathway, and fatty acid beta oxidation, in the Tb groups compared to those in the CK groups. As a member of ECM fungi, T. bakamatsutake mainly obtains nutrients from the host plant sugars and fats for its own nutritional development (Nehls et al., 2010). Therefore, T. bakamatsutake’s function is related to the catabolism of sugars and fats. Notably, the glyoxylate cycle was significantly more abundant in the Tb groups than in the CK groups. This suggests that some sugars in T. bakamatsutake may not only come directly from the host plant but also be derived from sugars formed by acetyl CoA via the glyoxylate cycle and other pathways. Additionally, octane oxidation was significantly more abundant in the Tb groups than in the CK groups. The application of microbial degradation of aromatic hydrocarbons is of great value; however, studies on the degradation of aromatic compounds by mycorrhizal fungi are limited. Our results indicate that T. bakamatsutake may warrant further research in this regard.

The abundance of enzymes was predicted using PICRUSt2. The analysis subsequently focused on enzymes exhibiting higher abundance and greater variation. The glucan 1,4-alpha-glucosidase was the most abundant in the Tb groups and primarily acts on the 1,4-alpha glycosidic bond found in starch. The glucan 1,4-alpha-glucosidase may therefore serve as the pivotal enzyme employed by T. bakamatsutake to degrade plant photosynthetic products. Carboxylesterase was significantly more abundant in the Tb groups than in the CK groups and can hydrolyze tannins and corneum from the cell wall. The corneum is a hydroxy fatty acid mixed with wax on the outside of the cell wall to form the cuticle (Samuels et al., 2008; Arya et al., 2021). ECM fungi closely adhere to host roots and secrete cell wall-degrading enzymes to remodel the cell wall, forming a Hartig net that expands the interface for nutrient exchange with the plant (Yu and Yuan, 2023). The plant cuticle is a barrier against microbial infestation (Yeats and Rose, 2013; Ziv et al., 2018), suggesting that carboxylesterases from T. bakamatsutake may play a role in their association with host plant root cells. The abundance of chitinase was significantly higher in the Tb groups than in the CK groups and is often observed in ECM fungi, as chitinase degrades the fungal cell wall and releases spores. The abundance of gibberellin 2-beta-dioxygenase, an enzyme involved in gibberellin anabolism, was also increased in the Tb groups compared to that in the CK groups. This may play a facilitative and regulatory role for plant hosts and in the growth of T. bakamatsutake. Choline dehydrogenase can oxidize choline, which is subsequently oxidized by the enzyme betaine-aldehyde dehydrogenase to form betaine (Zhang et al., 2020); however, the latter was found to be less abundant in the Tb groups than in the CK groups. Additionally, enzymes such as tripeptidyl-peptidase I and non-specific monooxygenase were significantly more abundant in the Tb groups than in the CK groups, which could lead to interesting findings in future studies.



4.6 Prediction of bacterial functions in shiro soils

The bacterial community functions were predicted using PICRUSt2. The Tb groups showed a significantly higher abundance of enzymes involved in fatty acid and sugar catabolism than did the CK groups. The enzymes included enoyl-CoA hydratase, long-chain-fatty-acid-CoA ligase, pyruvate dehydrogenase, and dihydrolipoyl dehydrogenase (Martin et al., 1988; Wang et al., 2002; da Silva Coelho et al., 2010). The abundance of metabolic pathways, such as fatty acid beta oxidation I, was also significantly high in the Tb groups compared to that in the CK groups. Hence, the Tb group soils may have been enriched with bacteria related to fatty acid and sugar catabolism. Additionally, the abundance of betaine-aldehyde dehydrogenase at the enzyme level was significantly higher in the Tb groups than in the CK groups, suggesting that in the Tb groups, the bacterial community may have filled the gap in the fungal community with a lower abundance of this enzyme. Perhaps a collaborative effect between the fungi and bacteria exists for improved betaine formation.

The phenotypes of the bacterial communities were analyzed using data from BugBase. The main factor contributing to the significantly different BugBase phenotypes was the aggregation of actinomycetes in Tb. Actinomycetes had a stronger inhibitory effect on gram-negative bacteria, resulting in a higher proportion of gram-positive and lower proportion of gram-negative bacteria in the Tb groups compared to those in the CK groups (Aoki et al., 1976). The significantly high stress-tolerance phenotype in the Tb groups may have been related to antibiotic stress resistance, as fewer non-resistant bacteria were inhibited in Tb. It is possible that the bacterial communities in the Tb groups exhibited high stress tolerance. Additionally, there was a lower relative abundance of potentially pathogenic bacteria, including some plant pathogenic bacteria, in the Tb groups compared to that in the CK groups. Therefore, both plants and T. bakamatsutake itself had a low probability of being attacked by pathogenic bacteria in Tb soils.

The functional annotation of the bacterial communities was performed using FAPROTAX. Chemoheterotrophy and aerobic chemoheterotrophs were more abundant in the Tb groups compared to those in the CK groups. The carbon and energy sources of chemoheterotrophic microorganisms originate from the oxidative decomposition of OM (Zhou, 2020). Saprophytic bacteria were the most abundant among the chemoheterotrophic bacteria. In the Tb groups, T. bakamatsutake dominated and significantly reduced the abundance of saprophytic fungi. However, T. bakamatsutake had limited capacity and efficiency in decomposing OM (Shah et al., 2016); therefore, an increase in saprophytic bacteria was needed to compensate for the scope and efficiency of saprophytic functions in the Tb groups. Nitrogen fixation was significantly reduced in Tb, possibly due to antagonistic effects within the bacterial community and competition for ecological niches, resulting in a reduction in nitrogen-fixing bacteria, such as Bradyrhizobium. The degradation of aromatic compounds was higher in the Tb groups than in the CK groups. Aromatic compounds can cause serious environmental pollution (Seo et al., 2009), and the significantly high abundance of aromatic compound-degrading bacteria in the Tb groups was mainly from the several aforementioned actinomycetes (Ren, 2017). Plant pathogens were significantly less abundant in the Tb groups than in the CK groups, suggesting that some plant pathogenic bacteria were inhibited by Tb.




5 Conclusion

In this study, the diversity, microbial populations, and structure of the microbiome in the soils of the Tb and CK groups were compared. Compared to the CK groups, the Tb groups exhibited a clear dominance of T. bakamatsutake, resulting in significantly reduced species diversity and richness of other fungal species. On the contrary, the bacterial diversity increased and bacterial community structure was changed in the Tb groups compared to those of the CK groups. There were more abundant PGPB and MHB in the Tb groups than in the CK groups. Abundant MHB (Sphingomonas, Paenibacillus, and Bacillus) promotes fungal hyphal growth and mycorrhizal formation. PGPB are capable of producing plant growth regulators, promoting plant growth, and improving resistance to drought and salt tolerance. The results showed that T. bakamatsutake not only directly provided water and minerals to Q. mongolica but also promoted the growth of the host by regulating the soil microbial community structure (Figure 6). This study is important for constructing a healthy soil microbial community structure and cultivating T. bakamatsutake-Q. mongolica mycorrhizal seedlings. In future studies, the symbiotic relationship between T. bakamatsutake and Q. mongolica can be further examined at the metabolite level, using metabonomics to improve the feasibility of T. bakamatsutake artificial cultivation.

[image: Illustration of a Quercus mongolica tree demonstrating the interaction with Tricholoma bakamatsutake fungi. The sun enables photosynthesis in the leaves, and photosynthetic products are transported to the roots. The roots interact with microbes like MHB and PGPB, promoting growth (green arrows) and restraining pathogenic microbes (red arrows). Ectomycorrhizal fungi are shown in the soil, supporting nutrient exchange. Labels indicate different transport and interaction pathways.]

FIGURE 6
 Direct or indirect effects of the members of the Quercus mongolica-Tricholoma bakamatsutake-associated bacteria symbiosis. The soil of the Q. mongolica forest provides a soil environment that contributes to the widespread presence of ECM fungi. However, the composition of the soil affects the colonization of different ECM species, and T. bakamatsutake may prefer to colonize environments with high sand and low silt levels owing to good aeration, permeability, and poor water storage; hence, the competition for T. bakamatsutake is low in this soil. Once T. bakamatsutake colonizes the roots of the oak tree, it receives photosynthetic products from the oak tree through its mycorrhizal roots and transports active soil material to the oak tree. As T. bakamatsutake grows, its dominance suppresses other fungi and aggregates its companion bacteria, which are beneficial to its growth and development and those of Q. mongolica, whereas Q. mongolica and T. bakamatsutake provide nutrients to these companion bacteria; ECM, ectomycorrhizal.
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2   http://bugbase.cs.umn.edu

3   http://www.funguild.org/

4   https://cloud.majorbio.com

5   http://www.mothur.org



References
	 Aoki, H., Sakai, H., Kohsaka, M., Konomi, T., and Hosoda, J. (1976). Nocardicin a, a new monocyclic beta-lactam antibiotic. I. Discovery, isolation and characterization. J. Antibiot. 29, 492–500. doi: 10.7164/antibiotics.29.492 
	 Arya, G. C., Sarkar, S., Manasherova, E., Aharoni, A., and Cohen, H. (2021). The plant cuticle: an ancient Guardian barrier set against long-standing rivals. Front. Plant Sci. 12:663165. doi: 10.3389/fpls.2021.663165 
	 Bao, S. (2000). Soil and agricultural chemistry analysis. 3rd. Beijing: Chinese Agricultural Press.
	 Bending, G. D., Poole, E. J., Whipps, J. M., and Read, D. J. (2002). Characterisation of bacteria from Pinus sylvestris-Suillus luteus mycorrhizas and their effects on root-fungus interactions and plant growth. FEMS Microbiol. Ecol. 39, 219–227. doi: 10.1111/j.1574-6941.2002.tb00924.x 
	 Bennett, J. A., Maherali, H., Reinhart, K. O., Lekberg, Y., Hart, M. M., and Klironomos, J. (2017). Plant-soil feedbacks and mycorrhizal type influence temperate forest population dynamics. Science 355, 181–184. doi: 10.1126/science.aai8212 
	 Beukes, C. W., Palmer, M., Manyaka, P., Chan, W. K., Avontuur, J. R., Van Zyl, E., et al. (2017). Genome data provides high support for generic boundaries in Burkholderia Sensu Lato. Front. Microbiol. 8:1154. doi: 10.3389/fmicb.2017.01154 
	 Bhatti, A. A., Haq, S., and Bhat, R. A. (2017). Actinomycetes benefaction role in soil and plant health. Microb. Pathog. 111, 458–467. doi: 10.1016/j.micpath.2017.09.036 
	 Bouyoucos, G. (1936). Directions for making mechanical analysis of soils by the hydrometer method. Soil Sci. 42, 225–230. doi: 10.1097/00010694-193609000-00007
	 Cairney, J. W. G. (2011). Ectomycorrhizal fungi: the symbiotic route to the root for phosphorus in forest soils. Plant Soil 344, 51–71. doi: 10.1007/s11104-011-0731-0
	 Calvaruso, C., Turpault, M.-P., Leclerc, E., and Frey-Klett, P. (2007). Impact of ectomycorrhizosphere on the functional diversity of soil bacterial and fungal communities from a forest stand in relation to nutrient mobilization processes. Microb. Ecol. 54, 567–577. doi: 10.1007/s00248-007-9260-z 
	 Carr, G., Derbyshire, E. R., Caldera, E., Currie, C. R., and Clardy, J. (2012). Antibiotic and antimalarial Quinones from fungus-growing ant-associated Pseudonocardia sp. J. Nat. Prod. 75, 1806–1809. doi: 10.1021/np300380t 
	 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560 
	 Colin, Y., Nicolitch, O., Turpault, M.-P., and Uroz, S. (2017). Mineral types and tree species determine the functional and taxonomic structures of forest soil bacterial communities. Appl. Environ. Microbiol. 83:e02684-16. doi: 10.1128/aem.02684-16 
	 Courty, P. E., Smith, P., Koegel, S., Redecker, D., and Wipf, D. (2015). Inorganic nitrogen uptake and transport in beneficial plant root-microbe interactions. Crit. Rev. Plant Sci. 34, 4–16. doi: 10.1080/07352689.2014.897897
	 da Silva Coelho, I., de Queiroz, M. V., Costa, M. D., Kasuya, M. C. M., and de Araújo, E. F. (2010). Identification of differentially expressed genes of the fungus Hydnangium sp. during the pre-symbiotic phase of the ectomycorrhizal association with Eucalyptus grandis. Mycorrhiza 20, 531–540. doi: 10.1007/s00572-010-0301-y 
	 Deng, H. (2003). Overview of research on Tricholoma bakamatsutake in China. Proceedings of the third congress of the chinese society of mycology and the sixth national symposium on mycology (Mycological Society of China).
	 Deng, Z. (2019). Advances in the study of Tricholoma bakamatsutake. Agri. Sci. Technol. Equip. 2:19-20+24. doi: 10.16313/j.cnki.nykjyzb.2019.02.009
	 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604 
	 Frey-Klett, P., Garbaye, J., and Tarkka, M. (2007). The mycorrhiza helper bacteria revisited. New Phytol. 176, 22–36. doi: 10.1111/j.1469-8137.2007.02191.x 
	 Gajera, H. P., Savaliya, D. D., Patel, S. V., and Golakiya, B. A. (2015). Trichoderma viride induces pathogenesis related defense response against rot pathogen infection in groundnut (Arachis hypogaea L.). Infect. Genet. Evol. 34, 314–325. doi: 10.1016/j.meegid.2015.07.003 
	 Guo, P., Xing, P. J., Song, J., Wu, L. L., Li, B. Q., Si, Y. J., et al. (2022). Fungal community in roots and the root zone of Quercus mongolica and the correlations with the environmental factors. J. Fungal Res. 20, 173–182. doi: 10.13341/j.jfr.2022.1489
	 Hayat, S., Ashraf, A., Aslam, B., Asif, R., Muzammil, S., Asif Zahoor, M., et al. (2021). Actinobacteria: potential candidate as plant growth promoters. Plant Stress Physiol. doi: 10.5772/intechopen.93272
	 Hou, J. (2020). Annotation of the mitochondrial genome of Tricholoma bakamatsutake and comparison with related species. [Shanxi]: Shanxi University.
	 Hrynkiewicz, K., Christel, B., Niedojadło, J., and Hanna, D. (2009). Promotion of mycorrhiza formation and growth of willows by the bacterial strain Sphingomonas sp. 23L on fly ash. Biol. Fertil. Soils 45, 385–394. doi: 10.1007/s00374-008-0346-7
	 Izumi, H., and Finlay, R. D. (2010). Ectomycorrhizal roots select distinctive bacterial and ascomycete communities in Swedish subarctic forests. Environ. Microbiol. 13, 819–830. doi: 10.1111/j.1462-2920.2010.02393.x 
	 Ji, R., Xing, P., Xu, Y., Li, G., Gao, T., Zhou, J., et al. (2019). Analysis of the composition of symbiotic fungal and bacterial in the roots and rhizosphere soil of Quercus mongolica. Mycosystema 38, 1894–1906. doi: 10.13346/j.mycosystema.190181
	 Ji, R. Q., Xu, Y., Si, Y. J., Phukhamsakda, C., Li, Y., Meng, L. P., et al. (2022). Fungal–bacterial networks in the habitat of SongRong (Tricholoma matsutake) and driving factors of their distribution rules. J.Fungi 8:575. doi: 10.3390/jof8060575 
	 Kang, J. A., Ka, K. H., Kim, J. Y., and Kim, S. H. (2018). Mycelial growth properties of domestically collected ectomycorrhizal Tricholoma mushrooms in various culture conditions. Kor. J. Mycol. 46, 271–280. doi: 10.4489/kjm.20180037
	 Kawai, M., Imaji, A., Yamada, A., and Kinoshita, A. (2018). Shiro formation and fruit body flashing by inoculation of Tricholoma bakamatsutake mycelia in the forest. In abstracts of papers presented at the 62th annual meeting of the mycological society of Japan.
	 Kim, M., Yoon, H., Kim, Y. E., Kim, Y. J., Kong, W. S., and Kim, J. G. (2014). Comparative analysis of bacterial diversity and communities inhabiting the fairy ring of Tricholoma matsutake by barcoded pyrosequencing. J. Appl. Microbiol. 117, 699–710. doi: 10.1111/jam.12572 
	 Li, Q., Ning, P., Zheng, L., Huang, J., Li, G., and Hsiang, T. (2010). Fumigant activity of volatiles of Streptomyces globisporus JK-1 against Penicillium italicum on Citrus microcarpa. Postharvest Biol. Technol. 58, 157–165. doi: 10.1016/j.postharvbio.2010.06.003
	 Li, X., Zhang, X., Yang, M., Yan, L., Kang, Z., Xiao, Y., et al. (2019). Tuber borchii shapes the Ectomycorrhizosphere microbial communities of Corylus avellana. Mycobiology 47, 180–190. doi: 10.1080/12298093.2019.1615297 
	 Liu, D., Pérez-Moreno, J., Zhang, P., Wang, R., Chater, C., and Yu, F. (2021). Distinct compartmentalization of microbial community and potential metabolic function in the fruiting body of Tricholoma matsutake. J. Fungus 7:586. doi: 10.3390/jof7080586 
	 Liu, Y., Sun, Q., Li, J., and Lian, B. (2018). Bacterial diversity among the fruit bodies of ectomycorrhizal and saprophytic fungi and their corresponding hyphosphere soils. Sci. Rep. 8:11672. doi: 10.1038/s41598-018-30120-6 
	 Louca, S., Parfrey, L. W., and Doebeli, M. (2016). Decoupling function and taxonomy in the global ocean microbiome. Science 353, 1272–1277. doi: 10.1126/science.aaf4507 
	 Luo, Q., Hiessl, S., and Steinbüchel, A. (2013). Functional diversity of Nocardia in metabolism. Environ. Microbiol. 16, 29–48. doi: 10.1111/1462-2920.12221
	 Luo, L., Wang, L., Deng, L., Mei, X., Liu, Y., Huang, H., et al. (2021). Enrichment of Burkholderia in the rhizosphere by autotoxic ginsenosides to alleviate negative plant-soil feedback. Microbiol. Spectr. 9:e0140021. doi: 10.1128/spectrum.01400-21 
	 Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507 
	 Martin, F., Ramstedt, M., Söderhäll, K., and Canet, D. (1988). Carbohydrate and amino acid metabolism in the ectomycorrhizal ascomycete Sphaerosporella brunnea during glucose utilization. Plant Physiol. 86, 935–940. doi: 10.1104/pp.86.3.935 
	 Meeds, J. A., Marty Kranabetter, J., Zigg, I., Dunn, D., Miros, F., Shipley, P., et al. (2021). Phosphorus deficiencies invoke optimal allocation of exoenzymes by ectomycorrhizas. ISME J. 15, 1478–1489. doi: 10.1038/s41396-020-00864-z
	 Miquel Guennoc, C., Rose, C., Labbé, J., and Deveau, A. (2018). Bacterial biofilm formation on the hyphae of ectomycorrhizal fungi: a widespread ability under controls? FEMS Microbiol. Ecol. 94:fiy093. doi: 10.1093/femsec/fiy093 
	 Moeller, H. V., and Peay, K. G. (2016). Competition-function tradeoffs in ectomycorrhizal fungi. PeerJ 4:e2270. doi: 10.7717/peerj.2270 
	 Nehls, U., Göhringer, F., Wittulsky, S., and Dietz, S. (2010). Fungal carbohydrate support in the ectomycorrhizal symbiosis: a review. Plant Biol. 12, 292–301. doi: 10.1111/j.1438-8677.2009.00312.x 
	 Nehls, U., and Plassard, C. (2018). Nitrogen and phosphate metabolism in ectomycorrhizas. New Phytol. 220, 1047–1058. doi: 10.1111/nph.15257
	 Nguyen, N. H., and Bruns, T. D. (2015). The microbiome of Pinus muricata ectomycorrhizae: community assemblages, fungal species effects, and Burkholderia as important bacteria in multipartnered symbioses. Microb. Ecol. 69, 914–921. doi: 10.1007/s00248-015-0574-y 
	 Nishida, M., Mine, Y., Nonoyama, S., and Kojo, H. (1977). Nocardicin a, a new monocyclic beta-lactam antibiotic III. In vitro evaluation. J. Antibiot. 30, 917–931. doi: 10.7164/antibiotics.30.917 
	 Ogawa, M. (1977). Microbial ecology of 'Shiro' in Tricholoma matsutake (S. Ito & Imai) sing. And its allied species. V. Tricholoma matsutake in Tsuga sieboldii forests. Trans. Mycol. Soc. Jpn. 18, 34–46.
	 Oh, S., Fong, J. J., Park, M. S., and Lim, Y. W. (2016). Distinctive feature of microbial communities and bacterial functional profiles in Tricholoma matsutake dominant soil. PLoS One 11, –e0168573. doi: 10.1371/journal.pone.0168573 
	 Olanrewaju, O. S., and Babalola, O. O. (2018). Streptomyces: implications and interactions in plant growth promotion. Appl. Microbiol. Biotechnol. 103, 1179–1188. doi: 10.1007/s00253-018-09577-y 
	 Ota, Y., Yamanaka, T., Murata, H., Neda, H., Ohta, A., Kawai, M., et al. (2012). Phylogenetic relationship and species delimitation ofmatsutakeand allied species based on multilocus phylogeny and haplotype analyzes. Mycologia 104, 1369–1380. doi: 10.3852/12-068 
	 Plassard, C., and Dell, B. (2010). Phosphorus nutrition of mycorrhizal trees. Tree Physiol. 30, 1129–1139. doi: 10.1093/treephys/tpq063 
	 Poole, E. J., Bending, G. D., Whipps, J. M., and Read, D. J. (2001). Bacteria associated with Pinus sylvestris-Lactarius rufus ectomycorrhizas and their effects on mycorrhiza formation in vitro. New Phytol. 151, 743–751. doi: 10.1046/j.0028-646x.2001.00219.x 
	 Quan, X., Fu, W., and Wu, J. (2005). Experiments on the best selected part of tissue separation of Tricholoma bakamatsutake. Edible Fungi China 5, 19–20.
	 Quan, X., Wang, H., Shi, T., and Zhang, M. (2007). Comparison of the nutritional composition of the seeds of Tricholoma matsutake and Tricholoma bakamatsutake. Edible Fungi 2, 54–55.
	 Read, D. J., and Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in ecosystems – a journey towards relevance? New Phytol. 157, 475–492. doi: 10.1046/j.1469-8137.2003.00704.x 
	 Ren, L. (2017). Isolation of aromatic pollutants degrading bacteria and investigation of degradation mechanism. [Beijing]: Chinese Academy of Agricultural Sciences.
	 Requena, N., Jimenez, I., Toro, M., and Barea, J. M. (1997). Interactions between plant-growth-promoting rhizobacteria (PGPR), arbuscular mycorrhizal fungi and Rhizobium spp. in the rhizosphere of Anthyllis cytisoides, a model legume for revegetation in mediterranean semi-arid ecosystems. New Phytol. 136, 667–677. doi: 10.1046/j.1469-8137.1997.00786.x 
	 Riedlinger, J., Schrey, S. D., Tarkka, M. T., Hampp, R., Kapur, M., and Fiedler, H. (2006). Auxofuran, a novel metabolite that stimulates the growth of fly agaric, is produced by the mycorrhiza helper bacterium Streptomyces strain AcH 505. Appl. Environ. Microbiol. 72, 3550–3557. doi: 10.1128/aem.72.5.3550-3557.2006 
	 Rigamonte, T. A., Pylro, V. S., and Duarte, G. F. (2010). The role of mycorrhization helper bacteria in the establishment and action of ectomycorrhizae associations. Braz. J. Microbiol. 41, 832–840. doi: 10.1590/s1517-83822010000400002 
	 Rineau, F., Stas, J., Nguyen, N. H., Kuyper, T. W., Carleer, R., Vangronsveld, J., et al. (2015). Ectomycorrhizal fungal protein degradation ability predicted by soil organic nitrogen availability. Appl. Environ. Microbiol. 82, 1391–1400. doi: 10.1128/aem.03191-15 
	 Samuels, L., Kunst, L., and Jetter, R. (2008). Sealing plant surfaces: Cuticular wax formation by epidermal cells. Annu. Rev. Plant Biol. 59, 683–707. doi: 10.1146/annurev.arplant.59.103006.093219 
	 Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/aem.01541-09 
	 Sebastiana, M., Serrazina, S., Monteiro, F., Wipf, D., Fromentin, J., Teixeira, R., et al. (2022). Nitrogen acquisition and transport in the ectomycorrhizal symbiosis-insights from the interaction between an oak tree and Pisolithus tinctorius. Plants (Basel, Switzerland) 12:10. doi: 10.3390/plants12010010 
	 Seo, J., Keum, Y., and Li, Q. (2009). Bacterial degradation of aromatic compounds. Int. J. Environ. Res. Public Health 6, 278–309. doi: 10.3390/ijerph6010278 
	 Shah, F., Nicolás, C., Bentzer, J., Ellström, M., Smits, M., Rineau, F., et al. (2016). Ectomycorrhizal fungi decompose soil organic matter using oxidative mechanisms adapted from saprotrophic ancestors. New Phytol. 209, 1705–1719. doi: 10.1111/nph.13722 
	 Shen, A., Shen, B., Liu, L., Tan, Y., Zeng, L., Tan, Z., et al. (2023). Diversity and network relationship construction of soil fungal communities in Lactarius hatsudake Tanaka orchard during harvest. Microorganisms 11:2279. doi: 10.3390/microorganisms11092279 
	 Shokralla, S., Spall, J. L., Gibson, J. F., and Hajibabaei, M. (2012). Next-generation sequencing technologies for environmental DNA research. Mol. Ecol. 21, 1794–1805. doi: 10.1111/j.1365-294x.2012.05538.x
	 Singha, L. P., and Pandey, P. (2021). Rhizosphere assisted bioengineering approaches for the mitigation of petroleum hydrocarbons contamination in soil. Crit. Rev. Biotechnol. 41, 749–766. doi: 10.1080/07388551.2021.1888066 
	 Song, Y. Y., Simard, S. W., Carroll, A., Mohn, W. W., and Zeng, R. S. (2015). Defoliation of interior Douglas-fir elicits carbon transfer and stress signalling to ponderosa pine neighbors through ectomycorrhizal networks. Sci. Rep. 5:8495. doi: 10.1038/srep08495 
	 Stackebrandt, E., and Goebel, B. M. (1994). Taxonomic note: a place for DNA-DNA reassociation and 16S rRNA sequence analysis in the present species definition in bacteriology. Int. J. Syst. Evol. Microbiol. 44, 846–849. doi: 10.1099/00207713-44-4-846
	 Tedersoo, L., Bahram, M., and Zobel, M. (2020). How mycorrhizal associations drive plant population and community biology. Science 367:eaba1223. doi: 10.1126/science.aba1223 
	 Terashima, Y. (1994). Change in medium components and colony morphology due to mycelial growth of ectomycorrhizal fungus Tricholoma bakamatsutake. Mycoscience 35, 153–159. doi: 10.1007/bf02318493
	 Terashima, Y. (1999). Carbon and nitrogen utilization and acid production by mycelia of the ectomycorrhizal fungus Tricholoma bakamatsutake in vitro. Mycoscience 40, 51–56. doi: 10.1007/bf02465673
	 Timonen, S., and Hurek, T. (2006). Characterization of culturable bacterial populations associating with Pinus sylvestris–Suillus bovinus mycorrhizospheres. Can. J. Microbiol. 52, 769–778. doi: 10.1139/w06-016 
	 Vaario, L. M., Fritze, H., Spetz, P., Heinonsalo, J., Hanajík, P., and Pennanen, T. (2011). Tricholoma matsutake dominates diverse microbial communities in different forest soils. Appl. Environ. Microbiol. 77, 8523–8531. doi: 10.1128/aem.05839-11 
	 van Scholl, L., Hoffland, E., and van Breemen, N. (2006). Organic anion exudation by ectomycorrhizal fungi and Pinus sylvestris in response to nutrient deficiencies. New Phytol. 170, 153–163. doi: 10.1111/j.1469-8137.2006.01649.x 
	 Verma, V. C., Singh, S. K., and Prakash, S. (2011). Bio-control and plant growth promotion potential of siderophore producing endophytic Streptomyces from Azadirachta indica a Juss. J. Basic Microbiol. 51, 550–556. doi: 10.1002/jobm.201000155 
	 Wall, L. G. (2000). The actinorhizal symbiosis. J. Plant Growth Regul. 19, 167–182. doi: 10.1007/s003440000027
	 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73:5261. doi: 10.1128/aem.00062-07 
	 Wang, J., Liu, K., Zhao, X., Gao, G., Wu, Y., and Shen, R. (2022). Microbial keystone taxa drive crop productivity through shifting aboveground-belowground mineral element flows. Sci. Total Environ. 811:152342. doi: 10.1016/j.scitotenv.2021.152342 
	 Wang, J., Zhu, S., and Xu, C. (2002). Biochemistry. 3rd. Beijing: Higher Education Press.
	 Wu, Q., Liu, J., and Quan, X. (2009). Experiment on optimizing the culture medium of Tricholoma bakamatsutake parent species in Changbai Mountain area. Edible Fungi 2, 32–33.
	 Xie, K., Ren, Y., Chen, A., Yang, C., Zheng, Q., Chen, J., et al. (2022). Plant nitrogen nutrition: the roles of arbuscular mycorrhizal fungi. J. Plant Physiol. 269:153591. doi: 10.1016/j.jplph.2021.153591 
	 Xu, Y. (2021). Soil microbial diversity in the habitat of Tricholoma matsutake in Northeast China. Jilin: Jilin Agricultural University.
	 Yamanaka, T. (2003). The effect of pH on the growth of saprotrophic and ectomycorrhizal ammonia fungi in vitro. Mycologia 95, 584–589. doi: 10.1080/15572536.2004.11833062 
	 Yamanaka, T., Konno, M., Kawai, M., Ota, Y., Nakamura, N., and Ohta, A. (2019). Improved chlamydospore formation in Tricholoma bakamatsutake with addition of amino acids in vitro. Mycoscience 60, 319–322. doi: 10.1016/j.myc.2019.06.003
	 Yang, M., Qi, Y., Liu, J., Wu, Z., Gao, P., Chen, Z., et al. (2022). Dynamic changes in the endophytic bacterial community during maturation of Amorphophallus muelleri seeds. Front. Microbiol. 13:996854. doi: 10.3389/fmicb.2022.996854 
	 Yang, C., Zeng, Z., Zhang, H., Gao, D., Wang, Y., He, G., et al. (2022). Distribution of sediment microbial communities and their relationship with surrounding environmental factors in a typical rural river, Southwest China. Environ. Sci. Pollut. Res. 29, 84206–84225. doi: 10.1007/s11356-022-21627-7 
	 Ye, L., Fu, Y., Li, Q., Wang, Q., Zhang, B., Zou, J., et al. (2018). Bacterial community structure of Tricholoma matsutake stipe soil by high-throughput sequencing. Chin. J. Appl. Environ. Biol. 24, 583–588. doi: 10.19675/j.cnki.1006-687x.2017.08006
	 Yeats, T. H., and Rose, J. K. (2013). The formation and function of plant cuticles. Plant Physiol. 163, 5–20. doi: 10.1104/pp.113.222737 
	 Yu, F., Liang, J., Song, J., Wang, S., and Lu, J. (2020). Bacterial community selection of Russula griseocarnosa mycosphere soil. Front. Microbiol. 11:347. doi: 10.3389/fmicb.2020.00347 
	 Yu, W., Peng, M., Wang, J., Ye, W., Li, Y., Zhang, T., et al. (2021). Microbial community associated with ectomycorrhizal Russula symbiosis and dominated nature areas in southern China. FEMS Microbiol. Lett. 368:fnab028. doi: 10.1093/femsle/fnab028 
	 Yu, J., and Yuan, H. (2023). Research progress on symbiotic interaction and host selection mechanisms of ectomycorrhizal fungi. Mycosystema 42, 86–100. doi: 10.13346/j.mycosystema.220360
	 Yun, W., Hall, I. R., and Evans, L. A. (1997). Ectomycorrhizal fungi with edible fruiting bodies 1.Tricholoma Matsutake and related Fungi. Econ. Bot. 51, 311–327. doi: 10.1007/bf02862101
	 Zhang, Y., Liao, Z., and Zhao, B. (2020). Glycine betaine: biosynthesis and biological function in halophilic microorganisms. Acta Microbiol Sin. 60, 1074–1089. doi: 10.13343/j.cnki.wsxb.20190536
	 Zhou, D. (2020). Essential Microbiology. 4th. Beijing: Higher Education Press.
	 Ziv, C., Zhao, Z., Gao, Y. G., and Xia, Y. (2018). Multifunctional roles of plant cuticle during plant-pathogen interactions. Front. Plant Sci. 9:1088. doi: 10.3389/fpls.2018.01088 



Glossary

[image: Table listing abbreviations and their meanings such as AK for Available Potassium, AN for Available Nitrogen, AP for Available Phosphorus, and so forth, including scientific terms, places, and substances related to environmental and biological studies.]


Copyright
 © 2024 Guo, Liu, Xie, Wang, Huang, Yi, Yang, Zhao, Yu and Sibirina. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 11 April 2024
doi: 10.3389/fmicb.2024.1378273








[image: image2]

The endophytic microbiome response patterns of Juglans regia to two pathogenic fungi

Ziye Wang1,2, Lu Xu2,3, Xiaoyue Lu2,3, Ruidong Wang2,3, Jie Han2,3 and Aihua Yan2,4*


1Key Laboratory of Forest Protection of National Forestry and Grassland Administration, Chinese Academy of Forestry, Ecology and Nature Conservation Institute, Beijing, China

2College of Forestry, Hebei Agricultural University, Baoding, Hebei, China

3Hebei Province Key Laboratory of Forest Trees Germplasm Resources and Forest Protection, Baoding, Hebei, China

4Hebei Urban Forest Health Technology Innovation Center, Baoding, Hebei, China

Edited by
 Gustavo Santoyo, Universidad Michoacana de San Nicolás de Hidalgo, Mexico

Reviewed by
 Binod Kumar Mahto, Ranchi University, India
 Debasis Mitra, Graphic Era University, India

*Correspondence
 Aihua Yan, yanjia208323@126.com 

Received 29 January 2024
 Accepted 20 March 2024
 Published 11 April 2024

Citation
 Wang Z, Xu L, Lu X, Wang R, Han J and Yan A (2024) The endophytic microbiome response patterns of Juglans regia to two pathogenic fungi. Front. Microbiol. 15:1378273. doi: 10.3389/fmicb.2024.1378273
 

The endophytic microbial community reassembles to participate in plant immune balance when the host plants are stressed by pathogens. However, it remains unclear whether this assembly is pathogen-specific and how regulatory pathways are coordinated in multi-pathogens. In order to investigate the effects of infection with Colletotrichum gloeosporioides (Cg treatment) and Fusarium proliferatum (Fp treatment) on walnut leaf endophytic microbiome in their assembly, co-occurrence pattern, and on comprehensive chemical function of the internal environment of leaf, an interaction system of the walnut–pathogenic fungi was constructed using seed embryo tissue culture technology. The study showed differences in the assembly of endophytic microbial communities in walnut trees across three groups (control group, Ck; Cg; Fp) after Cg and Fp treatments. Despite changes in relative abundances, the dominant communities in phyla and genera remained comparable during the infection of the two pathogens. Endophyte fungi were more sensitive to the pathogen challenge than endophyte bacteria. Both promoted the enrichment of beneficial bacteria such as Bacillus and Pseudomonas, changed the modularity of the community, and reduced the stability and complexity of the endophyte community. Pathogenic fungi infection mainly affects the metabolism of porphyrin and chlorophyll, purine metabolism, phenylpropane metabolism, and amino acid metabolism. However, there was no significant difference in the secondary metabolites for the different susceptible plants. By screening endogenous antagonistic bacteria, we further verified that Pseudomonas psychrotolerans and Bacillus subtilis had inhibitory effects on the two pathogenic fungi and participated in the interaction between the leaves and pathogenic fungi. The antibacterial substances may be 1-methylnaphthalene, 1,3-butadiene, 2,3-butanediol, and toluene aldehyde.
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1 Introduction

Juglans regia, also known as the walnut tree, holds great economic and ecological value in China due to its woody grain and oil (Su et al., 2020). However, this species faces significant challenges from pathogenic fungi, specifically Colletotrichum gloeosporioides and Fusarium proliferatum (Crous et al., 2004; Wang et al., 2022), which can cause leaf spot. During the initial stages of the disease, irregular brown spots appear on the leaf edges, causing them to shrivel. In later stages, the disease progresses inward along the edges, affecting the entire leaves, which then wither (Wang et al., 2022). Currently, endophytes are being proposed as a new research idea for regulating plant diseases. Endophytes colonize plant cells and intercellular spaces without causing plant pathogenesis. They often provide essential nutrients (Lu et al., 2018), promote growth (Chialva et al., 2018; Dubey et al., 2019), and enhance stress tolerance (Berendsen et al., 2012). Therefore, endophytes are an important area of research for understanding plant defense mechanisms and promoting sustainable agricultural practices.

Pathogens trigger the plant immune response of microbe-associated molecular patterns (MAMPs) through correlated signaling pathways to further regulate the host–microbiome association network (Pieterse et al., 2014). Endophytic communities contain specific functional groups that enhance plant disease resistance, while others may act as latent pathogenic elements ready to proliferate (Cordovez et al., 2019). Competitive interactions between different functional microbial groups primarily influence the colonization or expansion of pathogens (Berendsen et al., 2018; Liu et al., 2020). Bioactive metabolites in diseased plants have been classified into various structural groups, including alkaloids, terpenoids, steroids, quinones, phenols, coumarins, glycosides, and benzopyrones as shown by metabolomic analyses (Zhang et al., 2006; Gouda et al., 2016). Endophytic bacteria and host plants may produce these metabolites separately or together, with different metabolic functions and interactions. Elucidating these mechanisms and identifying key microbial players that can be exploited for biocontrol strategies should be the focus of research (Spadaro and Droby, 2016). The metabolites of plant–endophytic microbial community interactions should be further systematically investigated to understand the role of such interactions in signaling crosstalk that facilitates plant growth, their role in stress regulation and to provide new insights for plant-wide biotic call-and-rescue strategies (Noecker et al., 2019; Li et al., 2022).

Endophytic microbial communities play a crucial role in plant growth and immune homeostasis. They are reconstituted when plants are stressed by pathogens. This study utilized seed embryo tissue culture technology to establish a mutualistic walnut–pathogenic fungal system. The microbial communities and non-targeted metabolomic assays were systematically analyzed to determine changes in species diversity of the endophytic leaf microbiome and the responses of walnuts to different pathogenic fungal stresses. We investigated functional core groups with broad-spectrum resistance and analyzed the effects of two pathogenic fungi on the aggregation and symbiosis patterns of endophytic microorganisms in leaves. This study provides a theoretical basis for developing microecological control technologies and products for the integrated prevention and control of various walnut diseases.



2 Materials and methods


2.1 Sample treatment and collection

Walnut seeds were selected from the “LVLING” fruit harvested by the walnut demonstration garden base of Hebei Lyuling Company, Lincheng County. Walnut seed embryo plant tissue culture seedlings of uniform growth, approximately 15 cm in height, were selected. We used inoculated sterile water as a control group (CK). The treatment groups were inoculated with pathogenic fungal (C. gloeosporioides [Cg] and F. proliferatum [Fp]) spore suspensions (concentration: 1.8 × 107 units/mL). A sterile 0.5 cm × 0.5 cm piece of filter paper was used to suck up the spore suspension or sterile water to cover the surface of the leaf. The leaves were collected separately under aseptic conditions 7 days after inoculation. They were placed in sterile centrifuge tubes, flash froze with liquid nitrogen, and stored at −80°C. Samples were subsequently packed with dry ice and shipped to Beijing Biomarker Technologies for high-throughput sequencing.



2.2 Microbiome extraction and data analysis

Sample DNA was extracted using the TGuide S96 Magnetic Universal DNA Kit (Tiangen Biochemical Technology (Beijing) Co.). Endophytic bacterial DNA was amplified using universal primers 338F/806R for the 16S V3-V4 region, and the endophytic fungi were amplified using ITS1F/ITS2R (Zheng et al., 2015). The PCR amplification reaction program parameters were as follows: pre-denaturation at 95°C for 5 min; denaturation at 95°C for 30 s, annealing at 50 for 30 s, and extension at 72°C for 40 s for 30 cycles; and finally extension at 72°C for 7 min. The PCR products were tested for integrity by electrophoresis on a 1.8% (w/v) agarose gel.

The constructed libraries were sequenced using Illumina NovaSeq6000 (Illumina). The raw sequences (raw reads) obtained from sequencing were screened, analyzed, and discarded using Cutadapt software (Cutadapt 1.9.1) to obtain clean reads without primer sequences. Double-end sequence splicing was performed using USEARCH v10 software to overlap the clean reads of each sample. Effective reads were obtained after identifying and eliminating chimeric sequences.

The clean data were clustered into OTUs and assigned to taxonomic lineages for each sample. The alpha diversity indices of endophytic bacterial and fungal communities in different treatment groups, Chao1 and Shannon, were calculated using QIIME2 2020.6 (Bolyen et al., 2019) software, and the significance of differences was verified using Student’s t-test. Beta-diversity analysis was performed using QIIME software to compare the similarity of different samples in terms of species diversity. The distance between samples was calculated using Bray–Curtis to obtain beta values between samples. These values were then visualized on a non-metric multidimensional scaling (NMDS) chart (Looft et al., 2012). The main distribution characteristics of the microbial communities in the samples were obtained after statistical analysis (Schloss et al., 2009). Based on the abundance and variation of each species in each sample, Spearman’s rank correlation analysis was performed and the correlation network was constructed by filtering the data with a correlation greater than 0.1 and p-value less than 0.05, and the correlation network of the genera with a relative abundance of top 80 was visualized using Gephi 0.10.



2.3 Metabolite extraction and data analysis

For metabolite extraction, 1,000 μL of extraction solution (methanol: acetonitrile: water = 2:2:1; internal standard concentration: 2 mg/L) containing an internal standard (1,000, 2, concentration: 2 mg/L) was added to a 50-mg leaf sample. The solution was stirred for 30 s and then pulverized for 10 min in a 45-Hz grinder, followed by 10 min of ultrasonication in an ice bath. The samples were then allowed to rest for 1 h at −20°C, succeeded by centrifugation for 15 min at 12000 rpm and 4°C. The supernatant (500 μL) was then dried under vacuum. A volume of 160 μL of the extract (acetonitrile to water 1:1) was redissolved, centrifuged for 30 s, soaked in ice water for 10 min, and finally centrifuged at 12000 rpm for 15 min at 4°C. The supernatant (120 μL) was pipetted as the assay sample, and a certain amount of the supernatant was reserved from each sample. The reserved supernatant of each sample was injected into an LC–MS for analysis (Want et al., 2010; Dunn et al., 2011).

Peak extraction and alignment data (Progenesis QI software) were processed, and mass number deviation (< 100 ppm) was controlled and normalized (Wang et al., 2016). Metabolites were classified and searched in the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases for qualitative and quantitative purposes (Kanehisa and Goto, 2000; Yu et al., 2012). Tests of variance were performed for each treatment group (fold change [FC] > 1, the t-test p-value <0.01, and OPLS-DA model VIP > 1). The differential metabolites were screened by combining the FC value, the t-test p-value, and the VIP value of the OPLS-DA model. The screening criteria were as follows: FC > 1, p-value <0.05, and VIP > 1 (FC > 2: upregulation; FC < 1/2: downregulation; FC = 1: screening for differences was equivalent to disregarding FC).



2.4 Determination of the antagonistic effect of endophytic bacteria

Walnut leaves were rinsed under running tap water to remove impurities from the leaf surface, and the rinsed leaves were placed in an ultraclean bench to sterilize the leaf surface: The leaf surface was rinsed with sterile water and then vacuumed to dry the residue of sterile water on the surface, followed by gradual sterilization using 75% alcohol (5–10 s), 0.1% mercuric chloride solution (5 min), and finally, the leaf surface was rinsed again with sterile water for five times. Walnut leaves were ground into a homogenate in a sterile mortar, and the homogenate was placed in a triangular flask containing 90 mL of sterile water. A certain amount of fetching dilution was evenly spread on the sterile LB plate medium, and three replicates were set up for the control and the treatment groups, respectively, which were inverted and cultivated in an artificial light incubator at a temperature of 28°C. The growth of the colonies was checked at any time, and the single colonies were further used for purification culture (Zheng et al., 2021).

The inhibition capacity of the strain in the fermentation broth was determined using the endophytic bacteria isolated by the coated plate method (Wang et al., 2011) and the spore germination method (Fang, 1979). Spore germination rate, mycelial growth inhibition rate, incidence rate, disease index, and control efficacy were counted, and the significance of differences was calculated using one-way ANOVA. Subsequently, isolated and living leaves were used to further determine the bacterial inhibitory ability of the strains. 7d-activated pathogenic fungi were made into disks (diameter: 0.5 cm) using a perforator; the configured bacterial fungal solution was sprayed on the surface of the leaves, and the leaves were well moisturized; and the incidence and disease indices, as well as the bacterial efficacy in controlling the pathogenic fungi, were calculated for each treatment after 9 d (Fang, 1979).

Strains with antagonistic effects were subjected to 16S rDNA sequencing using primers 27F 5’-AGAGTTTGATCCTGGCTCAG-3′ and 1492R 5’-CTACGGCTACCTTGTTACGA-3′. The quality of amplification products was tested and sequence detection was performed to compare sequence similarity (GenBank platform); the phylogeny of the sequences was analyzed using the adjacent distance method in MEGA 7.0 software, and a phylogenetic tree was constructed to draw the phylogenetic tree.

Expression of antagonistic bacteria within leaves at different times was analyzed using real-time fluorescence quantification. The metabolites of the strain were determined using liquid mass spectrometry (MS) analysis. Data were processed using Excel 2003, SPSS version 26.0 software for one-way ANOVA, Duncan’s multiple range test (MRT) to test for significant differences (p < 0.05), and Origin 2021 software to construct graphs.




3 Results and analysis


3.1 Endophytic microbial community assembly


3.1.1 Endophytic microbial diversity analysis

After infection with C. gloeosporioides and F. proliferatum, between groups were greater than the differences within groups Infection in significant differences in endophytic fungal communities, and non-significant differences in endophytic bacterial communities (Figures 1A,B). The Chao1 and Shannon diversity indices showed that the diversity of endophytic bacteria was slightly lower after pathogenic fungal infection, although the difference was not statistically significant (p > 0.05). The effect of Cg infection on endophytic bacterial richness was small, but Fp infection significantly reduced endophytic bacterial richness (Figures 1C,D). Pathogenic bacterial infection reduced the abundance and diversity of endophytic fungal communities, although the difference was insignificant (p > 0.05). Endophytic fungal abundance and diversity were higher after Cg infection than after Fp infection (Figures 1E,F).
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FIGURE 1
 Endophytic microbial community diversity. (A,B) Endophytic bacterial and fungal β-diversity, respectively; (C–F) Endophytic microbial community α-diversity; (C,E) Chao1 index for endophytic bacterial and fungal communities, respectively; (D,F) Shannon index for endophytic bacterial and fungal communities, respectively.




3.1.2 Endophytic microbial community composition

The endophytic microbial community showed an increase in the relative abundance of endophytic bacteria (13%) and endophytic fungi (46%) but also showed a decrease in the relative abundance of endophytic bacteria (28%) and endophytic fungi (26%). Thus, the endophytic microbial community simultaneously responded to the infection of both pathogenic fungi. In addition, we observed relative abundance changes in the endophytic species level in response to the infection of both pathogenic fungi (Figures 2A,B).
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FIGURE 2
 Species composition of endosymbiotic communities. (A,B) Statistics of relative abundance changes in endophytic bacterial and fungal communities, respectively; (C,D) Species composition of endophytic bacterial communities at the phylum and genus level; and (E,F) Species composition of endophytic fungal communities.


The dominant phylum of the endophytic microbiome had the same genus but differed in relative abundance. The dominant phyla for the endophytic bacterial community were Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria, and the top five dominant genera included Weissella, Pseudomonas, Sphingomonas, Stenotrophomonas, and Bacillus. The relative abundance of Bacillus increased in response to both pathogens. In addition, the relative abundance of Weissella increased due to Cg infection, while the relative abundance of Pseudomonas increased by Fp infection. The relative abundance of Bacillus and Pseudomonas significantly differed between treatments (Figures 2C,D). The dominant phyla in the endophytic fungal community were Ascomycota, Basidiomycota, and Mortierellomycota. The pathogenic fungal infection increased the relative abundance of Ascomycota and decreased the relative abundance of Stenotrophomonas. The dominant genera included Aspergillus, Filobasidium, and Pleurotus. The pathogenic fungal infection reduced the relative abundance of the potential pathogenic fungi Aspergillus, Filobasidium, and Pleurotus (Figures 2E,F).



3.1.3 Endophytic microbial community co-occurrence network

In the endophytic bacterial network, the top 80 genera with the highest relative abundance were selected to construct the co-occurrence network map. The control group (CK) had 1,227 edges, 79 nodes 3 modules, and 49.47% of the negative correlation (Supplementary Table S1). Weissella had 35 associations with genera with the highest relative abundance and 18 negative associations (Supplementary Table S2). The Cg treatment group had 369 edges, 76 nodes, 5 modules, and 32.79% of the negative correlation (Supplementary Table S1). Weissella has fewer associations than CK. [Ruminococcus]_torques_group has the largest number of associations (Supplementary Table S3). The Fp treatment group had 327 edges, 79 nodes, 5 modules, and 10.4% of the negative correlation (Supplementary Table S1). Weissella has fewer associations than CK. Staphylococci have the largest number of associations (Supplementary Table S4). After the infection of two pathogenic fungi, the modularity of the endophytic bacterial network was changed, the correlation of the network was reduced, and the proportion of negative correlation was reduced, thus affecting the stability of the community (Figures 3A–C and Supplementary Figures S1–S3).
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FIGURE 3
 Endophytic microbial community association network diagram. Panels (A-C) are endophytic bacterial communities, panel (A) is CK endophytic bacterial community, panel (B) is endophytic bacterial community after Cg treatment, and panel (C) is endophytic bacterial community after Fp treatment; panel (D-F) are endophytic fungal communities, panel (D) is CK endophytic fungal community, panel (E) is endophytic fungal community after Cg treatment, and panel (F) is endophytic fungal community after Fp treatment. Different colored nodes in the diagram indicate different modules, and the lines between the dots indicate the correlation between the two nodes, with pink lines indicating positive correlation and gray lines indicating negative correlation; the thickness of the lines indicates the level of correlation.


In the endophytic fungal association network, the top 80 genera with the highest relative abundance were selected to construct the map. As shown in Figures 3D–F, the control group (CK) produced 845 edges, 5 modules, and 29.11% of the negative correlation (Supplementary Table S1). Filobasidium had the highest relative abundance with 29 associated genera (Supplementary Table S5); 78 nodes, 471 edges, 6 modules, and 23.99% of the negative correlation were found in the network graph for the Cg treatment group (Supplementary Table S1). Penicillium had the highest relative abundance with 25 associated genera (Supplementary Table S6). The network diagram for the Fp treatment group had 78 nodes, 370 edges, 6 modules, and 5.14% of the negative correlation (Supplementary Table S1). Alternaria has the highest number of associations (Supplementary Table S7). The results showed that the number of modules in the endophytic fungal network increased and the proportion of associated edges and negative associations decreased after infection by the two pathogenic fungi (Figures 3D–F and Supplementary Figures S4–S6).




3.2 Plant differential metabolite screening

The positive ion model enriched for 1,549 metabolites and 115 secondary metabolites, including 160 amino acids, 18 indoles, 12 coumarins, 127 flavonoids, and 14 unsaturated fatty acids. Of these compounds, five amino acids were downregulated, three flavonoids were downregulated, four were upregulated, two indoles were upregulated, and one unsaturated fatty acid was upregulated. For the phytohormones, nine metabolites of ethylene, four metabolites of salicylic acid, and one metabolite of abscisic acid were identified.

A total of 134 differential metabolites were obtained between the groups, as shown in Figures 4A,B. There were eight identical differential metabolites after infection by the two pathogenic fungi, and biliverdin, tryptamine, and estradiol cypionate were significantly upregulated.
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FIGURE 4
 (A,B) Positive ion pattern differential metabolite Wein diagrams, respectively. Numbers in the graph are differential metabolite trees: blue letters are the same downregulated metabolites after two treatments; red letters are upregulated metabolites; (C,D) Heat maps of correlation between differential metabolites and co-variant endophytic bacteria; (E,F) Heat maps of correlations between differential metabolites and co-variant endophytic fungi; (C,E) Cg and Fp treatments, respectively. Horizontal coordinates are differential metabolites, and vertical coordinates are endophytic bacteria. The red box in the graph shows the increase in expression or relative abundance, and the blue box shows the decrease; (G,H) Association plots of the two endogenous antagonistic bacterial strains with differential metabolite networks.




3.3 Combined microbiome and metabolome analysis

Endophytic microorganisms that co-responded to pathogenic fungal infection were correlated to differential metabolites annotated with the KEGG pathway. Heat maps were drawn using significantly correlated data (CCP < 0.05). As shown in Figures 4C,D, differential metabolites significantly correlated with a large number of co-variant endophytic bacteria after infection with both pathogenic fungi. The common differential metabolite, biliverdin, significantly negatively correlated with the endophytic bacteria Clostridium paeoniae, Paeniclostridium, Aedonella spp., and Ideonella after Cg and Fp infection. Tryptamine significantly negatively correlated with Porphyromonas spp. Guanosine 5′-diphosphate showed highly significant positive correlations with Lactobacillus dubosiella, Ideonella, and Paeniclostridium after Cg infection but also significantly positively correlated with Alternaria alternata and Altererythrobacter. Citrulline was highly significantly positively correlated with Altererythrobacter and Ideonella but also significantly positively correlated with Dubosiella and Paeniclostridium after Fp infection.

As shown in Figures 4E,F, the Cg treatment group was more highly correlated with co-variant endophytic fungi than the Fp group. The metabolite, biliverdin, highly significantly and positively correlated with the endophytic fungi Clathrosphaerina, Nigrospora, Paracremonium, and Westerdykella after Cg infection but did not show correlations for the Fp infection group. The common differential metabolite tryptamine significantly positively correlated with the endophytic fungi Clathrosphaerina, Sarocladium, Simplicillium, Trichocladium, Trichoderma, and Trichothecium after Cg and Fp infection. Guanosine 5′-diphosphate significantly positively correlated with the endophytic fungi Clathrosphaerina after Cg and Fp infection, respectively. There was no significant correlation with endophytic fungi after Fp infection.


3.3.1 Endophytic microbiome: differential genera and metabolite associations

The differential endophytic bacteria, Bacillus spp., and Pseudomonas spp., were associated with 17 and 43 metabolites, respectively. In total, four and five metabolic pathways were enriched for Bacillus and Pseudomonas, respectively; one metabolite was upregulated, and three were concurrently downregulated by the two pathogenic fungi. D-neopterin was upregulated and is mainly involved in the folic acid biosynthesis of 3,4-methylenedioxyamphetamine. 3,4-Methylenedioxyamphetamine is involved in phenylpropanoid biosynthesis and is also associated with metabolites such as sulfapyridine and roxithromycin (Figures 4G,H).




3.4 Screening of endogenous antagonistic bacterial strains and identification of inhibition ability

Pre-experimental screening of antagonistic bacteria yielded two strains with better inhibitory effects. The two strains of resistant bacteria were identified by molecular biology as Pseudomonas psychrotolerans and Bacillus subtilis (Figures 5A,B), which were isolated and screened. P. psychrotolerans inhibited the germination of Cg and Fp spores by 50.06 and 56.63%, respectively. P. psychrotolerans inhibited mycelial growth in the fermentation broth by inhibiting the germination of Cg and Fp spores by 41.54 and 64.75%, where the mycelial growth inhibition rates were 78.86 and 65.79%, respectively (Figure 6A). The B. subtilis fermentation broth inhibited the germination of Cg and Fp spores by 58.59 and 42.65%, and the mycelial inhibition rates were 87.78 and 67.22%, respectively (Figure 6B). The inhibition ability of the isolated leaves was as follows: Cg and Fp incidence decreased by 51.26 and 52.39% after the control of P. psychrotolerans, and the control effect for Cg and Fp was 76.58 and 73.12%, respectively. The Cg and Fp incidence decreased by 44.12 and 35.71% after the control of B. subtilis, and the control effect for Cg and Fp reached 56.2 and 40.00% (Figure 6C). B. subtilis reduced the incidence of Cg and Fp by 20 and 10% after control of fresh leaves, where the control effects were 44.44 and 23.08%, respectively. P. psychrotolerans reduced the incidence of Cg and Fp by 70 and 50% after control, with control effects of 70 and 61.54%, respectively (Figure 6D).
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FIGURE 5
 Phylogenetic tree of antimicrobial resistance: panel (A) is Pseudomonas psychrotolerans, panel (B) is Bacillus subtilis.


[image: Grouped bar and line charts illustrate bacterial inhibition and disease index analysis. Panels A and B show bar charts of spore germination inhibition by Bacillus subtilis and Pseudomonas psychrotolerans. Panels C and D present disease index values and effectiveness of prevention for isolated and potted leaves. Panels E and F are line charts depicting corynebacterium count over time, with different treatments. Each chart uses different color coding for variables.]

FIGURE 6
 (A) Laboratory determination of antibacterial ability; (B) Determination of endophytic bacteria fermented liquid antibacterial ability ((A,B) the left axis of the coordinate axis is the rate of spore germination and the right axis is the rate of mycelial growth inhibition). (C) In vitro antibacterial ability; (D) Living blade bacteriostatic ability determination ((C,B) the left axis of the coordinates is the disease index and the right axis is the control effect). Panel (E) is expression of B. subtilis after infection by pathogenic fungi; Panel (F) is expression of P. psychrotolerans after infection by pathogenic fungi. Quantity determination of different time periods ((E,F) the vertical axis of the coordinates is the expression, and the horizontal axis is the different times of the treatment).




3.5 Expression of endophytic antagonistic bacteria in response to pathogenic fungal infection

B. subtilis using primers dnaN-F (5’-GCACTTGCCGCAGATT GA-3′) and dnaN-R (5’-AATGCAAGACGGTGGCTATC-3′). P. psychrotolerans using primers 16 s9-F (5’-CTGGCCTTGACAT GCTGAGA-3′) and 16 s9-R (5’-ACCGGCAGTCTCCTTAGAGT-3′). B. subtilis expression was the highest after 120 h of infection with Cg and Fp pathogens, followed by a decrease in expression (Figure 6E). P. psychrotolerans expression reached two peaks after 24 h and 72 h of infection with Cg pathogens. Expression of Fp was the highest after 168 h of infection (Figure 6F).



3.6 Metabolite analysis of two antagonistic bacterial strains

A large number of metabolites, including lipids, benzenoids, phenylpropanoids, polyketides, nucleosides, and nucleotide metabolites, were enriched for the two antagonistic endophytic bacteria. In addition, metabolites, such as 1-methylnaphthalene, 1,3-butadiene, 2,3-butanediol, and toluene aldehyde, were enriched during pathogenic bacterial infection (Figures 7A–D).
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FIGURE 7
 Metabolite enrichment statistics of two antagonistic strains of bacteria. Panel (A,B) are Bacillus subtilis-positive and Bacillus subtilis-negative ion modes; panel (C,D) are Pseudomonas psychrotolerans-positive and Pseudomonas psychrotolerans-negative ion modes.





4 Discussion

The leaf is an ecologically important part of the plant, and the distribution of endophytic microorganisms and the activity of microbial communities within the leaf significantly impact plant health and growth. The diversity, assembly, and symbiotic network of endophytic microbial communities share a typical response pattern when infected by different pathogenic fungi. This response pattern may be caused by changes in environmental metabolites within the plant and also affects plant disease resistance. Invasion of walnut leaves by two pathogenic fungi increased the network complexity of endophytic fungi, indicating that endophytic fungal community diversity is more sensitive to pathogenic fungal infection than endophytic bacteria. The proportion of bacterial associations was higher in both healthy and diseased plants. In comparison, the proportion of negative associations for bacterial networks and their central taxa was higher in plants than in fungal networks. It is suggested that ecological competition can improve microbiome stability by inhibiting the stability of cooperative associations (Coyte et al., 2015).

The cooperative and competitive nature of microbial species and the modularity of the network can influence the stability of the community (Zhang et al., 2016). Our results suggest that two pathogenic fungi invaded the plant. The host plant may benefit from microbial competition, thus increasing resistance to external stresses (Wagg et al., 2019). Fungal communities were more affected by the pathogenic fungi than bacterial communities, probably due to stronger positive correlations in fungal associations in the network of diseased plants than in the healthy network. The present study showed that endophytic fungal communities are more sensitive to pathogens than bacterial communities, as evidenced by their lower network stability. Previous studies have shown that soil bacterial networks are less stable than fungal networks under drought stress (De Vries et al., 2018). As our samples were sterile histopathogenic seedlings cultured in the same environment, the influence of external factors on the endophytic microbiome of the leaves can be excluded and therefore explains the reliability of the results.

According to previous correlations between host plants and pathogenic fungi, evidence suggests that pathogenic fungal infection promotes the growth and multiplication of certain microorganisms (Seneviratne et al., 2007). Moreover, microorganisms induced to increase due to biotic stress are usually beneficial, and these can enhance host disease resistance in plants (McSpadden Gardener and Weller, 2001; Neal et al., 2012; Santhanam et al., 2015). In the present study, diseased plants were enriched with potentially beneficial bacteria such as Weisseria spp., Bacillus spp., Pseudomonas spp., and Periplococcus spp. These beneficial bacteria were also identified as core taxa (i.e., present in all samples and with high relative abundance) in the plant microbiome. Previous studies have shown that Weissella spp. and Pseudomonas spp. play an important role in regulating host performance, especially in plant suppression of pathogens (Kim et al., 2018; Bao, 2019). Bacillus and Pseudomonas have been moderately proven as beneficial bacteria (Moulton and Montie, 1979; Garrity and Ordal, 1995; Sampedro et al., 2015). Some species of the genus Mortierella produce antibiotics, and certain isolates are potential antagonists of various plant pathogens and are now used as important indicators of Fusarium disease control in ginseng cultivation (Wang et al., 2021). Our results show that host plants can selectively regulate the abundance of some core taxa in the presence of pathogenic bacteria. In addition, some bacterial taxa, such as Weissella spp. and Stenotrophomonas spp., were enriched in diseased plants and identified as dominant taxa of the pathogen, which were in the co-occurrence network. Bacillus spp. and Pseudomonas spp. were significantly different after the infection by the two pathogenic fungi. Currently, the elevated relative abundance of these beneficial bacteria facilitates competition with pathogenic fungi for resources and space, such as antimicrobial compounds and population-sensing quenching molecules, which, in turn, inhibit the growth and reproduction and virulent dissemination of pathogenic bacteria (Frey-Klett et al., 2011; Raaijmakers and Mazzola, 2012; Tyc et al., 2017).

Based on the metabolomic analysis, pathogenic fungal infection was found to cause changes in the expression of metabolites within the leaves. The endophytic symbionts could produce antibiotic-like compounds or volatiles that alter the secondary metabolic endogenous environment of the plants and promote direct and indirect plant defense against both pathogenic fungi. Previous studies have shown that many bacteria of the genera Pseudomonas, Streptomyces, and Bacillus colonize different plant ecological niches (e.g., interleaf and inter-root) and play an important role in regulating host performance, especially in phytopathogenic suppression (Shweta et al., 2010; Xiong et al., 2017; Wei et al., 2019). In the present study, Bacillus spp. and Pseudomonas spp. significantly differed from the control after pathogenic bacterial infection. Both genera significantly positively correlated with flavonoid and isoflavonoid differential metabolites. Flavonoids and isoflavonoids exert many physiological functions in plants, are a class of signaling molecules in plant–pathogen interactions, and play a protective role as phytochemicals when plants are subjected to biotic stresses (Dakora et al., 1996). In addition, flavonoids and isoflavonoid metabolites were significantly upregulated after pathogenic fungal infection. The latter metabolites may be involved in the mutualistic relationship between the walnut tree and the two pathogenic fungi, which may play a protective or defensive role against pathogenic fungi in walnuts.

We screened the two endophytic strains with good efficacy against walnut pathogens: Bacillus subtilis and cold-tolerant Pseudomonas spp. The expression of both strains was upregulated in the plants after inoculation with the pathogenic fungi, which is consistent with the results of our microbiome studies. B. subtilis was enriched with a large number of lipid metabolites, benzenes, and purine nucleoside metabolites, all of which increased in expression upon pathogenic fungal infection. This result is in contrast with previous studies that screened the main component as lipopeptides (Huang et al., 2010). However, this contradiction does not imply that there are no fungal inhibitory components similar to lipopeptides as they are rich in antagonistic metabolites, and therefore, more research is needed. B. subtilis can use proteins, many sugars, and starch to catabolize tryptophan to form indole. The species can also participate in the purine nucleotide synthesis pathway involved in the host. P. psychrotolerans is frequently used in lipase production (Huang et al., 2010) and wastewater treatment (Li et al., 2018) and is enriched in lipid and benzene metabolites. The expression of metabolites such as 1,2-dimyristoylglycerol-3-phosphatidyl-N, N-dimethyl ethanol, and phenylpropanolamine was significantly upregulated. We speculate that these lipid and benzene metabolites may be involved in the action of P. psychrotolerans against the two pathogenic fungi, although the specific mechanism of action requires further study.

Several studies claim that the production of certain microbial volatile organic compounds (mVOCs) can be induced or inhibited in specific microbial interactions (Garbeva et al., 2014; Tyc et al., 2015; Piechulla et al., 2017; Kristin et al., 2020). In addition, mVOCs can inhibit pathogenic bacteria and induce plant systemic resistance through direct inhibition (Huang et al., 2012). Indeed, many species of Pseudomonas and Bacillus are used as biocontrol agents of plant pathogens and have been reported to produce volatile organic compounds with antimicrobial activity (Tahir et al., 2017; Xie et al., 2018). Both endophytic antagonistic bacterial strains used in this study were enriched for 1-methylnaphthalene and piperidinium. The production of volatiles such as benzothiazole and 1-methylnaphthalene by Pseudomonas fluorescens has been reported to have an inhibitory effect on the tomato pathogen Ralstonia solanacearum (Raza et al., 2016). In the present study, we also found 1,3-butadiene and toluene aldehyde in the metabolites of Bacillus subtilis. Benzaldehyde and 1,3-butadiene are mVOCs produced by Bacillus and have a strong inhibitory activity against B. subtilis, the causal agent of cyanobacteria (Tahir et al., 2017). It has been reported that mVOCs alter the transcriptional expression levels of several genes related to motility and pathogenicity, induce systemic resistance in plants, and thus reduce the incidence of wilt (Santoyo, 2021). 1-Methylnaphthalene, 1,3-butadiene, and toluene aldehyde are likely repressors of B. subtilis and cold-tolerant Pseudomonas spp. screened in this study. However, how the mVOCs of the mesophilic strains modulate the inhibitory effect of the antagonistic bacteria on the pathogenic fungi still needs to be further tested and explored.



5 Conclusion

Our results provide novel and relevant insights into the walnut leaf microbiome in response to leaf spot infestation response, with Colletotrichum gloeosporioides (Cg treatment) and Fusarium prolatoratum (Fp treatment) infesting leaves with both equal expression and species specificity, and the dominant phylum and genus of plant–endophytic bacterial and fungal species were similar but differed only in relative abundance. Pathogenic fungal infections also affected the diversity, network complexity, and stability of endophytic bacterial and fungal communities in walnuts and promoted the enrichment of beneficial bacteria. Our study improves our understanding of the mechanisms by which the endophytic microbiome responds to pathogenic fungal infestation and analyses the leaf metabolome in addition, after pathogenic fungal infestation. In conclusion, the results of this study lay the foundation for an accurate and comprehensive description of microbial community assembly, co-metabolism, and pathogenic fungal interaction patterns within walnut leaves and provide a theoretical basis for microbiome and metabolome regulation of walnut leaf diseases.
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Lead (Pb) is a hazardous heavy metal that accumulates in many environments. Phytoremediation of Pb polluted soil is an environmentally friendly method, and a better understanding of mycorrhizal symbiosis under Pb stress can promote its efficiency and application. This study aims to evaluate the impact of two ectomycorrhizal fungi (Suillus grevillei and Suillus luteus) on the performance of Pinus tabulaeformis under Pb stress, and the biomineralization of metallic Pb in vitro. A pot experiment using substrate with 0 and 1,000 mg/kg Pb2+ was conducted to evaluate the growth, photosynthetic pigments, oxidative damage, and Pb accumulation of P. tabulaeformis with or without ectomycorrhizal fungi. In vitro co-cultivation of ectomycorrhizal fungi and Pb shots was used to evaluate Pb biomineralization. The results showed that colonization by the two ectomycorrhizal fungi promoted plant growth, increased the content of photosynthetic pigments, reduced oxidative damage, and caused massive accumulation of Pb in plant roots. The structural characteristics of the Pb secondary minerals formed in the presence of fungi demonstrated significant differences from the minerals formed in the control plates and these minerals were identified as pyromorphite (Pb5(PO4)3Cl). Ectomycorrhizal fungi promoted the performance of P. tabulaeformis under Pb stress and suggested a potential role of mycorrhizal symbiosis in Pb phytoremediation. This observation also represents the first discovery of such Pb biomineralization induced by ectomycorrhizal fungi. Ectomycorrhizal fungi induced Pb biomineralization is also relevant to the phytostabilization and new approaches in the bioremediation of polluted environments.
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1 Introduction

Lead (Pb) is a hazardous heavy metal that causes severe environmental and human health problems (Rehman et al., 2017; Monchanin et al., 2021). Pb is mainly introduced into soils by human activities such as lead acid battery production, paint production, mining, and leaded petrol production (Jarup, 2003; Li et al., 2014). Pb pollution restricts soil usage and fertility due to the non-degradable and toxic characteristics of Pb (Adriano, 2001). Phytoremediation is an effective and viable method for Pb polluted soils (Sarwar et al., 2017). However, Pb harms plant development and survival due to the production of an excessive amount of reactive oxygen species (ROS) (Reddy et al., 2005; Zhang et al., 2020). Consequently, phytoremediation has some drawbacks, including sluggish development of the accumulator plants, poor biomass production, and low heavy metal absorption, which makes it a lengthy and inefficient procedure (Vergara et al., 2020).

Ectomycorrhizal (ECM) symbiosis is widespread in numerous ecosystems between fungi from Basidiomycota, Ascomycota, and Zygomycota, and the ecologically and economically most important forest trees, including Pinaceae, Fagaceae, Salicaceae, Betulaceae, Caesalpinioideae, Dipterocarpaceae, and Phyllanthaceae (Tedersoo et al., 2010). ECM fungi form Hartig nets inside plant roots, form sheath-like mantles around lateral roots, and form extrametrical mycelia to explore, absorb, and translocate nutrients and water from the surrounding soil. The ECM symbiosis promotes plant nutrition and water uptake, increases plant growth performance, and facilitates the establishment of host plants in harsh environments (Arocena and Glowa, 2000; Baum et al., 2006; Szuba et al., 2017; Wen et al., 2017; Liu et al., 2020). Microbe-enhanced phytoremediation that using ECM is an effective measure for remediating metal-contaminated soils (Shi et al., 2019; Liu et al., 2020). The ECM symbiosis results in enhanced host plants’ tolerance to heavy metals, including alleviation of inhibition of plant photosynthesis caused by heavy metals and a beneficial impact on reducing the metal-induced oxidative stress on plants (Schützendübel and Polle, 2002; Canton et al., 2016; Fernández-Fuego et al., 2017; Mohammadhasani et al., 2017).

In addition to improving the growth and enhancing the heavy metal tolerance of accumulator plants, ECM fungi may play a role in biomineralization. Biomineralization is the process of living organisms’ induced mineral formation. The majority of fungal-involved biomineralization is the consequence of metabolic processes that affect the external environment in a way that facilitates mineral precipitation. Examples of these processes include changes in pH, O2, redox potential, redox transformations of metal species, and excretion of organic and inorganic metabolites like CO2, H+, or organic acids (Gadd, 2021). Fomina et al. (2007) showed that Beauveria caledonica causes uranyl phosphate minerals formation via biomineralization. Bacillus cereus 12-2, which was isolated from lead-zinc mine tailings, could transform the Pb into rod-shaped Ca2.5Pb7.5(OH)2(PO4)6 nanocrystal (Chen et al., 2016). Povedano-Priego et al. (2016) described lead phosphate formation via biomineralization in the interaction of Penicillium chrysogenum with metallic Pb. Phanerochaete chrysoporium participates in Pb biomineralization and transforms Pb into Pb5(PO4)3OH through fungal phosphatase (Zhao et al., 2020).

Pinus tabulaeformis Carr. is one of the most widely distributed pines in northern China (Chen et al., 2008) and it has remarkable drought endurance and great adaptation to poor soil (Wang and Guo, 2010). The well-known ectomycorrhizal species P. tabuliformis, characterized by its strong mycorrhizal dependency and potential colonization by various fungal species (Allen, 1991), can be effectively used for restoration in post-mining areas (Yan et al., 2020; Zhang et al., 2023). It was found that the dominant ECM fungi in the rhizosphere soil of P. tabuliformis, which belongs to the genus Suillus (Wang et al., 2022), serves as a model system for understanding mycorrhizal fungal metal tolerance (Branco et al., 2022). Although there were studies showing that pines with ectomycorrhizal fungi promoted tolerance against heavy metals (Bizo et al., 2017; Liu et al., 2020; Ouatiki et al., 2022), the response of the symbiosis between P. tabulaeformis and ectomycorrhizal fungi to Pb pollution was rarely reported. In this study, we used two ectomycorrhizal fungi (Suillus luteus and Suillus grevillei) to evaluate their ability to (1) form symbiosis with P. tabuleaformis, (2) improve plant growth, (3) promote the activity of antioxidant enzymes and photosynthetic pigment content, (4) regulate Pb uptake and distribution, and (5) biomineralize Pb in vitro.



2 Materials and methods


2.1 ECM fungi, plant material, and growth substrate

The ECM fungi (Suillus luteus, NCBI: txid5384 and Suillus grevillea, NCBI: txid5382) were stored in the microbiology lab of the Forestry College, Northwest A&F University. These strains were originally isolated from the ectomycorrhizae of P. tabulaeformis in Ningshan county, Shaanxi Province, China. These fungi were grown on Modified Melin-Norkrans (MMN) solid medium (Fomina et al., 2005). After 2 weeks of growth, four blocks of media for each ECM fungus (1 cm in diameter) were inoculated in 300 mL MMN liquid medium. After a shaking culture (25°C, 150 rpm in darkness) of ECM for 21 days, the mycelia were obtained by filtering. The mycelia were washed five times with sterilized water, homogenized by blender with 500 mL sterilized water, and used as inoculum.

The seeds of Pinus tabulaeformis were obtained from the Forestry Technology Extension Station of the Forestry Department, Shaanxi Province, China. The seeds were surface disinfected by 0.5% KMnO4 for 10 min, washed 3 times with sterilized water, and immersed in sterilized water at 45°C for 1 h. Afterward, seeds were germinated on wet filter papers in Petri dishes at room temperature (20–25°C) in darkness. Germinated seeds were transplanted in seedling trays (50 mL) filled with sterilized vermiculite and cultivated in a greenhouse with a temperature of 20–30°C, a photoperiod of 12 h.

Inoculation of ECM was performed 1 week after the transplantation of the germinated seeds of P. tabulaeformis. Inoculation was achieved by injecting 10 mL inoculum to the base of seedling in the seedling tray. The nonmycorrhizal seedlings received autoclaved inoculum. Inoculation repeated 3 times with interval of 2 weeks. The seedlings were daily watered with deionized water and weekly fertilized with 10 mL of Hoagland’s nutrient solution (Zhang et al., 2020). The success of ECM fungal colonization was proven by the observation of mycorrhizal structure under the microscope after 3 months (not quantified).

For the pot experiment, the substrate was a mixture of quartz river sand, vermiculite, and soil in a ratio of 1:1:1 (v: v: v). The soil was collected from the top layer of the Northwest A&F University campus nursery in Yangling, Shaanxi Province, China. The main soil nutrient characteristics were as follows: 16.15 g/kg organic matter, 30.35 mg/kg available nitrogen, 20.40 mg/kg available phosphorus, and 126.36 mg/kg available potassium. The background value of Pb concentration in soil was 15.83 mg/kg. Soil was ground, passed through a 2 mm sieve, and mixed with thoroughly washed sand and vermiculite. The substrate was autoclaved at 0.11 MPa and 121°C for 2 h.

The Pb2+ concentration in the substrate was adjusted to 1,000 mg/kg by spraying 100 mM Pb(NO3)2 solution to substrate according to the risk intervention values for soil contamination of agricultural land (Soil environmental quality-Risk control standard for soil contamination of agricultural land, GB 15618-2018). The corresponding amount of NH4NO3 was added to the control group to make up for the difference in nitrogen content caused by the addition of Pb(NO3)2. The substrate was used 1 month after the addition of Pb for equilibration.



2.2 Experimental design

The experiment consisted of 2 factors (3 × 2): mycorrhizal status, inoculated with S. luteus (SL), S. grevillea (SG), or not (CK); Pb status, extra Pb was mixed with the substrate (1,000 mg/kg, Pb-treated) or not (0 mg/kg, Pb-free). Three randomly selected mycorrhizal or nonmycorrhizal seedlings were transplanted in a plastic pot filled with 0.4 kg Pb-treated or Pb-free substrate and cultivated for 4 months. There were 6 treatments, and 3 replicates for each treatment.

The pot experiment was conducted in a greenhouse at a temperature of 20–35°C, a photoperiod of 12–14 h, and a relative air humidity of 55–78%. The plants were daily watered with deionized water and fertilized every 2 weeks with 50 mL of Hoagland’s nutrient solution.



2.3 Plant growth and ectomycorrhizal colonization

Four months after the transplantation of seedlings in pots, seedling shoots and roots were harvested separately. Seedling roots were carefully washed with tap water to remove all soil particles and dried with paper towels. The fresh shoot and root weight were recorded. The shoot and root were then randomly divided into 4 parts. One part of the shoot and root was oven dried at 80°C until constant weight and was used to calculate the fresh-to-dry mass ratio. The shoot and root dry weight was calculated according to the fresh weight and fresh-to-dry mass ratio. One part of the shoot and root was oven dried and used to measure the Pb concentration. One part of the shoot was used to measure the photosynthetic pigments content. One part of the root was used to measure the mycorrhizal colonization rate. The rest shoot and root samples were frozen by liquid nitrogen and stored in a refrigerator at −80°C.

The ectomycorrhizal colonization rate was calculated according to the cross-griding method (Püttsepp et al., 2004) after roots were stained with trypan blue (Phillips and Hayman, 1970). Twenty 1 cm root segments were analyzed and a total of 200 intersections were counted for a single replicate.



2.4 Determination of Pb concentration, photosynthetic pigments content, and antioxidant capacity and oxidative stress

Pb concentration was analyzed with a microwave mineralizer (Multiwave PRO, Anton Paar, GmbH, Austria) and a flame atomic absorption spectrophotometer (AA7000, Shimadzu, Japan) (Vergara et al., 2020).

Chlorophyll a, chlorophyll b, and carotenoids were determined according to the method described by Lichtenthaler and Wellburn (1983).

Fresh shoots and roots that stored in a refrigerator (−80°C) were ground to powder under liquid nitrogen (three biological replicates) for plant antioxidant capacity and oxidative stress assay. The H2O2 and MDA level was determined with the trichloroacetic acid (TAC) test and the thiobarbituric acid (TBA) test, respectively, according to Velikova et al. (2000). The enzymatic activity (SOD, POD, and CAT) was calculated as the previous study described (Martins et al., 2011; Fernández-Fuego et al., 2017).



2.5 Pb transformation by ectomycorrhizal fungi in vitro

In order to assess the Pb transformation by ectomycorrhizal fungi, co-culture of Pb shots (4 mm in diameter) and ectomycorrhizal fungi was carried out in Petri dishes (9 cm in diameter) containing MMN solid medium. The Pb shots were autoclaved and evenly placed on the MMN solid medium, while a block of ectomycorrhizal fungal mycelia taken from the edge of a growing colony was placed on the surface of the MMN solid medium. Dishes that received only Pb shots were used as controls. The Petri dishes were incubated at 25°C in darkness for 2 months.

The elemental composition of secondary minerals formed on the Pb shot surface was analyzed with energy dispersive spectroscopy (EDS, AMETEK, United States). Images of secondary minerals on the Pb shot surface were obtained after the Pb shots were sprayed with gold/palladium using an ion sputter (MC1000, Hitachi, Japan) and then used for SEM analysis by a field emission scanning electron microscope (S-4800, Hitachi, Japan).

The composition of secondary minerals generated on the Pb shot surface was determined using X-ray diffraction (XRD) analysis (Zhao et al., 2020). Mineral phases were identified according to International Centre for Diffraction Data Powder Diffraction File (PDF-4 release 2010).



2.6 Statistical analysis

IBM SPSS® Statistics was used for data analysis (SPSS Version 26, SPSS Inc., United States). Two- and one-way analyses of variance (ANOVA) with Tukey’s honest significant difference (HSD) tests at p < 0.05 were used to confirm statistical significance (Zhao et al., 2020).




3 Results


3.1 Plant growth and ectomycorrhizal colonization

After 4 months of pot culture, plant biomass and ECM fungi colonization rate were recorded (Table 1). Under Pb-free condition, inoculation of S. grevillea improved the shoots biomass and total biomass, while inoculation of S. luteus did not contribute to plant growth. Pb addition decreased the growth of P. tabulaeformis. Under Pb-treated condition, the plants colonized by S. grevillea showed superiority in shoots, roots, and total biomass compared with nonmycorrhizal plants, while the improvement of plant biomass by S. luteus was not obvious.



TABLE 1 Plant growth and ectomycorrhizal colonization of P. tabuliformis 4 months after inoculation.
[image: Table comparing the effects of lead (Pb) treatment and fungi on plant growth parameters. Two conditions, zero and one thousand Pb, are tested, showing dry weights of shoots, roots, total biomass, and colonization rates for CK (non-mycorrhizal control), SG (*Suillus grevillea*), and SL (*Suillus luteus*). Significant differences are indicated by different letters at p < 0.05 via Tukey's test.]

No mycorrhizal structure was observed in nonmycorrhizal plants. Pb addition decreased the colonization rate of S. luteus but not S. grevillea. More than 50% of the P. tabulaeformis roots were colonized by both ECM fungi, and S. grevillea colonized at a greater rate than S. luteus under both Pb-treated and Pb-free conditions.



3.2 Influence of ECM fungi inoculation on plant Pb absorption and distribution

Pb treatment and two ECM fungi inoculation had a significant influence on plant Pb concentration and content (Table 2). The Pb concentration in plant shoots and roots was significantly increased after Pb addition. Inoculation with S. grevillea and S. luteus increased Pb concentration in roots and decreased Pb concentration in shoots at Pb-treated condition, which increased 43.6% (SG) and 21.9% (SL, not significant) in roots and decreased 37.1% (SG) and 40.6% (SL) in shoots.



TABLE 2 Effect of ECMF on Pb concentration and content in P. tabuliformis roots and shoots.
[image: Table showing the effects of Pb treatment on lead concentrations and content in shoots and roots for three fungi: CK (non-mycorrhizal), SG (Suillus grevillea), and SL (Suillus luteus). Without Pb treatment, shoot Pb concentration ranges from 169.87 to 254.95 mg/kg, while with 1,000 mg/kg Pb treatment, it ranges from 373.20 to 628.49 mg/kg. Shoot Pb content and root measurements are also provided, with significant differences noted by letter annotations. Values are means ± SD for n = 3.]



3.3 Photosynthetic pigments content

The chlorophyll a concentration was decreased by Pb addition (Figure 1). Compared with nonmycorrhizal plants, S. grevillea inoculated plants had a significant increased chlorophyll a concentration under Pb-free and Pb-treated conditions. For S. luteus inoculated plants, a significant increase in the chlorophyll a concentration was observed under Pb-free condition, while there was no superiority after Pb addition. The chlorophyll b and carotenoids concentrations of needles were not decreased by Pb addition (comparing plants grown in Pb-free or Pb-treated conditions). The chlorophyll b and carotenoids concentrations increased in the needles of S. grevillea colonized plants.

[image: Bar charts compare chlorophyll a, chlorophyll b, and carotenoid concentrations across three treatments (CK in gray, SG in red, SL in blue) at two time points (0 and 1000). Chart A shows chlorophyll a, B shows chlorophyll b, and C shows carotenoids. Letters above bars indicate statistically significant differences.]

FIGURE 1
 The chlorophyll a (A), chlorophyll b (B), and carotenoid (C) content in shoots of P. tabuliformis, grown for 4 months in Pb-free treatment (0) or Pb addition (1,000) treatment. CK for nonmycorrhizal and SG and SL for inoculation with Suillus grevillei and Suillus luteus. Values are presented as means ± SD (n = 3). Different letters indicate significant differences at p < 0.05 by Tukey’s test.




3.4 Antioxidant capacity and oxidative stress

The activity of SOD in plant tissue was not influenced by Pb stress (comparing plants grown in Pb-free or Pb-treated conditions). A considerable rise in SOD activity was observed in the plants inoculated with the S. grevillea and S. luteus (Figure 2A). Pb stress considerably increased POD activity (comparing plants grown in Pb-free or Pb-treated conditions) in plant tissue. The POD activity in plant tissue further increased significantly for both fungi colonization under Pb stress but showed no difference under Pb-free conditions compared with nonmycorrhizal plants (Figure 2B). The CAT activity in nonmycorrhizal plant tissue was not influenced by Pb stress. Under 2 Pb conditions, a significant increase in CAT activity was observed in the plants that had been colonized by the S. grevillea. When exposed to Pb, S. luteus colonized plants showed a considerable increase in CAT activity, but not in Pb-free circumstances. CAT activity from S. grevillea colonized plants was significantly higher than S. luteus colonized plants (Figure 2C).

[image: Bar graphs labeled A to E display the effects of different treatments (CK, SG, SL) on various plant activities and concentrations. Graph A shows SOD activity, B shows POD activity, and C shows CAT activity, all in units per protein. Graph D illustrates H2O2 concentration, and E shows MDA concentration. Each graph compares the treatments at two levels, 0 and 1000, with significant differences indicated by letters.]

FIGURE 2
 Enzymatic activities of superoxide dismutase (SOD) (A), peroxidase (POD) (B), catalase (CAT) (C) and the content of H2O2 (D) and MDA (E) in shoots of P. tabuliformis, grown for 4 months in Pb-free treatment (0) or Pb addition (1,000) treatment. CK for nonmycorrhizal and SG and SL for inoculation with Suillus grevillei and Suillus luteus. Values are presented as means ± SD (n = 3). Different letters indicate significant differences at p < 0.05 by Tukey’s test.


Pb addition increased H2O2 concentrations in plant tissue. The H2O2 concentration in plant tissue was significantly decreased by both fungi (about 41.6 and 48.4% by S. grevillea, about 21.0 and 19.4% by S. luteus under Pb-free or Pb-treated conditions respectively) (Figure 2D). Pb addition increased the MDA level in plant tissue. The MDA concentration in plant tissue was decreased by both fungi (about 37.8 and 65.1% by S. grevillea, about 33.4 and 50.8% by S. luteus under Pb-free or Pb-treated conditions respectively) (Figure 2E).



3.5 Pb transformation in vitro

Two months after incubation, S. grevillea and S. luteus grown on the MMN medium with Pb shots (Figure 3). The Pb shots in control medium became milky, while color change of the Pb shots in medium with S. grevillea or S. luteus was not that obvious.

[image: Three petri dishes labeled A, B, and C. Dish A contains a semi-clear substance with small indentations. Dish B shows a white fungal growth covering most of the surface. Dish C has a light fungal growth in the center with more visible indentations.]

FIGURE 3
 Pb shots on MMN medium without ECM fungi (A); Pb shots on MMN medium with Suillus grevillei (B); Pb shots on MMN medium with Suillus luteus (C).


Flakes-shaped secondary minerals were observed on the Pb shots in control medium by SEM (Figures 4A,B). Co-culture of Pb shots and S. grevillea resulted in rod-shaped and spindle-shaped secondary minerals (Figures 4C–E). Co-culture of Pb shots and S. luteus resulted in botryoidal shaped (Figure 4F), acicular shaped (Figure 4G), globular shaped (Figure 4H), and granular shaped (Figure 4I) secondary minerals.

[image: A collage of nine scanning electron microscope images showcasing various microscale structures. Each image, labeled A to I, displays distinct textures and formations, from spiky and fibrous to granular and layered. The scale bars at the bottom indicate magnification levels and provide spatial context, ranging from one micrometer to five micrometers.]

FIGURE 4
 SEM images of the secondary minerals on Pb shot surface at different treatment (A,B, non-inoculation; C–E, Suillus grevillei inoculation; F–I, Suillus luteus inoculation).


Inoculation of two ectomycorrhizal fungi changed the elemental composition of secondary minerals on Pb shots (Figure 5). Carbon (C), oxygen (O), and Pb were the elements on Pb shots in control medium, while phosphorus (P) and chlorine (Cl) appeared along with C, O, and Pb when ectomycorrhizal fungi were in the medium.

[image: Three energy-dispersive X-ray spectroscopy (EDX) spectra labeled A, B, and C show the elemental composition of a sample. Spectrum A has peaks for oxygen, carbon, and a high peak for lead, with lead constituting 71.80% by weight. Spectrum B shows peaks for carbon, oxygen, phosphorus, lead, and chlorine, with lead at 55.03%. Spectrum C features peaks for carbon, oxygen, and phosphorus, with a lower lead peak at 42.48%. Each spectrum includes a table displaying the weight and atomic percentages of the elements.]

FIGURE 5
 Elemental composition of secondary minerals on the Pb shots after different treatment. wt% and at% refer to weight percentage and atomic percentage of a particular element, respectively. (A) The elemental composition of non-inoculation treatment showed that secondary minerals were comprised of C, O, and Pb. (B) The elemental composition of Suillus grevillei inoculation treatment showed that secondary minerals were comprised of C, O, P, Pb and Cl. (C) The elemental composition of Suillus luteus inoculation treatment showed that secondary minerals were comprised of C, O, P, Pb, and Cl. The “inset” indicates the weight percentage and atomic percentage of different elements on the Pb shots surface.


The XRD spectra of secondary minerals at different treatments had abundant spectral line characteristics, indicating that the secondary minerals were crystal. The diffraction peaks of secondary minerals were observed and could be identified as PbO, Pb2O3, Pb3(CO3)2(OH)2 in control treatment and PbO, Pb2O3, Pb3(CO3)2(OH)2, Pb5(PO4)3Cl in two ECM fungi treatment (Figure 6).

[image: X-ray diffraction patterns showing three datasets labeled A, B, and C with overlapping peak patterns. Below are reference patterns for Pb, PbO, Pb\(_2\)O\(_3\), Pb\(_3\)O\(_4\), Pb\(_3\)(CO\(_3\))\(_2\)(OH)\(_2\), and Pb\(_5\)(PO\(_4\))\(_3\)Cl. Peaks are plotted against the \(2\theta\) degree along the x-axis, with intensity on the y-axis.]

FIGURE 6
 XRD spectrum of the secondary minerals on Pb shots surface at different treatment (A, non-inoculation; B, Suillus grevillei inoculation; C, Suillus luteus inoculation).





4 Discussion

Mycorrhizal plants acquire water and mineral nutrients via fungi hyphae, while supply organic nutrients to fungi (Brundrett, 2002; Kaiser et al., 2010; Pena and Polle, 2014). In this study, we observed an increase in the biomass of P. tabulaeformis inoculated with S. grevillea under both Pb-treated and Pb-free treatment. This improvement caused by S. grevillea can be explained by greater mineral absorption (Canton et al., 2016; Sun et al., 2021) and Pb tolerance (Baum et al., 2006). However, the effect of S. luteus on the growth of P. tabulaeformis was not obvious. Compared with ECM fungi sensitive to heavy metals, the tolerant strains are reported to be more effective in enhancing the metal tolerance and growth of host plants (Adriaensen et al., 2006; Szuba et al., 2017). Thus, we speculated that S. luteus exhibit lower Pb tolerance compared with S. grevillea, which can be corroborated by the fact that the S. luteus colonization rate significantly decreased under Pb Stress (Table 1). Meanwhile, slower growth of S. luteus than S. grevillea was observed on MMN agar medium with lead shots (Figure 3).

The Pb stress response in both ECM fungi treatments showed improvement in P. tabulaeformis, with a decrease in lipid peroxidation (shown by MDA level) and reactive oxygen species (shown by H2O2 concentration) and a significant improvement in antioxidant defense (shown by SOD, POD, and CAT activity). Our findings support the early studies that discovered the promotion of ECM symbiosis through the rise in antioxidant activities in their host plants against Cb and Al stress (Liu et al., 2020; Sun et al., 2021). In this work, S. grevillea inoculation resulted in a considerable rise for carotenes or chlorophylls but not S. luteus, which could be related to the different properties of fungi, as mentioned above. This result is supported by the findings of Szuba et al. (2017), with more chlorophylls and carotenes increments of Populus × canescens colonized by the Pb-tolerant Paxillus involutus. Our results supported the idea that inoculating host plants with ECM fungus considerably increases their Pb tolerance and shields them from heavy metal stress (Szuba et al., 2017).

Pb is a weakly translocated metal. Up to 90% of the Pb absorbed by plants is accumulated in their roots (Kumar et al., 1995; Fahr et al., 2013). The accumulation of Pb in plant roots has been found to be higher than in shoots, particularly in mycorrhizal seedlings where Pb accumulation in roots was significantly elevated compared to non-mycorrhizal seedlings (Table 2). This finding is consistent with previous studies (Bojarczuk et al., 2015; Gu et al., 2017; Hachani et al., 2020; Liu et al., 2020) which have suggested that excess Pb is sequestered through biomineralization in fungus hyphae, often along with colonized roots for analysis. ECM fungi play a crucial role in lead homeostasis within ecosystems by accumulating a substantial amount of lead through their mycelium (Liu et al., 2020; Branco et al., 2022). These mechanisms involve the storage of excessive metals in compartments within cells (González-Guerrero et al., 2008; Ruytinx et al., 2013), and the capture of these metals by proteins or metabolites in ECM fungi (González-Guerrero et al., 2007; Leonhardt et al., 2014). Additionally, excess metals can be exclusion by ECM fungi (Ruytinx et al., 2013; Majorel et al., 2014). Various metal transporters and chelating proteins in mycorrhizal fungi have been functionally studied, providing insight into their role in reducing the harmful effects of excessive environmental metals (Leonhardt et al., 2014; Coninx et al., 2017; Ruytinx et al., 2017; Gómez-Gallego et al., 2019).

To investigate potential interactions between metallic Pb and the ECM fungi, two ECM fungi were incubated with a Pb shot. It was clear from the structural variations between the Pb secondary minerals generated in the presence of the fungus and those formed in the control plates that the fungi had a role in their formation. Subsequently, the particular mineral was identified as pyromorphite (Pb5(PO4)3Cl). Under general geochemical conditions, pyromorphite is the most stable environmental Pb compound (Ksp = 10–79.6 ± 0.15) (Topolska et al., 2016) and pyromorphite deposition has consequently been proposed as a remediation treatment for Pb-contained soil (Miretzky and Fernandez-Cirelli, 2008).

In the natural environment, pyromorphite generation depends on various chemical and biological processes (Rhee et al., 2012). A previous study has demonstrated that Paecilomyces javanicus participates in the biomineralization of Pb metal and transforms Pb into pyromorphite and the authors speculated that this phenomenon is linked with microbial transformations of inorganic and organic phosphorus by extracellular acid phosphatases secreted by fungal (Rhee et al., 2012; Liang et al., 2015). This process produced the main ligands (PO43−) of Pb, which may contribute to biologically induced pyromorphite formation. The variation of pH could change the dissolution of the Pb and P sources and oxidation–reduction potential (Eh), which affect the efficacy of pyromorphite formation (Chen et al., 2003; Ehrlich and Newman, 2009). Fungi can produce organic acids, which can mobilize metal ions while changing pH (Adeyemi and Gadd, 2005). Similarly, we observed less Pb precipitation in the control medium, which may be attributed to the mobilization of PbO, Pb2O3, and Pb3(CO3)2(OH)2 by organic acids secreted by fungal hyphae.

In vivo and in vitro growth conditions may alter the nature of the ligands provided by fungal hyphae. However, here we are lacking information on ECM fungi’ effects on Pb biomineralization in the symbiotic state, but Fomina et al. (2005) reported that ECM fungus provides the same ligands of functional groups (e.g., phosphate, carboxylate, sulfhydryl) in both pure culture and ectomycorrhizal association. Thus, it is likely that ECM fungi hyphae in a symbiotic relationship would also provide functional ligands for Pb precipitation.



5 Conclusion

Our results revealed a notable, positive impact of inoculating S. grevillei and S. luteus on P. tabulaeformis growth and Pb tolerance, which enhances the establishment of remediation plants under Pb-contaminated soil. Our in vitro experiments confirmed that ECM fungi participated in the bio-mineralization of Pb into pyromorphite. As such, our corroboration of pyromorphite formation represents the first discovery of such Pb biomineralization induced by ECM fungi. This observation increases our understanding of the biogeochemical cycle of Pb. ECM fungi induced Pb biomineralization is also relevant to the new approaches in the bioremediation of polluted environments. Predictably, the space between the soil particles, which is unreachable for the roots, is now filled with hyphae of ECM fungi, meaning more extensive and efficient Pb phytostabilization.
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Elephantorrhiza elephantina, a wild plant in southern Africa, is utilized in traditional medicine for various ailments, leading to its endangerment and listing on the Red List of South African Plants. To date, there have been no reports on bacterial endophytes from this plant, their classes of secondary metabolites, and potential medicinal properties. This study presents (i) taxonomic characterization of bacterial endophytes in leaf and root tissues using 16S rRNA, (ii) bacterial isolation, morphological, and phylogenetic characterization, (iii) bacterial growth, metabolite extraction, and LC–MS-based metabolite fingerprinting, and (iv) antimicrobial testing of bacterial crude extracts. Next-generation sequencing yielded 693 and 2,459 DNA read counts for the rhizomes and leaves, respectively, detecting phyla including Proteobacteria, Bacteroidota, Gemmatimonadota, Actinobacteriota, Verrucomicrobiota, Dependentiae, Firmicutes, and Armatimonodata. At the genus level, Novosphingobium, Mesorhizobium, Methylobacterium, and Ralstonia were the most dominant in both leaves and rhizomes. From root tissues, four bacterial isolates were selected, and 16S rRNA-based phylogenetic characterization identified two closely related Pseudomonas sp. (strain BNWU4 and 5), Microbacterium oxydans BNWU2, and Stenotrophomonas maltophilia BNWU1. The ethyl acetate:chloroform (1:1 v/v) organic extract from each isolate exhibited antimicrobial activity against all selected bacterial pathogens. Strain BNWU5 displayed the highest activity, with minimum inhibitory concentrations ranging from 62.5 μg/mL to 250 μg/mL against diarrhoeagenic Escherichia coli, Escherichia coli O157:H7, Salmonella enterica, antibiotic-resistant Vibrio cholerae, Staphylococcus aureus, Bacillus cereus, and Enterococcus durans. LC–MS analysis of the crude extract revealed common antimicrobial metabolites produced by all isolates, including Phenoxomethylpenicilloyl (penicilloyl V), cis-11-Eicosenamide, 3-Hydroxy-3-phenacyloxindole, and 9-Octadecenamide.
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Introduction

The plant microbiome comprises a group of commensal microbes that are classified into epiphytic, phyllospheric, rhizospheric, and endophytic based on their association with the plant host. The microbiome is influenced by complex interactions between the hosts and environmental factors such as salinity, soil-type, −structure, −moisture, −organic matter and root exudates (Fierer, 2017). The endophytes are communities of microorganisms, including bacteria, fungus, or actinomycetes that spend all or part of their life cycles inside the tissues of a plant while often presenting no disease symptoms (Arora and Ramawat, 2017). They are ubiquitous in nature and exhibit complex interactions with their hosts, which may involve mutualism, antagonism and rarely parasitism (Nair and Padmavathy, 2014; Gouda et al., 2016).

Endophytic microbes exhibit two distinct categories: obligate, characterized by their uncultivability and reliance solely on the host for survival and growth; and facultative survivors, which are culturable and can operate independently from the host. Despite the extensive history on microbial culture and enumeration, the uncultivability of obligate endophytes presents a bottleneck in the identification and measurement of endophyte diversity and community structure in plants (Gaiero et al., 2013). The paradigm that only 1% of microbes for a given environment is culturable has had a profound impact on our understanding of microbial ecology and is still a major motivation for using molecular tools for studying microbial communities (Martiny, 2019). However, there has been substantial progress in cultivation techniques which suggest that the paradigm may have shifted (Martiny, 2019).

Medicinal plants are wild plant species that have been used for centuries in traditional or herbal medicine for the treatment of various diseases. According to the International Union for Conservation of Nature and the World Wildlife Fund, over 15,000 flowering medicinal plants face the threat of extinction, primarily because of overharvesting and habitat destruction driven by the growing global population and increased demand for plant-based resources (Chen et al., 2016). Elephantorrhiza elephantina is a member of a small and purely African genus represented by nine plant species on the continent (Glen, 2003). It is an important plant resource in southern Africa, where the tuberous rhizome it is used as food and medicine by the Indigenous people (Coates and Coates, 2002). The underground rhizomes are one of the primary herbal medicines in southern Africa and consequently sold in various traditional medicine markets (Williams et al., 2001; Mander et al., 2006). The ethnomedicinal uses for this plant include the treatment of ailments such as diarrhea, diabetes, chest complaints, heart conditions, hypertension, syphilis, infertility in women, bladder problems, skin problems, waist pain in infants, fever, and hemorrhoids (Semenya and Potgieter, 2013; Lall and Kishore, 2014; Maroyi, 2017). Due to the unsustainable use of E. elephantina rhizomes driven by the demand, the plant is considered endangered and has been included on the Red List of South African Plants by the South African National Biodiversity Institute (Williams, 2008).

Some of the ethnomedical properties associated with E. elephantina have been corroborated by the pharmacological activities reported for this plant, i.e., antifungal (Mukanganyama et al., 2011), antibacterial (Mpofu S. et al., 2014), anthelmintic (Maphosa et al., 2010), antiplasmodial (Clarkson et al., 2004), anti-rickettsial (Naidoo et al., 2005), antioxidant, (Mpofu S. J. et al., 2014) and anti-inflammatory activities (Maphosa et al., 2009). Furthermore, E. elephantina is known to produce a wide array of secondary metabolites/bioactive metabolites including anthocyanidins, anthraquinones, esters, phenolic compounds, flavonoids, glycosides, phytosterols, saponins, tannins, and triterpenoids (Msimanga et al., 2013; Maroyi, 2017), which can be linked to the reported pharmacological activities. However, in 2015, Ludwig-Müller highlighted the need to re-evaluate the well-known plant production systems based on the findings that interesting metabolites could be produced by endophytes instead of the host. The anticancer drug, taxol is a prominent example of plant-derived metabolite synthesized by fungal endophyte, Taxomyces andreanae which was isolated from the plant, Taxus brevifolia (Strobel et al., 1993). The search for taxane producing endophytes was prompted by the high demand for the drug and consequently, the search for alternative sources to the plant material (Ludwig-Müller, 2015). The production of plant-derived metabolites has also been reported for endophytic bacterial isolates (Trapp et al., 2015; Photolo et al., 2020) and this, further underscores a report by Chatterjee et al. (2019), which highlighted that the biologically active compounds are frequently not the plant’s own metabolic products but are instead produced by the endophytes.

To date, there have been no reports on the plant microbiome of E. elephantina. Consequently, our understanding of the nature of endophytes that inhabit these plants and the interactions between the host plant and various classes of microbes remains limited. Furthermore, it is deducible from literature that, the high demand for the rhizome implies that the plant is often uprooted and destroyed during rhizome harvesting, hence the endangerment of the plant species. This study hypothesized that, akin to all plants, the internal tissues of E. elephantina harbor various forms of endophytes, including bacteria. The secondary metabolites produced by the endophytic bacteria are also likely to influence the diverse pharmacological activities associated with the plant and therefore, the bacteria can be explored as possible alternative sources for the desired biological activity. Moreover, the characteristic rapid growth on relatively inexpensive culture media coupled to the ease of genetic manipulation in vitro indicates that bacterial endophytes can be useful as easily accessible and sustainable producers of natural products (Gouda et al., 2016). Therefore, in this study we report on 16S rRNA-based screening of the bacterial metagenome of the leaf and rhizome tissue using next-generation sequencing and the relative taxonomic classification of bacterial populations from both tissues. The study also reports on the culture-based isolation of bacterial endophytes from the rhizome, phylogenetic classification, the production of bioactive metabolites and antimicrobial activity assays.



Materials and methods


Plant sample collection and surface sterilization

Healthy disease-free plant samples (roots and leaves) were collected (Date: 22/03/2022) from E. elephantina, in Mahikeng (25°57′ 27,5”S 25°26′30,6″E), North West province, South Africa. The identification of the plant and sample collection was performed under the guidance of Dr. Madeleen Struwig (S.D. Phalatse Herbarium, North-West University, Mafikeng Campus). The plant samples were thoroughly washed with tap water to remove soil, cut into small segments, treated with Tween 80 for 10 min (min) with vigorous shaking and then rinsed with distilled water. The plant samples were further immersed in 70% ethanol for 1 min and then treated with 1% NaOCl for 10 min. The samples were then rinsed five times with sterile distilled water and the final wash was plated on Luria Bertani (LB) agar plates (g/L; peptone 10, yeast extract 5, sodium chloride 10, and agar 15, pH 7.0) as a control.



Metagenomics analysis

The surface sterilized leaf and rhizome samples were homogenized in Phosphate-Buffered Saline (PBS) and 10 mL of each sample sent to Inqaba Biotechnical Industries (Pretoria, South Africa) a commercial service provider, for bacterial metagenome analysis. Briefly, bacterial genomic DNA was extracted from the plant samples using the Quick-DNA™ Fungal/Bacterial Miniprep Kit. The extracted DNA samples were used as a template in a PCR using a universal primer pair 27F (5′-AGAGTTTGATCTGGCTCAG-3′) and 1492R (5′-AAGGAGGTGWTCCARCC-3′) targeting the V1 -V9 region of the bacterial 16S rRNA gene (Huse et al., 2008). The following conditions were used for polymerase chain reaction (PCR): 1X initiation cycle at 92°C for 2 min, 30X denaturation cycles at 92°C for 30 s, 30X primer annealing cycles at 52°C for 30 s, 30X extension cycles at 72°C for 2 min, and a 1X elongation cycle at 72°C for 2 min. The resulting amplicons were barcoded with Pacbio M13 barcodes for multiplexing through limited cycle PCR.1 The resulting barcoded amplicons were quantified and pooled with equimolar and then AMPure PB bead-based purification step was performed. The PacBio SMRTbell library was prepared from the pooled amplicons following the manufacture protocol. Sequencing primer annealing and polymerase binding were done following SMRTlink Link software protocol to prepare the library for sequencing on PacBio Sequel IIe system. Raw subreads were processed through the SMRTlink (v10.2) Circular Consensus Sequences (CCS) algorithm to produce highly accurate reads (>QV40). These highly accurate reads were processed through DADA22 and qiime23 for quality control assessment and taxonomic classification, respectively.



Isolation of bacterial endophytes and gram staining

The bacterial endophytes were isolated from the plant samples using a method described by Jasim et al. (2014). Briefly, the outer surface of the plant material was trimmed off and the sample homogenized in PBS (g/L; sodium chloride 8, potassium chloride 0.2, disodium hydrogen phosphate 1.44 and potassium dihydrogen phosphate 0.24, pH 7.4). The samples were serially diluted up to 10−3 and 0.1 mL of the dilution plated on LB agar (g/L; peptone 10, yeast extract 5, sodium chloride 10, and agar 15, pH 7.0) and incubated at 30°C for a few days. The plates were observed daily for bacterial colony growth followed by isolation and sub-culturing in LB agar until pure colonies were obtained. Glycerol stocks (50%, glycerol diluted in sterile LB broth) of each bacterial isolate were prepared and stored at −80°C for future use. Afterwards, the pure colonies were subjected to Gram staining as described by Collins et al. (2004) to establish morphological characteristics such as shape and Gram stain reaction. Gram stain slides were observed using an OLYMPUS CH20BIMF200 compound bright-field microscope (Lasec® Group, Cape town, South Africa) with 100x magnification.



Genomic DNA extraction, 16S rRNA PCR and DNA sequencing

Genomic DNA was extracted from an overnight starter culture using Quick-DNA™ Fungal/Bacterial Miniprep Kit following the manufacturer’s protocol. The extracted genomic DNA was then quantified using a NanoDrop™ ND-2000 UV–vis spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA). The 16S rRNA gene for each isolate was amplified according to a method described by Hongoh et al. (2003). The PCR was performed using the universal primers 27F (5′-AGAGTTTGATCTGGCTCAG-3′) and 1492R (5′-AAGGAGGTGWTCCARCC-3′) which were purchased from Inqaba Biotechnological Industries (Pretoria, South Africa). PCR was in 25 μL total volumes using the following conditions: 1X initiation cycle at 92°C for 2 min, 30X denaturation cycles at 92°C for 30 s, 30X primer annealing cycles at 52°C for 30 s, 30X extension cycles at 72°C for 2 min, and a 1X elongation cycle at 72°C for 2 min followed by termination at 4°C. The PCR products were analyzed on a 1% agarose gel by electrophoresis at a constant 100 V and 200 mA. The positive products were then excised from the gel and purified u + sing the GeneJet gel extraction kit. The purified PCR products were sequenced at Inqaba Biotechnical Industries (Pretoria, South Africa).



Phylogenetic analysis

The CLC Bio Main Workbench was used to assemble the forward and reverse sequencing reads to form a consensus sequence for each isolate. This was followed by a Basic Local Alignment Search Tool (BLAST) search on the National Center for Biotechnology Information (NCBI) GenBank nucleotide sequence database4 to determine if a sequence in the database matches the query sequence (Altschul et al., 1997). Sequences of species closely matching the BLAST query to each sample along with their closely related taxa were obtained for the phylogenetic analysis. The sequences were aligned using the multiple sequences alignment tool, Clustal X 2.1 version (Thompson et al., 1994). The phylogenetic and molecular evolutionary analysis was conducted with MEGA X using maximum likelihood method with 1,000 bootstrap replicates (Kumar et al., 2018).



Bacterial growth analysis and extraction of secondary metabolites

A starter culture was prepared by inoculating a single colony of the bacterial sample into 5 mL of nutrient broth (NB) and incubating it overnight at 37°C with continuous agitation at 120 rpm. Subsequently, 1 mL of the starter culture was transferred into 50 mL of LB broth (g/L; tryptone 10, yeast extract 5, and sodium chloride 10, pH 7.0) and cultivated at 37°C with continuous agitation at 120 rpm. Optical density readings were recorded in triplicate every 2 h (h) over a 48 h period using the ONDA (UV/VIS) spectrophotometer (Lasec® Group, Cape town, South Africa) at a wavelength of 600 nm.

The extraction of endophytic bacterial secondary metabolites was carried out using the method previously described in Balachandran et al. (2012) with minor modifications. Briefly, LB broth (1 L) was prepared in 2 L Erlenmeyer flasks and autoclaved at 121°C for 20 min. Each of the 2 L flasks was inoculated with the isolates and incubated at 37°C for 7 days agitating at 120 rpm. The cells were harvested, centrifuged at 10000 rpm for 15 min for biomass removal and equal volumes of ethyl acetate and chloroform (1,1 v/v) were added to the supernatant followed by vigorous agitation. The organic solvent layer was collected in a boiling flask, and it was further concentrated using a vacuum rotary evaporator (Lasec® Group, Cape town, South Africa) at 40°C. The crude extracts were transferred to 5 mL sterile vials and left to dry at room temperature ± 25°C.



Antimicrobial assay

Minimum inhibitory concentration (MIC) studies of the crude extracts from the isolates were conducted following the method described by Andrews (Photolo et al., 2020) with minor modifications. Briefly, stock solutions were prepared by dissolving 1 mg of the extract in 1 mL of dimethyl sulfoxide (DMSO) to a final concentration of 1 mg/mL. These stock solutions were then serially diluted to concentrations of 500, 250, 125, 62.5, 31.25, 15.625, 7.813, 3.906, and 1.953 μg/mL using tryptic soy broth (TSB) (g/L; casein peptone (pancreatic) 17, dipotassium hydrogen phosphate 2.5, glucose 2.5, sodium chloride 5, and soya peptone (papain digest) 3). The pathogenic test strains used included Gram-negative bacteria diarrhoeagenic Escherichia coli DEC-NWU (GenBank Ascension Number: CP121294), an environmental Escherichia coli O157:H7 strain (GenBank Ascension Number: JAVLRS000000000), S. enterica DSS_NWU (GenBank Ascension Number: CP123007), and antibiotic resistant Vibrio cholerae (GenBank Ascension Number: CP122254) and Gram-positive bacteria Staphylococcus aureus (ATCC 26923), Bacillus cereus. (ATCC 10876), and Enterococcus durans NWUTAL1 (GenBank Ascension Number: VMRQ00000000) (Foka et al., 2020). Using McFarland 0.5 standard, 50 μL of each pathogen was inoculated in 15 mL of TSB and incubated at 37°C for 24 h. In a 96 well microtiter plate, 100 μL of the pathogenic test strains were added horizontally and 100 μL of the different dilutions of the crude extracts were added vertically starting from the highest to the lowest concentrations. This was done following aseptic techniques. Similarly, this was done with the positive controls of ampicillin and streptomycin and for the negative control, DMSO was used. The microtiter plate was sealed with parafilm and incubated at 37°C for 16–20 h. After incubation, 10 μL of 4 mg/mL iodonitrotetrazolium chloride was added to each well. The MIC was recorded as the lowest concentration with clear wells, which indicated the absence of microbial growth. The antimicrobial experiments were performed in triplicates (n = 3).



Metabolite identification using liquid chromatography mass spectrometry

The crude extracts were analyzed on a liquid chromatography–quadrupole time-of-flight tandem MS instrument (LCMS-9030 qTOF) (Shimadzu Corporation, Kyoto, Japan) using the method previously described in Ramabulana et al. (2021) with minor modifications. The chromatographic separation was performed on a Shim-pack Velox C18 column (100 mm × 2.1 mm with particle size of 2.7 μm) (Shimadzu Corporation, Kyoto, Japan) at 55°C. For all samples, an injection volume of 3 μL was used and run using a binary mobile phase gradient which consisted of solvent A: 0.1% formic acid in Milli-Q water and solvent B: Methanol with 0.1% formic acid. The flow rate was set to 0.3 mL/min throughout the set 20 min gradient with the following separation conditions: 5% B maintained for 3 min, 5–40% B over 3–5 min, 40–95% B over 5–12 min, from 12–16 min the conditions were maintained at 95% B, then the gradient was changed to 5% B between 16–18 min and maintained at 5% B for 2 min. The gradient was returned to initial conditions between 18–20 min which was followed by a 3-min column re-equilibration time. The chromatographic effluents were further analysed utilizing the qTOF high-definition mass spectrometer set to acquire negative electrospray ionization data. The subsequent parameters were set as: interface voltage of 4.0 kV, interface temperature of 300°C, nebulization, and dry gas flow 3 L/min, heat block temperature of 400°C, DL temperature of 280°C, detector voltage of 1.8 kV and the flight tube temperature at 42°C. Sodium iodide (NaI) was used as a calibration solution to monitor high mass accuracy. MS1 and MS2 (through data dependent acquisition) were generated simultaneously for all ions with an m/z range between 100–1,000 surpassing an intensity threshold of 5,000. Fragmentation experiments were performed using argon as a collision gas at a collision energy of 30 eV with a spread of 5 eV. Quality control (QC), pooled samples were used to condition the LC–MS system and for non-linear signal correction. The QC samples were injected at the beginning and end of the batch to ensure system equilibration. Furthermore, sample acquisition was randomized, and the QC sample analyzed every 10 injections to monitor and correct changes in the instrument response.

The SIRIUS software was used for the identification of metabolites (Dührkop et al., 2015). The SIRIUS software (version 4.9.12), was downloaded from Lehrstuhl Bioinformatik Jena website.5 Raw data obtained from the Shimadzu LCMS-9030 qTOF was converted to an open-source format (.mzML) prior to being uploaded to the SIRIUS software. To compute the molecular formulas, instrument type was set as qTOF, mass accuracy was set as 10 ppm and possible ionization was selected as [M–H]+. C, H, N, and O were selected for element searches, and the number of candidates was set to 10. Structure elucidation by CSI: FingerID was set to search in all databases and [M–H]+ as the only adduct (Dührkop et al., 2015). Canopus Class Prediction was also abled (Hoffmann et al., 2021).



Statistical analysis

The data was analyzed using analysis of variance (ANOVA). The antimicrobial assay data were described as mean ± standard deviations (SD). This analysis was done using GraphPad prism 9 (Belayneh et al., 2022) and p values less than 0.05 were statistically different.




Results


Metagenome analysis, phylum and genus-level distribution of leaf, and rhizome bacterial communities

The NGS data analysis of the bacterial metagenome in E. elephantina yielded 693.0 read counts for the rhizome, revealing a diverse composition with 7 phyla, 11 classes, 18 orders, 21 families, and 23 genera (data not shown). Similarly, the leaves exhibited a total of 2,459 read counts, reflecting a rich biodiversity comprising 8 phyla, 8 classes, 12 orders, 17 families, and 19 genera (data not shown). The NGS data obtained for leaves and rhizome were deposited to the NCBI BioSample database and, respectively, assigned BioSample accessions SAMN40452947 and SAMN40452948.

At the phylum level, the bacterial composition in both leaves and rhizome of E. elephantina encompassed Proteobacteria, Bacteroidota, Gemmatimonadota, Actinobacteriota, Verrucomicrobiota, Dependentiae, Firmicutes, and Armatimonodata, with Proteobacteria predominating in both plant parts at 90 and 78% in the rhizome and leaves, respectively. Additionally, 17.6 and 4.51% of unidentified bacteria were noted in the rhizome and leaves, respectively. Notably, Verrucomicrobiota and Dependentiae phyla were exclusive to the leaves, while Armatimonadota phylum was solely detected in the rhizome (Figure 1A). Among the genera, Novosphingobium, Mesorhizobium, Methylobacterium, and Ralstonia, all belonging to the Proteobacteria phylum, dominated the microbiota in both leaves and rhizome. At the genus level, the rhizome exhibited greater bacterial diversity compared to the leaves (Figure 1B).

[image: Two vertical stacked bar charts illustrate microbial abundance. Chart A shows phyla relative abundance in leaves and rhizomes, predominantly Proteobacteria. Chart B displays genera relative abundance in rhizomes and leaves, with Proteobacteria and unknown genera as major components. Detailed legends indicate specific phyla and genera.]

FIGURE 1
 The relative taxonomic abundance of bacterial phyla (A) and genus (B) in leaves and rhizome samples based on analysis of full-length 16S gene amplicons.




Isolation of bacterial endophytes, morphological, and phylogenetic identification

The bacterial isolation experiment yielded 10 pure colonies designated as EER-1 to EER-10. To molecularly identify these bacterial isolates, the 16S rRNA gene was sequenced using universal primers 27F and 1492R and sequencing data revealed that EER-1, EER6, EER-9 and 10 exhibited a maximum identity of 99% or greater to specific reference strains, namely Stenotrophomonas maltophilia, Microbacterium oxydans, Pseudomonas chengduensis, and Pseudomonas alcaligenes, respectively (Table 1). Notably, EER-2 to EER-5 and EER-7 and 8 were either identified as mixed cultures or re-isolates and, consequently, were excluded from further consideration. The obtained 16S rRNA sequences were submitted to the National Center for Biotechnology Information (NCBI) and were assigned unique accession numbers, as detailed in Table 1.



TABLE 1 NCBI BLAST 16S rDNA gene sequences of bacterial endophytes isolated from E. elephantina.
[image: Table showing bacterial isolates with assigned names, GenBank accession numbers, closest NCBI related species, query coverage, E-value, and identity similarity percentages. Isolates include EE-R1 to EE-R10, showing high identity similarity and query coverage near or at one hundred percent. Notable species include *Stenotrophomonas maltophilia* and *Pseudomonas alcaligenes*.]

The phylogenetic analysis of the 16S rRNA sequence of the isolates along with the sequences retrieved from the NCBI was carried out with MEGA X using the maximum likelihood method with 1,000 bootstrap replicates. The results showed that all the endophytic bacterial isolates grouped with various closely related bacterial species. Each genus was analyzed in separate phylogenetic trees (Figure 2) and it was observed that, Stenotrophomonas sp. BNWU1 (Figure 2A) has a monophyletic relationship with Stenotrophomonas maltophilia strain JM11, S. pavanii strain SCSB and S. geniculate strain WK16 supported by 48% bootstrap value. It also formed a separate clade indicating it could be different from the other 3 Stenotrophomonas species. Microbacterium sp. BNWU2 (Figure 2B) had a paraphyletic relationship with other Microbacterium species and formed a separate clade. On the other hand, Pseudomonas sp. BNWU4 and BNWU5 both formed separate clades, indicating they are different species, and both formed paraphyletic relationship with other Pseudomonas species (Figure 2C).

[image: Phylogenetic trees illustrating relationships of ribosomal RNA gene partial sequences. Panel A shows the Stenotrophomonas genus. Panel B displays Microbacterium genus. Panel C presents the Pseudomonas genus. Each tree includes various strains and their accession numbers, highlighting evolutionary connections with markers for significant strains.]

FIGURE 2
 Maximum likelihood phylogenetic tree based on 16S rRNA gene sequence for BNWU1 (A), BNWU2 (B), and BNWU 4 and 5 (C) versus selected bacterial species from GenBank. Numbers above or below the nodes indicate bootstrap values generated after 1,000 replications.


Gram staining was employed to assess the morphological characteristics and Gram stain reactions of the bacterial isolates. The results revealed that all isolates exhibited a rod-shaped or bacilli morphology and displayed a Gram-negative staining pattern, except for BNWU2, which exhibited a Gram-positive staining reaction (data not shown).



Bacterial growth and metabolite extraction

The bacterial isolates were cultured in LB broth for a duration of 48 h to track the growth dynamics over time. Notably, uniform growth profiles were observed for the Pseudomonas isolates (BNWU4 and 5). Additionally, it was observed that the Pseudomonas isolates entered the stationary phase of growth within the initial 12 h post-inoculation, while BNWU1 and BNWU2 reached this phase after 24 h (data not shown). The stationary growth phase was selected for the extraction of secondary metabolites because various biological activities, are typically produced during this phase in a fermentation medium after the completion of microbial growth (Seyedsayamdost, 2019).



Antimicrobial assay

The chloroform: ethyl acetate extracts from all isolates were tested for antibacterial activity against seven pathogenic strains: Gram-negative bacteria Escherichia coli (ATCC25922), E. coli 0.157:H7 (Salmonella sp., and Vibrio cholerae); Gram-positive bacteria Staphylococcus aureus, Bacillus sp., and Enterococcus durans. The MIC for the crude extracts for all isolates ranged from 62.5 μg/mL to 250 μg/mL. with BNWU5 recording the lowest MIC values/high antimicrobial activity when compared to other isolates (Table 2). When the endophytic bacteria’s crude extracts were tested against Salmonella sp., the endophytic bacterial crude extracts showed lower MIC values (250 μg/mL) than the positive controls (ampicillin) (Table 2). The lowest MIC value was 62.5 μg/mL which was observed for Pseudomonas sp. Strain BNWU5 against pathogenic strain Bacillus sp. (Table 2).



TABLE 2 MIC values of antimicrobial activities for endophytic bacterial extracts.
[image: Table displaying minimum inhibitory concentrations (MIC) for various bacterial strains against several antibacterial agents. Each bacterial strain is listed with corresponding MIC values in micrograms per milliliter for BNWU1, BNWU2, BNWU4, BNWU5, Ampicillin, and Streptomycin. Some values are labeled 'nt' for not tested.]



Metabolite identification

To unravel the compounds contributing to the observed antimicrobial activity or antioxidant properties, LC-qTOFMS analysis was conducted. The identification of these compounds was based on their retention times (RT), parent masses, and molecular formulas, as outlined in Table 3 and Supplementary Figures S1A–D. The LC-qTOFMS analysis revealed a diverse array of bioactive compounds within the bacterial endophyte extracts. This included a range of fatty acids, alkaloids, flavonoids, peptides, and various phenolic compounds. The presence of these chemical classes is noteworthy, as they have established associations with significant antimicrobial and antioxidant properties, aligning with the observed effects of the bacterial endophyte extracts. The comprehensive identification of these compounds paves the way for a deeper understanding of the molecular basis of the observed bioactivity and opens avenues for further exploration of these endophytic bacterial extracts for potential therapeutic applications. Refer to Table 3 for detailed information on the identified compounds.



TABLE 3 Bioactive metabolites identified from the crude extracts for the bacterial isolates.
[image: A table classifying various compounds by their categories: alkaloids, flavonoids, lipids, peptides, and phenolic compounds. Each entry lists retention time, parent mass, molecular formula, compound name, biological activity, bacterial endophyte association, and references. Biological activities include antioxidant, anticancer, antimicrobial, and more. References for each entry are provided alongside the biological activity details.]




Discussion and conclusion

This study provides initial insights into the endophytic bacterial community residing in the leaves and roots of the medicinal plant E. elephantina. The examination of leaves and rhizome microbiome revealed a diverse composition of phyla, namely Proteobacteria, Bacteroidota, Gemmatimonadota, Actinobacteriota, Verrucomicrobiota, Dependentiae, Firmicutes, and Armatimonodata, with Proteobacteria being the predominant phylum in both tissues. The prevalence of this phylum in the plant samples is unsurprising and is aligned with observations in various environmental samples (Spain et al., 2009; Tkacz et al., 2018). Notably, some bacteria identified in the study were novel, showing no homologies to previously studied bacterial phyla in the databases. These findings lay the groundwork for future research focused on the isolation, characterization, and application of metabolite-producing endophytic bacteria from E. elephantina.

Given the notably higher bacterial diversity found in the rhizome compared to the leaves, the rhizome was selected for the isolation of bacteria. Subsequently, four isolates were selected and tentatively identified as, Stenotrophomonas sp. BNWU1, Microbacterium sp. BNWU2, and two Pseudomonas sp. BNWU4 and BNWU5 based on the 16S rRNA blast search results. The phylogenetic characterization revealed that both BNWU2, 4 and 5 are characterized by a paraphyletic relationship to closely related species while, BNWU1 shows a monophyletic relationship with other Microbacterium species. Therefore, in our study the ancestry for most of the isolates has not been unambiguously established and it represents a failure of resolution in the complete identification of the two isolates (Hoelzer and Meinick, 1994; Lewis et al., 2005). This could be due to thefact that the molecular marker, 16S rRNA is not infallible and there are reports to this effect (Boudewijns et al., 2006). Therefore, techniques such as the multilocus sequence analysis (MLSA) and whole genome sequencing can be very useful in the resolution of the identity of the isolates as demonstrated by Maela and Serepa-Dlamini (2023) and Diale et al. (2021).

All isolates can be categorized within the phylum Proteobacteria, except for Microbacterium BNWU2, which belongs to Actinobacteriota. Additionally, the NGS data accounted for genera Pseudomonas and Microbacterium indicating that the screening complemented the bacterial isolation method. However, Strenotrophomonas was not detected, and this may be due to the inherent limitation associated with using a single molecular marker in the resolution of closely related species (Poretsky et al., 2014) and the fact that samples were only collected once in this study. This is a first report of its kind albeit the lower diversity of bacterial isolates which may be due to the influence of culture conditions such as media and temperature (Ifeanyi et al., 2014). Moreover, it is widely acknowledged that metagenome analysis faces a limitation in discriminating between dead and viable cells, as highlighted by Tan et al. (2015). In the specific context of this study, it is crucial to recognize that the identification of bacteria through the screening technique does not always correlate with their cultivability. Nevertheless, employing various microbiological culture media, as suggested by Chauhan et al. (2020), holds the potential to enhance the diversity of bacterial isolates.

In this study, all the isolates were recorded to reach the stationary growth phase post incubation for 24-h. The decision to focus on this growth phase for secondary metabolite extraction was informed by the well-established tendency of bacteria during the stationary phase to produce secondary metabolites, including antibiotics and siderophores (Ruiz et al., 2010). Our analysis revealed a similar growth profile for the Pseudomonas species (BNWU4 and 5) when cultured in LB broth. This similarity suggests a genus-specific phenotype, reinforcing the notion of a close relationship between these isolates.

The antibacterial activity for the crude extracts obtained from all the bacterial isolates was determined against seven pathogenic strains: Escherichia coli, E. coli 0.157, Salmonella sp., Vibrio cholera, Staphylococcus aureus (ATCC26923), Bacillus sp., and Enterococcus durans. The MIC varied depending on the test strain used, the extracts showed interesting results as they were effective against all the test strains at MIC lower than 1 mg/mL. Crude extracts exhibiting a minimum inhibitory concentration of 1 mg/mL or lower are considered significantly active (Van Vuuren, 2008). This shows that endophytic bacteria from E. elephantina have great potential for the development of compounds containing bioactivities against human pathogenic microorganisms as shown in Table 3. The obtained results agree with other previous studies, that have proven endophytic bacteria are potential sources of novel bioactive compounds with antimicrobial activity (Makuwa and Serepa-Dlamini, 2021). Furthermore, the alkaloids, flavonoids, and phenolic compounds that were detected in this study have been previously reported to possess antimicrobial activities and antioxidant properties both in vitro and in vivo studies (Martins et al., 2016; Yin et al., 2016).

Bioactive compounds including cinchophen, 9-octadecenamide, tyrosylproline, beauvericin, and phenoxomethylpenicilloyl (penicilloyl V) (Table 3) which are known for antimicrobial activities were detected in this study. Beauvericin which was only detected in Pseudomonas sp. Strain BNWU5 and belongs to the enniatins antibiotic family, characterized by a cyclic hexadepsipeptide and the alternate presence of three d-hydroxy-isovaleryl and three N-methyl-phenylalanyl groups (Hamill et al., 1969). Caloni et al. (2020) reported that beauvericin has many biological activities such as antibacterial, antiviral, antifungal, antiparasitic, insecticidal and anticarcinogenic activities, and this may explain the high antibacterial activity of isolate BNWU5. Interestingly, the crude extracts from all the isolates tested positive for phenoxomethylpenicilloyl that is currently used as a prescription antibiotic for certain bacterial infections, such as streptococcal and pneumococcal upper respiratory tract infections, and the prevention of rheumatic fever and chorea (Rawson et al., 2021). Epicatechin-(4beta- > 8)-4’-O-methylgallocatechin a flavonoid that is known for wound healing (Schmidt et al., 2011; Ramalingam et al., 2022) activity was also identified in all the four isolates. Interestingly, similar/related compounds include epigallocatechin gallate, epicatechin gallate, and epicatechin have been reported from E. elephantina (Maroyi, 2017). Therefore, this supports the reports on endophytes that produce similar bioactive compounds as their host plant and therefore, can be further explored as alternative sources for the sought-after bioactivities (Deshmukh et al., 2020; Agrawal et al., 2022).

The robust antimicrobial properties observed in this study may also be attributed to the presence of various flavonoids, alkaloids, and phenolic compounds in the crude extracts, as revealed by our LC/MS findings (Table 3). Flavonoids and phenolic compounds are recognized for their ideal structural chemistry conducive to free radical scavenging activity (Kannan et al., 2016). Among the identified compounds, dibutyl phthalate, a phenolic compound, stood out. This compound has been reported to possess a spectrum of activities, including antifungal, antibacterial, antiviral, and antioxidant properties (Khatiwora et al., 2012; Shobi and Viswanathan, 2018). The antibacterial activity of dibutyl phthalate, as reported by Shobi and Viswanathan (2018), further supports its potential therapeutic applications. The previously mentioned studies on dibutyl phthalate focus on the identification and isolation of this metabolite from medicinal plant species. The recognition of this metabolite in the crude extract derived from the bacterial isolates in our study lends support to the idea that these compounds may originate from endophytic organisms rather than the metabolic processes of the host plant, as proposed by Ludwig-Müller (2015). Furthermore, numerous reports highlight instances where endophytes produce molecules initially attributed to plants. This underscores the growing understanding of endophytes as promising alternative sources for pharmaceutically active metabolites. Additionally, alkaloids and flavonoids, such as octocrylene, cyclo (histidyl-leucyl), avobenzone, indoleacrylic acid, and L-Abrine, were identified in our study. These compounds are known for their significant antimicrobial and antioxidant properties. Notably, avobenzone and octocrylene, recognized antioxidant agents, are commonly used in skin care products and cosmetics (Jesus et al., 2023). Indoleacrylic acid, identified in this study, emerges as a promising compound in drug discovery due to its multifaceted properties, including antibacterial, antioxidant, anti-inflammatory, and antidiabetic activities (Wlodarska et al., 2017; Liu et al., 2023). These findings underscore the diverse array of bioactive compounds present in the extracts from endophytic bacterial isolates, suggesting their potential as valuable sources for the development of antimicrobial drugs and antioxidant supplements.

Another exciting advancement in this study is the remarkable similarity observed in the LC–MS chromatograms (Supplementary Figures S1A–D) and chemical profiles of the secondary metabolites (Table 3) among the bacterial isolates. Several factors could account for this phenomenon: firstly, methodological nuances such as extraction and analytical techniques (Olivon et al., 2017). Secondly, the conservation of biosynthetic pathways, as demonstrated by Cimermancic et al. (2014). Thirdly, the possibility of horizontal gene transfer, wherein different bacterial strains acquire genetic material enabling the production of similar secondary metabolites, as discussed by Smillie et al. (2011). Lastly, the influence of common environmental factors cannot be overlooked. Bacteria residing in similar ecological niches or exposed to comparable environmental conditions may exhibit parallel adaptation strategies, leading to the production of comparable secondary metabolites, as suggested by Blin et al. (2013).
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A total of 1,348 endophytic fungal strains were isolated from Ferula ovina, F. galbaniflua, and F. persica. They included Eurotiales (16 species), Pleosporales (11 species), Botryosphaeriales (1 species), Cladosporiales (2 species), Helotiales (6 species), Hypocreales (31 species), Sordariales (7 species), Glomerellales (2 species), and Polyporales (1 species). F. ovina had the richest species composition of endophytic fungi, and the endophytic fungi were most abundant in their roots compared to shoots. Chao, Margalef, Shannon, Simpson, Berger–Parker, Menhinick, and Camargo indices showed that F. ovina roots had the most endophytic fungal species. The frequency distribution of fungal species isolated from Ferula spp. fell into the log-series model, and F. ovina roots had the highest Fisher alpha. The dominance indices showed that there are no dominant species in the endophytic fungal community isolated from Ferula spp., indicating community stability. Evenness values were 0.69, 0.90, 0.94, and 0.57 for endophytic fungi isolated from F. ovina roots, F. ovina shoots, F. galbaniflua roots, and F. persica roots, respectively, indicating a species distribution that tends toward evenness. The fungal species community isolated from each of F. ovina roots, F. ovina shoots, F. galbaniflua roots, and F. persica roots was a diverse species group originating from a homogeneous habitat. Their distribution followed a log-normal distribution, suggesting that the interactions of numerous independent environmental factors multiplicatively control species abundances. Principal component analysis showed that the highest species diversity and dominance were observed in the endophytic fungal community isolated from F. ovina and F. persica roots, respectively.
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1 Introduction

Plants are not solitary beings but consist of an incredible diversity of microorganisms living nearby, particularly those that live inside them and have coevolved together during billions of years of coexistence. Microorganisms known as endophytes live asymptomatically for at least a period of their life cycles inside plants (Hardoim et al., 2015). Endophytic fungi are frequent and diversified polyphyletic microorganisms inhabiting plant tissues (Faeth and Fagan, 2002). Diverse fungal endophytes living within plants can enhance host fitness, the production of secondary metabolites (Jia et al., 2016; Kaul et al., 2016; Salehi et al., 2021; Salehi and Farhadi, 2022), stress tolerance (Rodriguez et al., 2008), disease resistance (Busby et al., 2016; Nourian et al., 2024; Ranjbar et al., 2024), and biomass accumulation (Mucciarelli et al., 2003). The great diversity of fungal endophytes implies their highly intricate and different functional characteristics (Torres-Cortes et al., 2018). The studies displayed that endophytic fungi communities diversified depending on plant tissues (Wearn et al., 2012) and host genotypes (Matsumura and Fukuda, 2013). There are an estimated 300,000 species of higher plants on earth, and each one harbors one or more obligatory endophytic fungi, some of which colonize particular hosts (Nisa et al., 2015). Only a small number of plant species have been investigated in terms of endophytic fungal communities. Endophytes may be hyperdiverse because it has been suggested that there could be up to a million different endophytic fungal taxa (Nisa et al., 2015). There are only a handful of described populations of endophytic fungi. Indeed, exploring the endophytic fungi is a long way ahead.

Ferula, one of the largest and most popular genera of Apiaceae, has numerous species frequently exploited in traditional medicine and is a prospective source of biologically active compounds including anti-inflammatory, antiviral, antidiabetic, antitumor, cytotoxic, anticancer, estrogenic, anti-ulcerative, antibacterial, acaricidal, antiglycation, and antiprotozoal (Mohammadhosseini et al., 2019; Salehi et al., 2019c; Sonigra and Meena, 2021). Ferula is widely distributed throughout the Mediterranean, the Far East, north India, and southwest and central Asia (particularly Iran and Afghanistan; Sonigra and Meena, 2021). More than 30 Ferula spp. have been identified in Iran, with approximately half of them endemic and/or native, including F. ovina, F. persica, and F. galbaniflua (synonyms of F. gummosa; Safaian and Shokri, 1993; Panahi and Mahmoodi, 2021). Umbelliprenin, auraptene, galbanic acid, ferutinin, daucane esters, ferulenol, sinkiangenorin C, sinkiangenorin E, farnesiferol A, farnesiferol B, and ferprenin are some of the hopeful bioactive compounds found in Ferula spp.; consequently, Ferula species are considered valuable sources for the development of plant-derived medicines, particularly chemopreventive ones (Salehi et al., 2019c).

In light of the wide range of medicinal properties of Ferula spp. and the fact that the exploration of the endophytic fungi is a long way off, and likewise, the endophytic fungi of F. ovina, F. persica, and F. galbaniflua have not been comprehensively surveyed, studying their endophytic fungal diversity is essential.

The aims of this study were (a) to isolate endophytic fungi from F. ovina, F. persica, and F. galbaniflua grown in Iran, (b) to morphologically and molecularly identify the endophytic fungi isolated from roots and shoots of F. ovina, F. persica, and F. galbaniflua, and (c) to investigate the possible effect of different tissues (roots and shoots) and Ferula species on endophytic fungi communities.



2 Materials and methods


2.1 Sampling and fungal isolation

Healthy samples, including the roots and shoots, were collected from F. ovina, F. persica, and F. galbaniflua grown in their major habitats in Iran in June 2022. Asymptomatic roots and shoots were cut by mentioning Ferula species, sample code, and taken in paper bags to the lab. The samples were treated for 1 min with 75% ethanol (v/v) and 2 min with 2.5% sodium hypochlorite (w/v), followed by two rinses with sterile water. To evaluate the surface sterilization effectiveness, the final rinse water (10 mL) was centrifuged at 10,000g for 10 min. The supernatant was taken off and streaked onto potato dextrose agar (PDA) with 250 mg/L of chloramphenicol (CAM) (PDACAM). No mycelial development took place, which validated the surface sterilization. Small (4 mm2) surface-sterilized sections of root and shoot segments were cut and placed on the PDACAM surface in special Petri dishes (100 × 15 mm), then incubated at 25°C to promote the growth of endophytic fungi. The single spore or hyphal tip culture (Tutte, 1969) was used to obtain pure cultures of the fungal isolates. Fo#, Fp#, and Fg# series were used to number all fungal endophytes isolated from F. ovina, F. persica, and F. galbaniflua, respectively. They were stored on PDA at 4°C.



2.2 Morphological identification of endophytic fungi

The macroscopic examination of colony characteristics, by observing topography, color, and texture, as well as color and topography of colony back, and the microscopic investigation of conidia, conidiophores, and spore arrangement, using lactophenol and lactophenol cotton blue staining, under a compound microscope, were both used to study fungal morphology (Aneja, 2007; Dos Reis et al., 2022). Photomicrographs were taken with an Olympus DP72 digital camera attached to an Olympus BX51 microscope equipped with differential interference contrast.



2.3 Molecular identification of endophytic fungi

Endophytic fungi were grown in potato dextrose broth (PDB) at 25°C with continuous shaking. Genomic DNA extraction was performed from freeze-dried mycelia as described previously (Salehi et al., 2018, 2019a,b, 2020a,b; Farhadi et al., 2020a,b; Nourian et al., 2021; Jahedi et al., 2023). The fungal internal transcribed spacer (ITS) region (ITS1-5.8S-ITS2) was amplified, using polymerase chain reaction (PCR), by the universal primers ITS1 and ITS4. One microliter of genomic DNA (~10 ng), 1 μL of forward and reverse primers (10 pM), 12.5 μL of Premix Taq (TaKaRa Biotechnology Ltd., Japan), and 10.5 μL of PCR-grade water were all included in the PCR reaction mixtures (25 μL). The PCR reaction programs were as follows: initial denaturation at 94°C for 3 min, 30 cycles of denaturation (94°C for 30 s), annealing (56°C for 30 s), extension (72°C for 1 min), and final extension (72°C for 5 min). PCR reaction success was assessed through agarose gel electrophoresis, and then the PCR products were purified using a DNA gel extraction kit (Axygen Biotechnology Ltd., China). Direct sequencing of purified PCR products was conducted by the same primers using Bioneer (Shanghai, China).



2.4 Diversity analyses of cultivable endophytic fungi

Two key factors—evenness and richness—should be considered when determining how diverse a sample is (Kim et al., 2017). Diversity typically increases along with increases in species evenness and richness. The diversity of endophytic fungi in the different tissues of F. ovina, F. persica, and F. galbaniflua was examined at the species level. The endophytic fungal composition and abundance of endophytic fungi from each tissue of Ferula spp. must be assessed using the number of endophytic fungal isolates (N) and species as the statistical unit. The macroscopic examination enables the classification of morphotypes.

Here, abundance (N) is the number of isolates, whereas richness (S) signifies the number of species in the endophytic fungal community of a specific sample type (roots and shoots from F. ovina, F. persica, and F. galbaniflua).

To assess the propriety of each tissue type of each Ferula species as a substrate for fungal colonization, colonized samples (i.e., colonized by one endophytic fungus, at minimum) were enumerated and colonization frequency (CF; also known as isolation rate) was calculated according to Eq. 1 (Hata and Futai, 1995). CF was estimated as the number of sections colonized by endophytic fungi divided by the total number of incubated sections (Eq. 1, Huang et al., 2008).

[image: CF percentage is calculated as the number of colonized samples divided by the number of plated samples, multiplied by one hundred.]

Isolation frequency (IF), the frequency of the occurrence of particular endophytic fungal species in total isolates, is relative abundance (RA%) computed as the number of whole isolates of a particular species divided by the sum of all isolates across all species (Eq. 2; Huang et al., 2008).

[image: Formula for relative abundance (RA) percentage equals the number of isolates of a particular species divided by the sum of isolates of all species, multiplied by one hundred.]

A non-parametric method to approximate the species number in a community is Chao1. The foundation of the Chao richness estimator, created by Anne Chao, is the idea that rare species can reveal the greatest information regarding missing species numbers. Since the Chao richness estimator favors the low-abundance species, merely the singleton(s) and doubleton(s) are applied to approximate the missing species number. Consequently, data sets that are biased toward low-abundance species benefit most from this index (Kim et al., 2017).

The Chao richness estimator is estimated by Eq. 3 (Chao, 1984).

[image: The formula for Chao1 species richness estimator: \( S_{\text{chao1}} = S_{\text{obs}} + \frac{F_1(F_1-1)}{2(F_2+1)} \).]

Where F1 and F2 denote the number of singleton(s) and doubleton(s), respectively, and Sobs signifies the observed species number.

The Menhinick index (Dmn), which measures species richness among the endophytic fungal isolates, is calculated using Eq. 4 (Whittaker, 1977).

[image: The image shows a mathematical expression: \( D_{mn} = \frac{S}{\sqrt{N}} \) labeled as equation (4).]

Where S signifies the number of different endophytic fungal species in a given sample and N is the total number of endophytic fungal isolates in a given sample.

The Camargo evenness index (Eq. 5) was calculated to determine fungal dominance.

[image: Mathematical equation displaying "EC equals one divided by D sub mn", labeled as equation five.]

Where Dmn is species richness.

A species is considered dominant if its RA is greater than the Camargo evenness index (pi >1/ Dmn; Camargo, 1992).

The Shannon diversity index was developed to examine the diversity of the fungal endophyte communities in each tissue (Eq. 6; Shannon, 1948):

[image: The formula shown is for entropy, represented as H prime equals negative sum from i equals one to s of p sub i times the natural logarithm of p sub i.]

Where pi denotes the RA of a species in a given tissue. H′ could range from 0 (there is only one species, and each individual will be of that species, without a doubt) to higher values, indicating high uncertainty because species are distributed fairly evenly.

Pielou’s evenness index was calculated as follows (Eq. 7).

[image: Equation representing \( J \) as the ratio of \( H' \) to the natural logarithm of \( S \), denoted as \( J = \frac{H'}{\ln(S)} \). This is labeled as equation 7.]

Where J is Pielou’s measure of species evenness, H′ signifies the Shannon–Wiener index in the given sample, and S denotes the total number of species in the given sample.

The evenness index (E) was calculated using Eq. 8 (Muthukrishnan et al., 2012).

[image: Equation showing \( E = \frac{e^{H'}}{S} \) labeled as equation eight.]

Sorenson index of similarity, the proportion of twice the number of the species shared between two communities to the sum of the number of species in each community, was calculated using Eq. 9 (Sorensen, 1948). Where a signifies the number of common species of endophytic fungi in two samples, and b and c denote the species specifically found in each of the samples.

[image: The formula for beta subscript Sor is displayed as the fraction with numerator two a and denominator two a plus b plus c, followed by equation number nine in parentheses.]

Jaccard similarity index, the ratio of species shared between two communities to the total number of species in all, was estimated by Eq. 10 (Jaccard, 1912), where a denotes the number of common endophytic fungal species in two samples and b and c are the number of species specifically found in each of the samples.

[image: The formula shown is β subscript Jac equals c divided by the sum of a, b, and c. It is labeled as equation ten.]

A parametric index called Fisher alpha supposes that species abundances have a log-series distribution. In Eq. 11, S denotes the number of species, n denotes the number of endophytic fungal isolates, and α denotes Fisher alpha (Fisher et al., 1943). Furthermore, species frequency/abundance distribution for endophytic fungal strains isolated from F. ovina, F. galbaniflua, and F. persica was calculated according to a logarithmic series evolved by Fisher et al. (1943).

[image: Formula showing \( S = \alpha \times \ln \left( 1 + \frac{n}{\alpha} \right) \), where \(\alpha\) and \(n\) are variables, with equation number eleven indicated.]

Berger–Parker dominance index (d; Eq. 12) displays the numerical importance of dominant species (most abundant species).

[image: Equation showing d equals n sub max divided by N, labeled as equation twelve.]

Where nmax denotes the number of individuals in the dominant species, and N denotes the total number of individuals in the sample.

Reciprocal of Berger–Parker (1/d) is frequently used, and its increment implies diversity increment and dominance decrement.

Furthermore, the Simpson dominance index (Eq. 13; Simpson, 1949) was used for evaluating species diversity. It shows the likelihood that two isolates randomly chosen from a sample will be of the same species.

[image: Mathematical formula depicting D represented as the sum from i equals one to s of n sub i times (n sub i minus one) divided by N times (N minus one), labeled as equation 13.]

Where ni is the total number of isolates falling into the species i. N signifies the total number of isolates of all species. Moreover, the complementarity of the Simpson diversity index (1-D) and the reciprocal of the Simpson index (1/D) were calculated.

Probability of interspecific encounter (PIE; Eq. 14) is a metric introduced by Hurlbert (1971) and basically asks, “what is the probability that two individuals randomly selected from a community are of different species?” A community with more even species RAs displays a higher PIE than that with dominant species. Indeed, a low PIE shows that a few species dominate and a high PIE displays community evenness.

[image: Mathematical formula labeled as equation fourteen. It shows PIE equals N over N minus one, multiplied by one minus the sum from one to S of P subscript i squared.]

Where N is the total number of individuals, and Pi signifies the proportion of species i in the sample.

Species richness was measured by the Margalef index (Eq. 15; Margalef, 1958).

[image: Mathematical equation representing diversity measure: \(D_{Mg} = \frac{S-1}{\ln(N)}\). The equation is labeled as (15).]

Where S represents the number of species, and N is the total number of isolates.

The data were analyzed using Excel (2013) and Minitab (18.1). GraphPad Prism (GraphPad Prism 5), Excel (Excel, 2013), and PowerPoint (2013) software were used for making graphs.




3 Results


3.1 Isolation rate and classification of endophytic fungi

No fungal colonies were observed on PDACAM plates in the control group (surface sterilization validation), which ascertained the surface of F. ovina, F. galbaniflua, and F. persica tissues were completely disinfected, and consequently, the fungi isolated in the present study were all endophyte. A total of 1,348 endophytic fungal strains, which belonged to 2 phyla, 5 classes, 9 orders, 18 families, and 24 genera (Supplementary Figure S1), were isolated from 3,240 cultured tissue segments of F. ovina, F. galbaniflua, and F. persica tissues growing naturally in Iran (Supplementary Table S1). The endophytic fungal isolates were investigated morphologically, and 77 representative isolates of different morphotypes (Supplementary Figures S2, S3 and Supplementary Table S2) were considered for detailed description and morphological and molecular identification. The RA% of endophytic fungi isolated from the different species of Ferula (F. ovina, F. galbaniflua, and F. persica) is presented in Supplementary Figure S4. One thousand twenty-seven endophytic fungal strains were isolated from F. ovina, with a CF of 22.96% (142 strains from shoots, 12.59%; 885 strains from roots, 33.33%; Supplementary Table S1). One hundred eighty-seven endophytic fungal strains were isolated from F. galbaniflua roots, and CF was 32.78% (Supplementary Table S1). Accordingly, 134 strains were isolated from F. persica, and the CF was 32.22% (Supplementary Table S1). F. ovina had the highest CF (22.96%) and the most isolated endophytic fungal strains (1027), followed by F. galbaniflua (16.39%) and F. persica (16.11%; Supplementary Table S1). In terms of tissue, the most endophytic fungal strains were isolated from the roots of F. ovina, F. galbaniflua, and F. persica (1206). No endophytic fungal strain was isolated from seeds of the three mentioned species of Ferula as well as shoots of F. galbaniflua and F. persica (Supplementary Table S1).

As shown in Figures 1–3, the culturable endophytic fungi in F. ovina displayed rich diversity compared with F. galbaniflua and F. persica. The morphology and molecular identification showed that 1,027 endophytic fungi isolated from F. ovina belonged to 2 Phyla (Ascomycota and Basidiomycota), 5 classes, 8 orders, 17 families, and 21 genera. There were 28 (2.73%) endophytic fungal strains in the phylum of Basidiomycota belonging to the class of Agaricomycetes, order of Polyporales, family of Polyporaceae, and genus of Ganoderma. Sordariomycetes (513 isolates, 49.95%) was the dominant class in Ascomycota, followed by Eurotiomycetes (212 isolates, 20.64%), Dothideomycetes (177 isolates, 17.23%), and Leotiomycetes (97 isolates, 9.44%). Pezizomycotina (999 isolates) was the only subphylum in the phylum of Ascomycota. The relative frequency of Pezizomycotina was 97.27%, including Eurotiales (212 isolates, 20.64%), Pleosporales (157 isolates, 15.29%), Botryosphaeriales (13 strains, 1.27%), Cladosporiales (7 isolates, 0.68%), Helotiales (97 isolates, 9.44%), Hypocreales (506 isolates, 49.27%), and Sordariales (7 isolates, 0.68%). Nectriaceae (286 isolates, 27.85%) and Aspergillaceae (205 isolates, 19.96%) were the dominant families. Fusarium (279 isolates, 27.17%) and Aspergillus (168 isolates, 16.36%) were the dominant genera (Figure 1).

[image: Sankey diagram illustrating the taxonomy of certain fungi groups. It shows relationships and classifications within the Ascomycota and Basidiomycota phyla, dividing into classes like Sordariomycetes and Leotiomycetes, and further into orders and families such as Hypocreales and Nectriaceae, branching into various genera like Fusarium and Aspergillus.]

FIGURE 1
 Species taxonomic relationship. The endophytic fungi isolated from Ferula ovina shoots and roots belonged to 2 phyla, 5 classes, 8 orders, 17 families, and 21 genera.


[image: Sankey diagram illustrating the classification of Ascomycota, with branches showing the transition from classes like Eurotiomycetes, Sordariomycetes, and Leotiomycetes to various orders and families such as Aspergillaceae and Hypocreaceae, and further to genera like Penicillium and Fusarium. Color-coded paths represent different taxa, highlighting relationships within fungal groups.]

FIGURE 2
 Species taxonomic relationship. The endophytic fungi isolated from Ferula galbaniflua roots belonged to one phylum, four classes, five orders, six families, and nine genera.


[image: Sankey diagram illustrating the classification of the fungal group Ascomycota. The flow starts from Ascomycota, branching into classes Sordariomycetes, Leotiomycetes, and Dothideomycetes. Each class further divides into various orders, families, and genera, represented by different colors and widths, depicting relationships and proportions within the taxonomy.]

FIGURE 3
 Species taxonomic relationship. The endophytic fungi isolated from Ferula persica roots belonged to one phylum, three classes, five orders, seven families, and eight genera.


Endophytic fungal strains (187) isolated from F. galbaniflua roots were classified into one phylum (Ascomycota), four classes (Sordariomycetes, Eurotiomycetes, Dothideomycetes, and Leotiomycetes), five orders (Hypocreales, Eurotiales, Sordariales, Pleosporales, and Helotiales), six families (Aspergillaceae, Chaetomiaceae, Hypocreaceae, Zopfiaceae, Ploettnerulaceae, and Nectriaceae), and nine genera (Penicillium, Chaetomium, Acremonium, Gliocladium, Trichocladium, Aspergillus, Zopfia, Cadophora, and Fusarium). Sordariomycetes (113 isolates, 60.43%), Hypocreales (59 isolates, 31.55%), Aspergillaceae (56 isolates, 29.95%), and Penicillium sp. (47 isolates, 25.13%) were the dominant phylum, class, order, family, and genus, respectively (Figure 2).

A total of 134 endophytic fungal strains were isolated from F. persica and classified into one phylum (Ascomycota), three classes (Sordariomycetes, Leotiomycetes, and Dothideomycetes), five orders (Hypocreales, Glomerellales, Helotiales, Sordariales, and Cladosporiales), seven families (Stachybotryaceae, Hypocreaceae, Plectosphaerellaceae, Sclerotiniaceae, Nectriaceae, Chaetomiaceae, and Cladosporiaceae), and eight genera (Albifimbria, Acremonium, Botrytis, Dactylonectria, Chaetomium, Gibellulopsis, Brunneochlamydosporium, and Cladosporium; Figure 3). As shown in Figure 3, Sordariomycetes, Hypocreales, Stachybotryaceae, and Albifimbria were the dominant class, order, family, and genus, respectively.

The genus Acremonium was isolated from all Ferula species (F. ovina, F. galbaniflua, and F. persica; Figure 4A), accounting for an RA of 4.09, 14.44, and 10.45%, respectively (Supplementary Figures S5–S7). Alternaria, Bulbithecium, Phoma, Dothiorella, Parvothecium, Talaromyces, Ganoderma, Gliomastix, and Preussia were only isolated from F. ovina (Figure 4A). Furthermore, Gibellulopsis and Brunneochlamydosporium were endemic to F. persica (Figure 4A). Additionally, Aspergillus, Zopfia, Fusarium, Cadophora, Gliocladium, Penicillium, and Trichocladium were only found in F. ovina and F. galbaniflua (Figure 4A). Besides, Botrytis, Albifimbria, Dactylonectria, and Cladosporium were only present in F. ovina and F. persica (Figure 4A). Furthermore, Chaetomium is shared between F. galbaniflua and F. persica roots (Figure 4A). Of 24 genera, 21, 9, and 8 fungal genera were isolated from F. ovina, F. galbaniflua, and F. persica, respectively (Figure 4A).

[image: Venn diagrams comparing fungi in study samples. Diagram A shows three overlapping circles representing F. ovina, F. galbanifluta, and F. persica, with shared and unique fungi listed. Diagram B shows distribution of fungi in root and shoot, highlighting common and distinct species.]

FIGURE 4
 Venn diagram of endemic and common endophytic fungal genera isolated from Ferula ovina, F. galbaniflua, F. persica (A), and F. ovina shoots and roots (B).


As shown in Supplementary Figure S4, 885 (86.17) and 142 (13.83) endophytic fungal strains were isolated from F. ovina roots and shoots, respectively. Among them, the roots and shoots of F. ovina shared only four genera: Aspergillus, Fusarium, Cadophora, and Penicillium (Figure 4B). Talaromyces, Dothiorella, Parvothecium, Ganoderma, Zopfia, Alternaria, Albifimbria, Botrytis, Bulbithecium, Dactylonectria, Phoma, Acremonium, Gliocladium, Cladosporium, Gliomastix, Preussia, and Trichocladium were endemic to F. ovina roots but not isolated from its shoots (Figure 4B). Fusarium was a dominant and common genus isolated from the root and shoot tissues of F. ovina with an RF of 24.75 and 42.25%, respectively (Supplementary Figure S5). Except for Fusarium, the dominant endophytic fungal genus of F. ovina was Aspergillus, showing an RF of 12.43 and 40.85% in roots and shoots, respectively (Supplementary Figure S5). Depending on the type of tissue, the endophytic fungal communities varied greatly (Supplementary Figure S5). No fungal endophytes were isolated from the shoots of F. galbaniflua and F. persica.

The fungal endophytes of F. ovina roots were assigned the most abundant of 21 genera.



3.2 Alpha diversity of endophytic fungi isolated from F. ovina, F. galbaniflua, and F. persica

Fungal species isolated from F. ovina, F. galbaniflua, and F. persica are presented in Supplementary Figure S8. Shannon index, H, is a diversity one considering both the total number of endophytic fungi and the fungal species number. For communities with a single species, it is equal to 0, while for communities with multiple taxa, each with a small number of members, it is higher. Shannon–Wiener index and Simpson dominance index displayed that the endophytic fungal community isolated from F. ovina roots had the highest diversity (H = 3.67 and D = 0.036) and F. persica the lowest (H = 1.64 and D = 0.317). The results implied that the species diversity of culturable endophytic fungi in Ferula was affected by the host.

As shown in Figure 5, species frequency/abundance distribution for fungal endophytic strains isolated from F. ovina, F. galbaniflua, and F. persica conformed to the Poisson series, making a curve that resembled a hyperbola. Fisher alpha is a useful parametric index for log-series models of distribution. Fisher alpha for endophytic fungi isolated from F. ovina roots, F. ovina shoots, F. galbaniflua roots, and F. persica roots was estimated at 13.6, 2.45, 4.54, and 2.17, respectively (Table 1). As shown by Fisher alpha, the diversity of endophytic fungi isolated from F. ovina roots was highest, followed by F. galbaniflua roots.

[image: Four bar graphs show observed and calculated numbers of species versus number of individuals per species for different plants. F. ovina root graph shows high observed species with a decreasing trend. F. ovina shoot and F. persica have moderate initial values that decrease. F. galbaniflua shows high initial values. Observed data is represented by solid bars and calculated data by dashed lines. Each graph corresponds to different plant parts or species.]

FIGURE 5
 Species frequency-abundance distribution for fungal endophytic strains isolated from Ferula ovina roots and shoots, as well as F. galbaniflua and F. persica roots.




TABLE 1 Diversity indices calculated for the endophytic fungal species community isolated from F. ovina, F. galbaniflua, and F. persica.
[image: A table displaying diversity indices for different plant parts. Columns include F. ovina roots, F. ovina shoots, F. ovina roots and shoots, F. galbaniflua roots, and F. persica roots. Indices include Chao richness estimator, Margalef diversity index, Shannon-Wiener diversity index, Simpson dominance index, and others like Pielou evenness index and Fisher alpha. Each column provides numerical values for these indices under the various plant categories.]



3.3 Species richness

Supplementary Table S3 presents the total number of species, S, a direct measurement of species diversity. The maximum species number was isolated from F. ovina, followed by F. galbaniflua roots and the lowest species number was recorded for F. persica roots. Regarding the total number of individuals, the same trend was observed, so the highest number of endophytic fungi was isolated from F. ovina (Supplementary Table S3). F. ovina roots had the lowest Berger–Parker dominance index, followed by F. galbaniflua roots. Berger–Parker index and its reciprocal showed that the highest dominance and lowest diversity were observed in endophytic fungi isolated from F. persica, followed by F. ovina shoots (Table 1). Chao1 index showed that the endophytic fungal community isolated from F. ovina roots had the highest species abundance (152.14) and F. ovina shoots (13.33) the lowest, followed by F. persica roots (19.50). The total number of species, S, depends on the sample size; therefore, it has limitations as a comparative index. Margalef and Menhinick indices, popular sample size-independent indices, were calculated to measure species richness. The values of these indices were higher for endophytic fungi isolated from F. ovina roots compared with those from F. ovina shoots, F. galbaniflua, and F. persica roots (Table 1).



3.4 Species evenness

Species equitability or evenness—that is, the individual distribution pattern among the species—must be considered when studying species diversity. In other words, the endophytic community composition can be characterized by the dominance and evenness indices. The term “evenness” describes the distribution of species abundance in a community. The evenness index would peak at one when all species in the sample are equally plentiful and would progressively decline toward 0 as the RAs of the species deviate from evenness. The calculated evenness (E) values were 0.69, 0.90, 0.94, and 0.57 for endophytic fungi isolated from F. ovina roots, F. ovina shoots, F. galbaniflua roots, and F. persica roots, respectively, indicating the species distribution was tilted toward evenness. Pielou evenness index (J) values displayed resemble trend, 0.91, 0.95, 0.98, and 0.75 for endophytic fungi isolated from F. ovina roots, F. ovina shoots, F. galbaniflua roots, and F. persica roots, respectively. Pielou index suggested that F. galbaniflua roots have the highest value of fungal community evenness (0.98) and F. persica the lowest (0.75). The complementarity of Simpson diversity index (1-D) values was estimated at 0.96, 0.88, 0.93, and 0.68 for fungi isolated from F. ovina roots, F. ovina shoots, F. galbaniflua roots, and F. persica roots, respectively. Host-specific fungal species dominance calculated using the Camargo index was the highest in F. persica roots (1.29), followed by F. ovina shoots (1.19). The Camargo index for endophytic fungal species isolated from F. ovina roots, F. ovina (roots and shoots), and F. galbaniflua roots was estimated at 0.52, 0.53, and 0.80, respectively (Table 1). As the relative frequency of all endophytic fungal species isolated from F. ovina, F. galbaniflua, and F. persica was less compared with their estimated Camargo index (Table 1; Supplementary Figures S9–S11), no dominant fungal species were observed in these Ferula species. The distribution of species within the fungal community isolated from F. ovina roots was extremely even, as indicated by the low ecological dominance. The value of the Simpson dominance index (D) ranges from 0 to 1. If the index value is close to zero, it means that there is no dominant species, and it shows community stability. Meanwhile, if the value of the index is close to 1, it means the presence of dominant species and indicates that the ecosystem is in unstable conditions and there is ecological pressure (Oktavianti and Purwanti, 2014). The Simpson dominance index (D) for the endophytic fungal community of three Ferula species was close to zero, so it can be concluded that the fungal community structure for three Ferula species is stable and there is no ecological pressure.

Principal components analysis was carried out on F. ovina shoots and roots. F. galbaniflua and F. persica roots showed that the two first principal components explained 99.37% of the total variation, indicating an excellent fit of the data to the model (Figure 6). The first principal component, which explained 76.46% of the variation, has a high positive coefficient for Camargo, Simpson dominance indices, and Berger–Parker dominance, respectively (Figure 6). The second principal component explained 22.91% of the total variation. The coefficients of the eigenvector of the second principal component showed that the weight of the Chao richness estimator had a high positive coefficient (Figure 6). According to the results, the first and second principal components can be named as effective factors in dominance and richness, respectively. As shown in Figure 6, the endophytic fungal community isolated from F. persica roots had the highest species dominance, and endophytic fungi of F. ovina roots displayed the highest species richness and subsequently the highest species diversity (Figure 6).

[image: Panel A shows a principal component analysis (PCA) biplot with F. ovina root, F. persica root, F. galbaniflua root, and F. ovina shoot marked. Green vectors represent different variables contributing to the dimensions PC1 and PC2. Panel B shows a hierarchical clustering dendrogram illustrating the distances between F. ovina root, F. ovina shoot, F. persica root, and F. galbaniflua root, with distances labeled on the vertical axis.]

FIGURE 6
 Principal component analysis; the position of Ferula ovina, F. galbaniflua, and F. persica based on diversity indices calculated for the endophytic fungal species community isolated from them (A) and the dendrogram of classifying mentioned Ferula species based on the diversity indices of their endophytic fungal species community (B). Chao1, Chao richness estimator; DMg, Margalef diversity index; H′, Shannon–Wiener diversity index; D, Simpson dominance index; 1-D, Simpson diversity index; 1/D, Reciprocal of Simpson index; d, Berger–Parker dominance index; 1/d, Reciprocal of Berger–Parker index; J, Pielou evenness index; Dmn, Menhinick index; EC, Camargo index; E, Evenness_(e^H′)/S; α, Fisher alpha.




3.5 Extrapolation of fungal endophytic species diversity of F. ovina, F. galbaniflua, and F. persica

A small number of fungal species are typified by many colony-forming units (CFUs), whereas many species are typified by few CFUs. Species frequency/abundance distribution presents the fundamental pattern of niche usage in the community. Plotting the different abundance of fungal endophytic species in the community according to species frequency, from most abundant to least abundant, revealed the distinctive distribution of the fungal species that made up the endophytic fungal community of F. ovina, F. galbaniflua, and F. persica. This blatantly displays a log-normal distribution (Figure 5), suggesting that the interaction of numerous independent environmental factors controls multiplicatively the abundances of the fungal species (Heip et al., 1998).

The frequency of species with different abundance was calculated by the Fisher series for endophytic fungi isolated from three Ferula species (dotted line in Figure 5). The affinity in the observed and calculated series for fungal endophytes isolated from F. ovina roots, except number of species with the least abundance, was very striking. However, the fit for the fungal endophytes isolated from F. galbaniflua roots, F. persica roots, and F. ovina shoots was not good. There were comparatively more rarer species and fewer commoner ones, compared with the calculated series, for fungal endophytes isolated from F. galbaniflua roots. Such results were likewise reported by Fisher et al. (1943).



3.6 Beta diversity analysis of endophytic fungi from F. ovina, F. galbaniflua, and F. persica

Different ecosystems are generally home to various biological communities. Beta diversity, introduced by Whittaker (1960), is defined as differences in species composition among ecosystems within an area of interest. Sorensen (βSor; Sorensen, 1948) and Jaccard (βJac; Jaccard, 1912) indices are the two most widely used non-parametric beta diversity ones. Values of the Jaccard and Sorensen classic indices showed that F. ovina roots had the most similarity in endophytic fungal species with F. galbaniflua roots and then F. ovina shoots (Table 2). The fungal endophytes isolated from F. ovina roots belonged to 57 species (Supplementary Figure S8), 49 species were root-specific (not isolated from F. galbaniflua roots), and 8 species were common with 17 fungal species isolated from F. galbaniflua roots (Supplementary Figure S8). Ten endophytic fungal species were isolated from F. ovina shoots; three fungal species were shoot-specific, but seven of them were also isolated from its roots. As presented in Table 2, F. ovina shoots displayed the highest similarity with its roots in terms of endophytic fungal species. No similarity was observed between endophytic fungal species isolated from F. persica roots than those isolated from F. galbaniflua roots, and F. ovina shoots (Table 2).



TABLE 2 Jaccard (above the diameter) and Sorensen (bottom diameter) similarity indices between the fungal species community isolated from Ferula ovina, F. galbaniflua, and F. persica.
[image: A data table shows values for different plant tissues across five categories: *F. ovina* roots, *F. ovina* shoots, *F. ovina* roots and shoots, *F. galbaniflua* roots, and *F. persica* roots. Values range from 0.0000 to 0.2162, with some cells marked by a dash indicating absence of data.]



3.7 Community ordination and classification

Realizing the natural system that has resulted in the observed grouping of species depends critically on community classification. There are several characteristics shared by all the fungal species in the group that help to distinguish them from other group(s). Cluster analysis was used to classify Ferula spp. based on the Jaccard similarity index of their endophytic fungal species community. F. ovina roots and F. galbaniflua roots clustered together, and they formed a group with F. ovina shoots that was distinct from F. persica roots (Figure 7).

[image: Dendrogram diagram showing the hierarchical clustering of plant parts: F. ovina root, F. galbaniflua root, F. ovina shoot, and F. persica root. The vertical axis represents the distance, ranging from 0.00 to 1.49. The branching structure indicates relatedness between different samples.]

FIGURE 7
 Dendrogram of classifying Ferula ovina, F. galbaniflua, and F. persica based on the Jaccard similarity index of their endophytic fungal species community.




3.8 Specificity of community composition

There is one common genus of endophytic fungus in F. ovina, F. galbaniflua, and F. persica, indicating that Acremonium is the main genus that puts together the culturable fungal community structure of the three mentioned Ferula species (Figure 4). Concurrently, the endemic genera isolated from different Ferula species showed that host genetics might display a remarkable effect on the fungal community structure inhabiting Ferula spp.

The different endophytic fungal genera isolated from F. ovina, F. galbaniflua, and F. persica were classified based on their relative frequency (Figure 8). A genus-level heatmap was made to evaluate possible trends of the relative frequency of endophytic fungal genera by the host (Figure 8); no unidentified fungi were presented in this graph. Fusarium displayed the most abundant genus in F. ovina roots and shoots. Penicillium and Albifimbria were the most abundant genera in F. galbaniflua roots and F. persica roots, respectively (Figure 8).

[image: Heatmap illustrating the abundance of various fungal genera across different plant root and shoot samples. The y-axis lists fungal genera, and the x-axis shows sample types: F. persica root, F. glabranihirta root, F. ovina root, F. ovina shoot. A color scale from light blue to red indicates abundance levels, with clustering on both axes.]

FIGURE 8
 Heat map indicating the relative frequency of the endophytic fungal genera isolated from Ferula ovina, F. galbaniflua, and F. persica.


The various Ferula species were arranged regarding the axes so that relative location to the axes and one another maximized the information on the diversity of endophytic fungal genera isolated from Ferula spp. (Supplementary Figure S12). Principal component analysis performed on 24 endophytic fungal species indicated that the first two principal components explained 80.98% of dataset variation (Supplementary Figure S12). The first and second principal components accounted for 48.42 and 32.56%, respectively, of the total variation and distinguished fungal genus assemblages among F. ovina roots and shoots, F. galbaniflua roots, and F. persica roots. The highest RA of Albifimbria, Botrytis, Cladosporium, Gibellulopsis, Brunneochlamydosporium, and Dactylonectria belonged to F. persica roots (Supplementary Figure S12). As shown in Supplementary Figure S12, F. ovina shoots and F. galbaniflua roots displayed the most similarity in terms of relative endophytic fungal genera. The relative frequency of Zopfia and Bulbithecium in F. ovina roots was the highest compared with F. ovina shoots, F. galbaniflua, and F. persica roots. Alternaria, Bulbithecium, Phoma, Dothiorella, Parvothecium, Talaromyces, Ganoderma, Gliomastix, and Preussia only colonized the roots of F. ovina roots (Supplementary Figure S12).



3.9 Occurrence percentage of endophytic fungal species in F. ovina, F. galbaniflua, and F. persica

Based on the percentage of occurrence of endophytic fungi—the proportion of Ferula species from which each endophytic fungal species was isolated to the number of studied Ferula spp.—they were grouped somewhat arbitrarily in this study. There were three categories; fungal species with 1–33%, 34–67%, and 68–100% were considered sporadic, occasional, and common, respectively. Although this classification is not perfect, it was believed to shed light on the fungal species occurrence in Ferula spp. and simplify the description. Although some fungal species were common members of the mycoflora of two Ferula species studied, each Ferula species was found to have a unique mycoflora. Overall, many endophytic fungal species (88.31%) were sporadically (33%; one of three species) in Ferula spp. Only a smaller number of fungal species (11.69) were isolated occasionally (67%; two of three species) from Ferula species.




4 Discussion

The present study is unique because no particular research has been conducted on the fungal species diversity inhabiting the tissues of Ferula spp. Furthermore, this is the first report on fungal communities isolated from Ferula spp. growing naturally in Iran. Fungal communities exhibit geographical heterogeneity, which has been attributed to factors including host domain range, dispersion limitations, environmental selection, and regional adaptation development. The endophytic community is mostly affected by rainfall. The dispersion of fungal spores and the colonization of endophytes may be aided by rainfall, and high humidity plays an important role in spore germination. Furthermore, a moderate annual temperature may prolong the fungal lifespan and boost the colonization rate of endophytic fungi (Peay et al., 2010).

The results indicated that a range of fungal species are symbiotic with Ferula spp.; all 1,348 isolates were morphologically and molecularly classified into 77 species, and the majority of isolates fell into the phylum of Ascomycetes (Figures 1–3). F. ovina, F. galbaniflua, and F. persica exhibited different patterns in terms of the presence of endophytic fungal species, suggesting a diversity of host-specific endophytic fungi. The diversity of host-specific endophytic microbiomes has been previously reported (Singha et al., 2021). Such exclusive distribution of endophytic fungal species in different plant hosts may indicate the special niche requirements of the endophytic species as well as their specific functional role in their host, including promoting the growth and development, tolerating the environmental stress, and protecting against the herbivores and phytopathogens (Nourian et al., 2024; Ranjbar et al., 2024; Salehi and Safaie, 2024).

The fungal frequency and diversity indices in the shoots and roots of F. ovina, F. galbaniflua, and F. persica showed that the endophytic fungal frequency in the roots was remarkably higher compared to that in the shoots. The roots are in direct contact with the soil as a microbial reservoir. Additionally, the soil medium plays a buffering role against temperature and humidity fluctuations, allowing for the greatest richness of endophytic fungi in the roots. Besides, Ferula spp. are herbaceous perennial plants, and their roots have longer durability compared with shoots. It could explain why F. ovina, F. galbaniflua, and F. persica roots had higher fungal diversity and species richness compared with their shoots. Moreover, endophytic fungal frequency and distribution are likely affected by the content of biologically active compounds in tissues. Certain fungal species are able to survive in a specific tissue (Carroll and Petrini, 1983). Endophytic tissue-specific diversity has been previously reported (Fang et al., 2019). The higher CF and fungal species diversity of the roots of these Ferula species compared with shoots can also be explained by the transmission route of endophytic fungi in arid and semi-arid areas. Most endophytes reside in roots, belong to class 4 of the non-clavicipitaceous (NC) endophytes, and are horizontally transmitted from one host plant to another (Rodriguez et al., 2009). In arid and semi-arid areas, flora is sporadic and has low density and diversity, but plants have well-developed underground systems that form nutrient-rich resource patches (Zuo et al., 2020). Because there are more hosts and substrates for these fungi to infect, the distribution of expanded root systems and nutritional status in a desert environment may therefore result in higher CF and fungal species diversity in the roots compared with the shoots.

However, there are inevitably inherent biases in both culture-independent and culture-dependent methods of studying fungal diversity (Wijayawardene et al., 2021). In the present study, culture-dependent methods were used to allow these endophytic fungi to be used in co-culture with Ferula cell culture for enhancing secondary metabolite production and in bioformulation for coping with biotic and abiotic stress in Ferula.



5 Conclusion

The internal environments of Ferula spp. affected the diversity of endophytic fungi they harbored, indicating host specificity. The investigation of the diversity of endophytic fungi in Ferula not only provides fungal endophytic resources for exploiting beneficial relations among endophytic fungi and Ferula spp., including the synthesis of bioactive compounds, growth promotion, and plant protection against biotic and abiotic stress but also facilitates the effective artificial cultivation of Ferula spp. native to Iran on a large scale and their quality control.
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Global food production intensification presents a major hurdle to ensuring food security amidst a growing world population. Widespread use of chemical fertilizers in recent decades has risked soil fertility, compounded by the challenges posed by climate change, particularly in arid regions. To address these issues, adopting plant growth-promoting (PGP) bacteria stands out as a promising solution, offering multifaceted benefits to arid agroecosystems. We isolated a bacterial strain, SW7, from mangrove sediment, characterised the entire genome followed by phylogenetic analyses, and evaluated its in-vitro PGP activity. Subsequently, we examined its impact on tomato seed germination and plant growth. The strain SW7 exhibited growth on 11% NaCl, survival at 50°C, and possessed multiple PGP traits such as significant increase in seed germination rate (60.60 ± 38.85%), phosphate (83.3 g L−1) and potassium (39.6 g L−1) solubilization and produced indole acetic acid (3.60 ppm). Additionally, strain SW7 tested positive for ammonia, catalase, and oxidase enzyme production. The strain SW7 genome consists of 5.1 MB with 35.18% G+C content. Through genome-based phylogenetic and orthoANI analyses, the strain was identified as a novel Bacillus species, designated herein as Bacillus sp. SW7. In an eight-week shade-house experiment, inoculation of strain SW7 improved, leaf number, leaf density, leaf area index and mass water of tomatoes. Additional parameters, like chlorophyll a, chlorophyll b and carotenoids were not affected in SW7-inoculated tomatoes. In conclusion, Bacillus sp. SW7 exhibits multiple PGP traits and an adaptive capacity to high temperature and salinity, positioning it as a potential candidate for elevating the productivity of arid agroecosystems.
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1 Introduction

Global food production intensification is a major challenge in achieving food security (Devaux et al., 2020) amid a growing world population (Arndt et al., 2023). The increase in human population creates a hurdle in achieving food safety, this has led to use of large quantities of chemical fertilizer for the past decades, despite its harmful effects on the environment and humans (Yadav et al., 2018). Also, the climate changes escalate the situation, due to rise in temperature the percentage of arid land is increasing. The semi- to hyper-arid region of the world faces several issues that will possibly continue to endanger food security in the upcoming years (Ammar et al., 2023). To meet the growing demand for sustainable agriculture in arid regions, enhancing food security becomes attainable through the efficient utilization of limited water resources to boost domestic food production. However, intensive cropping needs sufficient water supply which is not adequate in arid regions (Goddek et al., 2023). At the moment, most of the countries in the arid regions are facing water shortages because their water supply is below the water poverty line of 1000 m3/capita/year, compared with the world average of 7240 m3/capita/year (Hejazi et al., 2023). Furthermore, cultivating crops in arid regions requires extensive usage of synthetic fertilizers to enhance productivity, which ultimately deteriorates the ecosystem (Liu et al., 2020). As a result, innovative alternate approaches are required in such regions to concurrently increase food production, water sustainability and reduce ecosystem deterioration (Abdullah et al., 2022).

Promoting sustainable agriculture involves gradually reducing reliance on chemical fertilizers and embracing bio-waste-derived substances, alongside leveraging the potential of microorganisms (Basu et al., 2021). Biofertilizers, microbial-based products, and alternatives like organic extracts and vermicompost teas have emerged to counteract the negative impacts of toxic agrochemicals (Yatoo et al., 2021). Among these microbial solutions, known for enhancing plant growth, disease control, mitigating plant stress and environmental friendliness, offer a viable path to improve soil fertility and mitigate agrochemical harm (Nosheen et al., 2021). Utilizing microbial formulations as fertilizers in agriculture holds promise for enhancing soil fertility while reducing the detrimental effects of agrochemicals (Sumbul et al., 2020). Employing effective PGP bacteria as biofertilizers and biological control agents presents a suitable alternative to lessen reliance on chemical fertilizers in crop production (Zainab et al., 2021).

In the Middle-Easter and North African (MENA) region, PGP bacteria has a vital role in enhancing plant growth and crop yields by reducing the direct and indirect effects of biotic and abiotic stresses like high temperature, and salinity (Abdelaal et al., 2021; Reang et al., 2022). PGP bacteria mitigate the salinity damage in several crops through various mechanisms, including improved water uptake and osmolyte accumulation (glutamate, glycine betaine, proline and soluble sugars). Also, PGP bacteria increases antioxidant levels, synthesis of ACC deaminase, exopolysaccharides production and ionic homeostasis, which in turn enhances agricultural productivity even in saline-alkaline soil (Mishra et al., 2023). Currently, studies in various parts of the world are reporting improvements in the growth and production of crops such as tomatoes (Fan et al., 2016; Astorga-Eló et al., 2021), maize (Ojuederie and Babalola, 2023), and wheat (Shankar and Prasad, 2023), attribute to the use of PGP bacteria. The utilization of PGP bacteria as inoculants has substantial potential for application in farming, and lowering the rate of chemical fertilizers (Bittencourt et al., 2023). PGP bacteria have drawn more interest recently, due to their potential usage as a biofertilizer to improve crop development and production. However, there is an increasing need to find novel PGP bacteria that adapt and grow in extreme conditions with new phyto-beneficial traits (Lutfullin et al., 2022).

The mangroves are true extremophiles, which evolved to grow in extreme ecological conditions such as arid and hot intertidal environments (Friis et al., 2023). The mangrove tree is known to tolerate high salinity and plays an important role in the carbon sequestration, nutrient cycle, conservation and production of coastal ecosystems (Osland et al., 2018; Costa et al., 2022). Microbes associated with the mangrove are known to tolerate high salinity. Several studies have demonstrated that bacterial isolates from mangrove sediments and rhizosphere have PGP potentials, make them potential sources for isolating PGP strains (Mishra et al., 2023).

This study aimed to: (i) isolate bacteria from mangrove sediment collected from Khor Al Yeefrah, Umm Al Quwain, UAE; (ii) assess their PGP traits in in-vitro conditions; (iii) characterize the whole genome of strain SW7 to identify taxonomy, phylogeny, and gene clusters responsible for PGP traits in extreme conditions; and (iv) evaluate the effect of strain SW7 on seed germination, as well as the growth and productivity of tomatoes (Solanum Lycopersicum) in a shade-house field trial condition.




2 Materials and methods



2.1 Study site and sampling collection

The mangrove forest in Umm Al Quwain extends approximately 12 km along the coast with a homogeneous mangrove species Avicennia marina. The sediment samples were collected from Khor Al Yeefrah (25°32’07.8” N, 55°38’04.2” E) in the Umm Al Quwain mangrove forest (east coast, UAE). The sediment samples were promptly transported to the lab and processed for bacterial screening within 24 hr under cooling conditions. Various physicochemical properties of mangrove sediment samples were analysed and reported in Tounsi-Hammami et al., 2024.




2.2 Bacterial isolation, identification, NaCl and heat stress analyses

Out of total 41 bacterial isolates, obtained from mangrove sediments, which exhibited multiple PGP traits (Tounsi-Hammami et al., 2024), we selected one promising bacterial strain SW7 for further testing characterisation and in-vitro assays. Additionally, we subjected the strain to salt tolerance assays (NaCl 2-11% w/v) and heat stress tests following the method described by Mahdi et al. (2020).




2.3 In vitro assessment of multiple PGP traits



2.3.1 Phosphate and potassium solubilization

Phosphate solubilization activity was assessed by spot-inoculating pure colonies on PVK agar medium and incubating them for 3 days at 30°C. The Phosphate Solubilization Index (PSI) was calculated as described by Teymouri et al. (2016). For potassium solubilization, the Aleksandrov medium (5.0 g/L glucose, 0.5 g/L MgSO4. 7H2O, 0.1 g/L CaCO3, 0.006 g/L FeCl3, 2.0 g/L Na2 HPO4, and feldspath 2.0 g/L) was used as the sole K source (Rana et al., 2011). After 24 hr, the colony was taken with a sterile plastic pipette, inoculated on solid Aleksandrov medium, and incubated at room temperature for 5 days. The formation of a clear zone around the growing colony indicated potassium solubilizing ability, and the solubilization index was calculated using the formula by Sadiq et al. (2013).




2.3.2 Ammonia and indole acetic acid production

Ammonia production was determined by growing strain in peptone water at 30°C for 4 days. Nessler’s reagent was used to assess ammonia production, with a faint yellow colour indicating a small quantity and a deep yellow to brownish colour signifying maximum ammonia production (Sharma et al., 2021). Indole acetic acid (IAA) production was assessed by inoculating strain into Jensen’s broth containing 2 mg mL−1 tryptophan. The culture was incubated at 28°C for 48 hr with continuous shaking at 125 rpm. After centrifugation, a 1 mL aliquot of the supernatant was mixed with Salkowski’s reagent and incubated at room temperature for 20 minutes in darkness, as described by Islam et al. (2016). The concentration of IAA was determined by measuring the absorbance at 530 nm and using a standard curve from pure IAA solutions.




2.3.3 Hydrogen cyanide production

Hydrogen cyanide (HCN) production was performed using a nutrient agar medium with 0.44% glycine. Filter paper strips were dipped in 2% sodium carbonate solution and 0.5% picric acid and stored at 30°C for 72 hr. Colour change from orange to red to brown on the filter paper indicated the level of HCN production by the isolate, and quantitative analysis was done by examining by dipping the altered filter paper strips in double distilled water and observing at 625 nm, following Lotfi et al. (2022).




2.3.4 Siderophore assay

Siderophore assay was conducted using Chrome azurol S agar medium as described by Petrillo et al. (2021). The presence of a yellow-orange halo surrounding bacterial growth indicated siderophore production. The siderophore production index (SPI) was calculated using the formula.

[image: Formula for SPI: (colored zone + colony) / colony diameters - 1.]	




2.3.5 Oxidase and catalase enzyme

Oxidase and catalase enzyme activities were assessed using Kovacks’s reagent and a 6% H2O2 solution, respectively. Positive results for oxidase were indicated by a lavender colour, while catalase activity was confirmed by the formation of air bubbles during the test (Prajakta et al., 2019).





2.4 Seed preparation, surface coating, in-vitro/in-vivo germination assay under shade-house conditions

We collected seeds of tomato (Solanum Lycopersicum, F1 hybrid; 96 seeds) and coated them following the method described earlier (Mahdi et al., 2020). In brief, we surface sterilized seeds with 5% sodium hypochlorite solution for 1 min, shaken in 70% ethanol for 1 min and washed 5 times in sterilized distilled water followed by air-drying under a laminar hood. The culture pellets (OD600 nm = 0.8) were taken from fresh cultures via centrifugation at 10,000 rpm for 5 min. The bacterial pellets were resuspended in 10 mL of sterile distilled water, vortexed for 10 s, and used for seed treatment. The culture suspensions were used as seed dry-out with a ratio of 10 mL per (120, 96, 56) seeds for 1 hr. Next, seeds were air-dried and placed on petri plates filled with sterile filter paper. Thirty seeds were kept on each plate. The triplicates of each treatment were sustained, and seeds treated with sterile distilled water were used as a negative control. The petri plates were kept at 25°C in the dark and germination rates were observed after the 14 days of post-incubation. The total length and fresh and dry weight were measured. The germination rate and vigor index were calculated using Equations 1, 2 (Islam et al., 2016):

[image: Formula for calculating germination rate presented as a mathematical expression: Germination rate (percent) equals the number of germinated seeds divided by the total seeds, multiplied by one hundred.]

[image: Equation depicting the vigor index calculation: Vigor index equals germination percentage multiplied by total seedling length in centimeters.]




2.5 Preparation of coated tomato seeds for greenhouse assay

The tomato seeds were first put through the float test to determine their viability (Degwale et al., 2022). Seeds were placed in sterilized water and observed for their floating characteristics. Floating seeds were discarded as it may indicate their inability to germinate, however, seeds that sunk were considered viable and continued to the next stage of the sowing. Next, 5 centrifuge tubes (5 ml) were prepared for strain SW7, they were then labelled accordingly and filled with 1ml of the SW7 strain inoculum (108 cfu/ml) using a micropipette, followed by adding 10 seeds to each tube using sterilized forceps. Afterwards, the centrifuge tubes containing the inoculum and seeds were placed in the shaker at 37°C to incubate for 24 hours. In the final step, coated seeds were removed from the incubation and the inoculum was removed using the pipette which left the 50 coated seeds ready for sowing.

Once the seeds were coated, the sowing preparations began. The seedling potting trays with 50 pits each were prepared with peat moss substrate. Each tray was labelled according to treatment and placed inside the greenhouse at the International Centre of Biosaline Agriculture (ICBA, Dubai, UAE) to start the sowing process. The conditions of the greenhouse were similar to those described by (Rath and Ghosal, (2020). Small dents were made in the soil and sterilized forceps were then used to pick up each seed and plant one in each pit to cover it with soil. The trays were then irrigated and left to start the germination process in greenhouse conditions. The trays were watered 3 times daily, just enough to always keep the soil moist for seeds to germinate under ideal conditions. Once the seedlings started growing the amount of irrigation was slightly increased to accommodate the growth.

After 4 weeks of monitoring the seedling growth and collecting data under the greenhouse conditions, the well-grown seedlings were selected and transplanted from the potting trays straight to the ground inside the shade house to receive near-constant irrigation to allow continuous growth for another 4 weeks. Shade house conditions were like described by (Quamruzzaman et al., 2021). Shade house conditions were not strictly controlled, it was based on the weather, temperature, and humidity of the day. A saganizer garden hand was used to make small holes in the soil then filled with a mixture of NPK fertilizer and natural humic substance (organic soil conditioner) with a ratio of 1:3 to further help seedling growth and help transplanted seedlings grow well under the shade house field trial conditions. The seedlings were irrigated twice a day until eight weeks as described earlier (Savva and Frenken, 2002). The shoot height was measured once in a week upto eight weeks to compare the influence of strain on the growth of tomato plants (Supplementary Figure S1).




2.6 In vitro plant growth promotion attributes

The soil plant analysis development (SPAD) analyses were conducted to assess the nutritional status of the fully matured leaves (three replicates per plant and 5 plants per group) using a 502P chlorophyllometer (Konica Minolta, Inc., Tokyo, Japan). We also calculated the leaf area index (LAI) by measuring the leaf length (L) and width (W) using the following formula (L × W × 0.75; where 0.75 represents the leaf compensating factor. We collected three leaves per plant and measured the water content by calculating fresh (Fw) and dry (Dw) weight recorded after incubating at 104°C for 2 and 80°C for 72 hr and following this formula: leaf water content (%) = (Fw−Dw)/Fw∗100. Leaf density was measured using the gravimetric method, where leaf mass is divided by leaf area, typically expressed in grams per square meter (g/m²). For chlorophyll contents we collected three leaves per plant. Briefly, we mixed 0.2 g of frozen leaf samples with 4 mL dimethyl sulphoxide for 24 hr followed by the absorbance measurement at wavelengths of 663 nm, 645 nm, and 470 nm. Chl a, Chl b, Chl a + b and carotenoid contents were determined by using the following equations described by Batool et al. (2020). The statistical analyses of control vs inoculated samples were carried out using student’s t-test and the results were considered significant at P < 0.05.




2.7 DNA extraction and whole genome characterization

Genomic DNA was extracted from the overnight grown culture of strain SW7 using E.Z.N.A soil DNA isolation kit, with minor modifications. Further to perform whole genome sequencing we constructed the library using Illumina Nextera XT sample prep and index kits, as well as the MiSeq Reagent Micro Kit v2 (Illumina, San Diego, CA, USA). We performed 150 bp x 2 paired-end sequencing using MiSeq Illumina sequencer. The quality of raw reads was assessed with the FastQC V 0.12.1 quality control tool, and then using sickle the sequences were “Filter by quality” tool to remove low-quality reads (with a Phred score below 20) as well as reads with a 90% high-quality score distribution. We used SPAdes in two different ways for assembling the contigs 1. The trimmed reads were assembled using the default parameter for isolates (–isolates) and 2. We also used SPAdes from the Partic server (http://www.bv-brc.org) (Davis et al., 2019) to join forward and reverse reads and then assemble them into larger contigs using a 60-bp overlap and a 300-bp length threshold. Then the assembled contigs were polished using RACON (Vaser et al., 2017) and Pilon (Walker et al., 2014) with 2 and 4 iterations respectively. Based on the Quast 5.2.0 (Gurevich et al., 2013) assembly statistics, the assembly using Patric SPAdes had better quality with less number of contigs and mismatches. Future ragtag program (Alonge et al., 2019) was used to reorder the assembled contigs into a complete genome by filling the gaps in the sequences using a closed genome as a reference. Annotation was performed with Prokka by using the assembled genome (Seemann, 2014) and Rapid Annotation using Subsystem Technology (RAST) (Overbeek et al., 2014).

The functional annotation of predicted genes was carried out based on COGclassifier (https://pypi.org/project/cogclassifier), the amino acid sequences obtained from rast annotations was used to predict the functional genes using Kyoto Encyclopaedia of Genes and Genomes database (KEGG; http://www.genome.jp/kegg/; https://www.kegg.jp/blastkoala/; https://www.genome.jp/eg-bin/find_pathway_object), and the Gene Ontology database (GO; http://www.geneontology.org/). As a final step, DNA sequences, genes, and predicted non-coding RNA sequences were integrated into the GenBank file format and the circle map of the genome was created using the Circos version 0.69-6 (Krzywinski et al., 2009). The raw sequencing reads and assembly were deposited in the National Centre of Biotechnology Information (NCBI) database under the accession number PRJNA1068844 and the assembled genome was deposited under the accession number CP150440.




2.8 Multilocus sequence typing and phylogenomic analysis

We performed MLST analysis to identify the strain SW7 using seven house-keeping genes such as glpF (glycerol uptake facilitator protein), gmk (guanylate kinase, putative), ilvD (dihydroxy-acid dehydratase), pta (phosphate acetyltransferase), pur (phosphoribosylaminoimidazolecarboxamide), pycA (pyruvate carboxylase) and tpi (triosephosphate isomerase) (Priest et al., 2004). To confirm the taxonomic identification, we conducted a phylogenetic analysis using the Type (Strain) Genome server (TYGS) (https://tygs.dsmz.de). The genome sequences were pairwise compared with closely related genomes using Genome BLAST Distance Phylogeny (GBDP) (Camacho et al., 2009) along with B. anthracis Ames (three other strains), B. cereus ATCC 4342 (11 other Bacillus strains), 11 Bacillus sp. isolated from the international space station (ISS) (Venkateswaran et al., 2017b) and with two PGP reported Bacillus species (Bacillus sp. RZAMS9 (Bonatelli et al., 2020), and Bacillus sp. D5 (PGP) (Magotra et al., 2021) and one plasmidless B. megaterium QM B1515 (Eppinger et al., 2011). The distance from the genome blast was employed to determine the closest genome to the strain SW7. Subsequently, GGDC 3.0 was utilized to calculate the digital DNA-DNA hybridization (DDH) value and confidence intervals. These intergenomic distances were then used to infer a balanced minimum evolution tree with branch support via FASTME (V2.1.6.1), including SPR post-processing (Athmika et al., 2021), with 100 pseudo-bootstrap replicates. The rooted tree was constructed and visualized using PhyD3 (Kim et al., 2017). The OrthoANI value with the closest strain was calculated using the FastANI software (Lee et al., 2016). Also, we pairwise compare the Bacillus sp. SW7 using mauve aligner (Darling et al., 2010) with other PGP Bacillus sp. RZ2MS9 (PGPB), non-PGP Bacillus cereus (Q1 strain and S1-R2T1-FB) and Bacillus anthracis str Ames.





3 Results



3.1 Isolation, biochemical characterization and identification of bacterial strain

The strain SW7 is a gram-positive bacterium with a circular shape, cream colour, with raised elevation (7 nm diameter) on an agar plate. Biochemical tests showed that the strain was positive for oxidase, and catalase activity whereas negative for urease, decarboxylase, and ornithine decarboxylase (Supplementary Table S1). Similarly, the strain tested negative for lysine, citrate utilization, H2S production, sorbitol, rhamnose, sucrose melibiose and amygdalin. The strain utilized various carbon sources such as ortho-Nitrophenyl-β-galactoside (ONPG), arginine, tryptophan, gelatinase, glucose, mannitol, inositol and arabinose. It displayed both phosphate (clear zone 8.00 ± 0.00 mm; 83.3 g/L-1) and potassium (23.00 ± 0.57 mm; 39.6 g/L-1) solubilization activity. The strain tested positive for ammonia (0.5 ppm) and IAA (3.60 ppm) production and no HCN production and siderophore activity were recorded. The salt and heat stress assay showed the strain was able to tolerate 11% NaCl (Figure 1A) and can grow up to 50°C (Figure 1B).

[image: Three graphs display data on optical density and plant metrics. Graph A shows optical density over time for different solute concentrations. Graph B depicts optical density changes at varying temperatures over time. Graph C compares control and inoculated plant traits, such as SPAD, leaf number, and chlorophyll levels, with distinguishable red and blue bars.]
Figure 1 | The ability of Bacillus sp. SW7 strains to tolerate salinity ranging from 0-11% NaCl (A) and their heat stress tolerance, showing growth up to 50°C (B). (C) Effect of Bacillus sp. SW7 inoculation on tomato plant growth parameters. The experiment consisted of 5 trials, each performed in triplicate, and data were analyzed using Student’s t-test. Shade-house evaluation of Bacillus sp. SW7 inoculation on various growth parameters in tomato plants, with * indicating significant differences.




3.2 Seed germination and shade house assay

The strain SW7 inoculated seeds (60.60 ± 38.85%) had a significantly higher germination rate compared to the control (50.6 ± 35.04%; p-value = 0.02). However, the seedling length (4.86 ± 1.38 cm vs. 3.99 ± 0.14 cm, p-value = 0.38) and vigor index (297.1 ± 10.4 vs. 378.8 ± 107.6, p-value = 0.31) didn’t differ significantly between control and inoculated seeds.

The SW7 exhibits similar values for most plant growth parameters, including Chlorophyll a and b, total chlorophyll, carotenoids, and chlorophyll-carotenoid ratio. For example, the SPAD value varied only 0.6% between the SW7-inoculated and control plant groups. However, SW7-inoculated tomato plants exhibited significantly higher (p > 0.05) leaf numbers, density, and mass water (Figure 1C). Also, increased leaf area index and leaf water content were observed in the SW7-inoculated plants, suggesting broader leaves. These findings strongly suggest a positive impact of the inoculation treatment on the overall growth and physiological aspects of the tomato plants.




3.3 Whole-genome characterization of strain SW7

The assembled genome of strain SW7 comprises a circular genome of 5,155,809 bp with G+C content of 35.17% (Figure 2). In total, the genome consists of 5,424 predicted protein-coding sequences (CDSs), 02 rRNA, and 69 tRNA genes. The assembled genome has a completeness of 98.56% with zero percent contamination. Approximately, 4,104 protein-coding genes were predicted to be functional, and 1,320 hypothetical proteins. Among the predicted CDSs, around 3,736 CDSs (68.88%) were assigned to the Clusters of Orthologous Groups (COG) database. For more details on COG categories, KEGG pathways, Enzymatic (Reactions) Commission numbers (EC) and GO terms assigned to the strain SW7 (refer Supplementary Results S1, Supplementary Figure S2).

[image: Circular genome diagram of Bacillus sp. SW7, displaying data layers. The outermost blue circle shows the 5.1 Mb genome size. Inner rings show colored gene and RNA features. GC content is 53.17 percent, with 69 tRNA, 2 rRNA, and 5,424 CDS.]
Figure 2 | Circos plot representing the genome of Bacillus sp. SW7. The innermost circle is shown in sandy brown for GC skew, while the second innermost circle, in light violet represents for GC content. Drug target and transporter regions are indicated by black and blue lines respectively. Orange and red lines highlight virulence factor and AMR genes. The second (green) and third (purple) circles from the outside represent the CDS in the forward and reverse direction, followed by non-coding sequences represented in light cyan.




3.4 Molecular evidence of PGP potential of strain Bacillus sp. SW7

The functional genes responsible for plant growth-promoting traits were identified in the genome sequence of Bacillus sp. SW7. Bacillus sp. SW7 is identified as a non-pathogenic strain since it lacks plasmids pXO1 and pXO2, which carry the capBCAD operon for capsule protein and the gene lef, cya, and pagA responsible for the lethal factor (LF) or edema factor (EF), respectively. The genome of strain Bacillus sp. SW7 includes genes responsible for phosphate solubilization (pstA, pstB, pstC), potassium solubilization (ackA and mdh), siderophore production (dhbACBEF), indole acetic acid (ipdC), nitrogen fixation (nifS), hydrogen cyanide production (hcnA, hcnB, hcnC), catalase (katE), oxidase (qoxC), arginine decarboxylase (speA_1), beta-galactosidase (lacA), inositol (iolA & C) and sorbitol (sdhA, sdhB).




3.5 Genes conferring for PGP fitness

Bacillus sp. SW7 genome comprised of genes responsible for heat shock proteins (dnaJ, K, GrpE and groS, L), cold shock proteins (cspA, and D), and osmoregulated proline transporter gene (OpuE, opeU). Stress response protein SCP2 (yceC), general stress protein (yceD_1 and 2) are part of the genome. The genome also has some antioxidants genes (sodA1, sodA2, katE and qoxC), reflecting the need for survival under the extreme environments from where they have been isolated. We also found the xerC gene that is responsible for recombinase, which is critical for the PGP bacteria to be an effective rhizosphere colonizer.




3.6 Phylogenetic analysis

The whole genome-based taxonomic analysis using Type Strain Genome Server (TYGS) revealed that strain SW7 is closely related to the Bacillus anthracis str. Ames (Figure 3), with dDDH (d0) of 83.4%, and relatively close to other Bacillus cereus and Bacillus species isolated from the international space station with high (≥ 82%) dDDH value (Supplementary Table S2).

[image: Phylogenetic tree displaying relationships among *Bacillus* species. The tree branches out to show genetic connections, paired with a matrix indicating genome features or traits. Species names are listed alongside colored markers representing specific genomic or phenotypic attributes.]
Figure 3 | Phylogenetic identification of strain Bacillus sp. SW7. The tree was plotted using GBDP distance and inferred with FastME 2.1.6.1. GBDP distance formula d5 is used as a scale for branch length with tree rooted at the midpoint. A whole genome sequence-based tree with an average branch support of 54.4% (with δ statistical value of 0.226).




3.7 MLST analysis and ANI

Although the phylogenetic analyses suggested that the strain is closely related to Bacillus anthracis str Ames, due to the absence of pXO1 and pXO2 biomarkers, we would like to perform MLST analysis using seven housekeeping genes. This analysis reveals that the strain SW7 is identified as Bacillus cereus, with the following housekeeping genes: glp(3), gmk (23), ilv (132), pta (152), pur (38), pyc (43), and tpi (99). To assess the consistency of evolutionary distance, the SW7 genome was compared using average nucleotide identity (ANI), which shows an ANI value of 97.32% against Bacillus-sp.S1-R2T1-FB (Bacillus isolated from international space station) (Supplementary Table S3). Moreover, other Bacillus species isolated from the ISS and non-virulent Bacillus anthracis exhibit greater than 97% average nucleotide identity (ANI) to Bacillus sp. SW7 (Supplementary Table S3). Utilizing the mauve aligner, we identified that Bacillus sp. SW7 shares more homologous regions with Bacillus-sp.S1-R2T1-FB (ISS), followed by Bacillus anthracis str. Ames. Additionally, significant homology was observed with the PGP Bacillus sp. RZ2MS9 (Supplementary Figure S3).





4 Discussion

The study shows a positive effect of strain SW7 inoculation on tomato seed germination, plant leaf number, density and mass water. Moreover, the strain displays multiple PGP traits such as the ability to produce ammonia, and IAA, solubilize potassium and phosphate. It can withstand 11% NaCl salinity and 50°C of temperature. Whole-genome analysis confirms the presence of multiple PGP and stress-alleviating genes, making the strain a potential candidate as a PGP bacterium to mitigate stress in marginal environments. Furthermore, the phylogenetic analysis reveals that the strain belongs to a novel Bacillus sp.



4.1 Bacillus sp. SW7 inoculation enhanced the tomato seed germination and plant growth

We observed a significantly higher seed germination rate and higher vigor index in tomatoes after the inoculation of Bacillus sp. SW7. This is in agreement with a previous study showing that inoculation of Bacillus species such as Bacillus pumilus and Bacillus firmus enhances seed germination of tomatoes under both saline and non-saline conditions (Patani et al., 2023). Fan et al. (2016) demonstrated that the inoculation of B. megaterium increased the seed germination and vigor index in salt-affected tomato plants. Notably, a consortium involving other PGP bacteria (Paenibacillus polymyxa and Brevibacillus), B. subtilis, and B. altitudinis also increases the seed germination rate in tomatoes (Astorga-Eló et al., 2021).

Furthermore, the inoculation of Bacillus sp. SW7 proved to enhance various growth parameters of tomato plants after 8 weeks in a shade-house experiment. Leaf number, density, and mass water in the Bacillus sp. SW7 inoculated tomatoes significantly increased compared to the control group. These findings align with previous studies that demonstrated the inoculation of Bacillus species enhancing various physiological parameters in tomatoes grown in high salt conditions (Patani et al., 2023). Similarly, Bacillus cereus was found to improve plant growth parameters in soybean plants (Khan et al., 2020) and increase leaf number, length, and area index in peanuts (Arachis hypogaea) (Gohil et al., 2022), which is consistent with the findings of this study, suggesting that Bacillus sp. SW7 is a promising candidate for PGP, capable of mitigating arid conditions and enhancing plant growth.




4.2 Genomic analysis for PGP traits in Bacillus sp. SW7 and in-vitro confirmation through shade-house experiment

The genome analysis of strain SW7 revealed a size of 5.15 Mb with a GC content of 35.17%, encompassing 5,424 CDSs, consistent with previously reported genomes of related isolates in the NCBI database (Leontidou et al., 2020). A comparable genome size, GC content, and number of Coding DNA Sequences (CDS) were observed in Bacillus sp. strain RZ2MS9, known for its multiple PGP traits (Bonatelli et al., 2020).

PGP bacterial strains, in general, play a crucial role in enhancing plant development, contributing to activities like phosphate and potassium solubilization, nitrogen fixation, HCN production, and the secretion of essential plant hormones such as IAA, abscisic acid, and cytokinin etc (Hakim et al., 2021). Bacillus sp. SW7 was found to produce plant growth promoting factor NH3, demonstrated phosphate and potassium solubilization activity and produce the hormone IAA. Genome analysis uncovered the presence of genes associated with multiple PGP traits, encompassing phosphate (operon pstABC), and potassium solubilization (ackA and mdh), nitrogen fixation (only nifS), as well as the production of IAA (ipdC). Various studies have highlighted the diverse PGP potentials of Bacillus species. For example, Bacillus sp. PG-8, isolated from Panchagavya, significantly improved plant growth by solubilizing insoluble phosphate and producing IAA (Gohil et al., 2022). Furthermore, Bacillus sp. SW7 possesses a two-component signal transduction system for phosphate uptake (phoBPR genes, and the phnXW) genes crucial for the solubilization of organophosphorus phosphonate compounds, making them bioavailable for the plant. Similarly, complete traits of phosphonate solubilization gene clusters were reported in PGP Bacillus firmus I-1582, which promotes tomato growth and decreases nematode counts in the rhizosphere (Susič et al., 2020). Notably, various Bacillus species are known to have phosphate solubilization genes that promote plant growth, such as Bacillus sp. strain D5 (Bonatelli et al., 2020), Bacillus sp. Strain RZ2MS9 (Magotra et al., 2021) and B. subtilis EA-CB0575 (Franco-Sierra et al., 2020).

Phytohormones, particularly IAA, are vital for regulating the growth, division, differentiation, and response of plant cells to light and gravity (Asim et al., 2023) further promoting root expansion and nutrient uptake. Earlier studies have demonstrated the positive effects of Bacillus species on plant growth. For instance the inoculation of Bacillus sp. PG-8 (Gohil et al., 2022), Bacillus thuringiensis (Batista et al., 2021), and Bacillus siamensis (Saleem et al., 2021), has been demonstrated to enhance the growth of peanuts, tomatoes and cotton respectively. These Bacillus strains were found to alleviate stress by producing IAA. The genome of B. megaterium RmBm31 (Dahmani et al., 2020), encodes genes for multiples PGP traits including IAA, HCN, phosphate/potassium solubilization, aligning with the findings of the present study.

The Bacillus sp. SW7 harbours other PGP genes, including HCN (hcnA, hcnB, hcnC) and siderophore genes (dhbACBEF). However, both HCN production and siderophore activity was not observed in our in-vitro assessment, possibly due to the specific condition provided during the experiment. Typically, siderophores are produced under unfavourable or low-iron conditions to capture iron from the surrounding environment (Sultana et al., 2021). Studies have shown that the addition of siderophores can more effectively improve plant growth than the addition of Fe(III) (De Serrano, 2017). Genome analysis of various Bacillus strains with PGP potential, including B. subtilis EA-CB0575 (Franco-Sierra et al., 2020), B. megaterium RmBm31 (Dahmani et al., 2020), has revealed the presence of siderophore genes. Additionally, the application of Bacillus amyloliquefaciens Ba13 increased beneficial bacteria in the rhizosphere and rhizoplane of tomatoes by producing siderophores, which compete for soluble Fe(III). This competition leads to a decrease in soil fungi, and genome analysis revealed that B. amyloliquefaciens has two genes encoding siderophores (Bacillibactin) (Ji et al., 2021).




4.3 Strain SW7 phylogenetically different from B. anthracis and B. cereus and represent novel species

The whole-genome blast analysis revealed that the strain SW7 is closely related to Bacillus anthracis str. Ames. However, the strain SW7 lacks the pOX1 and pOX2 plasmids. To confirm the taxonomy, we performed MLST, which indicated that SW7 belongs to the Bacillus cereus group based on the housekeeping genes. Further, the phylogenetic analysis revealed that the strain SW7 is placed in a different clade from Bacillus anthracis str. Ames and other Bacillus cereus species, including isolates from the International Space Station (Venkateswaran et al., 2017b). About the recent phylogenetic investigation of the family Bacillaceae which are polyphyletic, it is difficult to trace the evolutionary lineages (Patel and Gupta, 2020). Herein we place the strain SW7 as a novel Bacillus species based on phylogenetics and MLST, which is phylogenetically different from B. anthracis and B. cereus. Although B. anthracis is a common soil bacterium, which are obligate and opportunistic animal pathogen belonging to Bacillus cereus sensu lato, and B. thuringiensis, some Bacillus anthracis strains lack the virulent plasmids pOX1 as well as pOX2 contributed positively to plant growth (Azeem et al., 2023).





5 Conclusion

Our study reveals that the newly identified PGP bacteria Bacillus sp. SW7 from mangrove sediments significantly improves tomato seed germination rates and increases the number of leaves and density, enhancing leaf area index compared to the untreated control group. The in-vitro and genome analysis confirm the presence of multiple PGP functions in Bacillus sp. SW7, including IAA, and NH3 production, phosphate and potassium solubilization, which contribute to tomato plant growth promotion. Furthermore, the genome encompasses stress-tolerant genes related to heat and salinity, suggesting the suitability of the strain to arid environments. These experimental evidences and genomic traits data positioned the Bacillus sp. SW7, as a promising candidate for arid agroecosystems, offers potential benefits for crop growth in marginal environments using a sustainable and environmentally friendly alternative. This study recommends the utilization of the Bacillus sp. SW7 to enhance crop growth and productivity, particularly in challenging arid agricultural settings. However, before considering the SW7 strain for larger-scale field trials, it is crucial to conduct further preliminary studies under greenhouse conditions. This should involve selecting different tomato seed varieties, assessing seed viability, and optimizing SW7 inoculation rates. Furthermore, it is recommended to evaluate the effectiveness of the SW7 strain on tomato seedling growth under varying arid agroecosystem marginal environmental conditions, such as salinity, water availability, and reduced synthetic fertilization rates. Addressing these aspects will provide a more comprehensive understanding of the SW7 strain’s potential and inform its practical implementation in agriculture.
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Arsenic (As) is a highly toxic metal that interferes with plant growth and disrupts various biochemical and molecular processes in plants. In this study, the harmful effects of As on rice were mitigated using combined inoculation of a root endophyte Serendipita indica and an actinobacterium Zhihengliuella sp. ISTPL4. A randomized experiment was conducted, in which rice plants were grown under controlled conditions and As-stressed conditions. The control and treatment groups consisted of untreated and non-stressed plants (C1), treated and non-stressed plants (C2), stressed and untreated plants (T1), and stressed and treated plants (T2). Various phenotypic characteristics such as shoot length (SL), root length (RL), shoot fresh weight (SFW), root fresh weight (RFW), shoot dry weight (SDW), and root dry weight (RDW) and biochemical parameters such as chlorophyll content, protein content, and antioxidant enzymatic activities were evaluated. The activity of various antioxidant enzymes was increased in T2 followed by T1 plants. Furthermore, high concentrations of phytohormones such as ethylene (ET), gibberellic acid (GA), and cytokinin (CK) were found at 4.11 μmol mg−1, 2.53 μmol mg−1, and 3.62 μmol mg−1 of FW of plant, respectively. The results of AAS indicated an increased As accumulation in roots of T2 plants (131.5 mg kg−1) than in roots of T1 plants (120 mg kg−1). It showed that there was an increased As accumulation and sequestration in roots of microbial-treated plants (T2) than in uninoculated plants (T1). Our data suggest that this microbial combination can be used to reduce the toxic effects of As in plants by increasing the activity of antioxidant enzymes such as SOD, CAT, PAL, PPO and POD. Furthermore, rice plants can withstand As stress owing to the active synthesis of phytohormones in the presence of microbial combinations.
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1 Introduction

The discharge of substances such as arsenic (As), chromium (Cr), and cadmium (Cd) into the environment from various sources such as agricultural chemicals, industrial activities, and wastewater has notable implications. These toxic metals can adversely affect the microbial composition of the soil, leading to a chain of effects on soil properties and agricultural productivity (Alengebawy et al., 2021). As is a toxic metalloid that can be released from both natural and human-made sources. When groundwater is utilized for irrigation, As accumulates and intensifies in crops along the food chain. This elevation in surface levels of the As poses risks to human health, potentially leading to cognitive impairments and an increased risk of cancer (Genchi et al., 2022). Additionally, As hampers photosynthesis and diminishes transpiration efficiency in plants. Its accumulation in plants is influenced by their genetic makeup, and since it also builds up in soil, remediation efforts become challenging, rendering a significant portion of agricultural land that is unsuitable for cultivation (Gupta et al., 2022).

Plants typically absorb As in both pentavalent As (V) and trivalent As (III) forms. Among them, As(III) is more toxic and can interrupt various cellular processes and has been shown to react with sulfhydryl groups of proteins and enzymes, thereby leading to inhibition of cellular processes and eventually resulting in impaired plant development (Shri et al., 2009). To reduce As stress, plants have evolved several molecular processes, such as synthesis of phytochelatins (PC), glutathione, and antioxidant enzyme systems (Das and Roychoudhury, 2014). Since rice is a primary food source for world’s population, it is crucial to reduce As levels in rice (Sharma et al., 2024). One potential sustainable strategy we can employ to address the issue is utilizing microorganisms, either separately or in combination. Several studies suggest that microbial consortia tend to outperform individual strains in various tasks. Examples include breaking down plant polymers such as cellulose, executing multi-step processes, metabolizing complex substances, and ensuring stability in volatile environments. The utilization of microbial consortia is necessary because certain activities cannot be accomplished by a single microbe alone (Kuiper et al., 2004; Santoyo et al., 2021). These microorganisms also diminish the harmful effects of heavy metals by transforming them into less harmful forms and storing them in vacuoles, which enhance metal sequestration (Tarekegn et al., 2020; Skuza et al., 2022; Jeyakumar et al., 2023).

Plants and microorganisms could survive in an environment polluted with metals by releasing growth-promoting substances, including phytohormones that act as signaling molecules and aid in plant growth (Tiwari et al., 2020). Microorganisms colonize rhizosphere and help in abiotic stress tolerance by secreting various compounds, such as indole acetic acid (IAA), antioxidants, volatile compounds, osmolytes, and exopolysaccharides (Rajkumar et al., 2009). Phytohormones involving IAA, gibberellin (GA), and brassinosteroid (BR) boost growth of plants in various biotic and abiotic stresses (Hirayama, 2022). These phytohormones act as signaling molecules in cascade of biological and enzymatic reactions (Saad et al., 2022; Yadav et al., 2023). These pathways regulate gene expression involved in plant defense by producing metallothioneins (MTs), phytochelatins (PCs), etc. Salicylic acid (SA) is chief phytohormone that regulates photosynthesis, osmoregulation, and antioxidant defense systems by switching on various enzymes involved in tolerance of abiotic stress (Kaya et al., 2019; Awad et al., 2022). Understanding the entirety of microbial communities and evaluating the capacity of each microorganism to break down soil contaminants are vital aspects for successful bioremediation, as highlighted by Jacques et al. (2008). It is essential to grasp how bacterial and fungal groups react to metal toxicity, their interplay, and involvement in reducing metal impacts, as emphasized by Yadav et al. (2023).

S. indica is a root endophytic fungus which is well known for its plant growth promotion ability, while Zhihengliuella sp. ISTPL4 is an actinobacterium isolated from Pangong lake, Ladakh (Varma et al., 2014; Mishra et al., 2020). It was observed that S. indica grew under several heavy metals, such as As and Cd (Mohd et al., 2017; Abedi et al., 2023). Similarly, growth of Zhihengliuella sp. ISTPL4 was also observed in the presence of Cr (Mishra et al., 2020). However, there are no previous experimental investigations utilizing this specific microbial combination for mitigating As in rhizospheric soil. Nevertheless, there are documented instances where the joint inoculation of S. indica and Z. sp. ISTPL4 has been reported to promote plant growth in rice (Sharma et al., 2023). In this study, we tested a combination of a fungus and a bacterium to examine their impact on the growth and development of rice plants in the context of As stress. The fungal and bacterial strains used in this study are Serendipita indica and Zhihengliuella sp. ISTPL4. We conducted a series of experiments both in the laboratory and pots, with the following specific objectives: (i) to evaluate the tolerance of S. indica and Z. sp. ISTPL4 to As in vitro, (ii) to examine the effect of this combination on rice growth under As stress, (iii) to measure the levels of various antioxidant enzymes (CAT, PAL, LOX, PPO, and SOD) and phytohormones in rice plants under both control and stress conditions (with and without microbial treatment), and (iv) to assess the impact of this combination on As accumulation in rice plants. Our results indicate that this combination of microbes has the potential to act as a bioinoculant, promoting plant growth under various abiotic stress conditions, thereby supporting sustainable agricultural practices.



2 Methodology


2.1 Microorganisms

S. indica was grown in Hill and Kaefer (H & K) medium by inoculating a 4-mm fungal disc of S. indica followed by keeping the culture at 28 ± 2° C for 15 days. Similarly, Zhihengliuella sp. ISTPL4 was also grown in Luria–Bertani broth by inoculating a single colony of Z. sp. ISTPL4 and keeping the bacterial culture in incubation at 28 ± 2° C for 24 h at 120 rpm.

The biocompatibility of S. indica and Z. sp. ISTPL4 was checked according to the methodology by Sharma et al. (2023). The interaction between both the microbes was analyzed on modified medium (a combination of Hill and Kaefer medium and Luria–Bertani agar in 1:3 ratio). A 4-mm fungal disc was inoculated followed by streaking a secondary culture of Z. sp. ISTPL4 on 5th day of fungal inoculation (dafi) around the periphery, and then, plates were kept for incubation at 30° C for 20 days (Hill and Kafer, 2001).

The heavy metal tolerance capability of the combined culture of S. indica and Z. sp. ISTPL4 was checked at varying range of As (0.2, 0.9, 1.4, 1.9, 2.4, and 2.6 mM), to examine the effect of As on their growth. Medium used for their growth was Hill and Kaefer agar in combination with Luria–Bertani agar (1:3)(Hill and Kafer, 2001; Sharma et al., 2023, 2024).



2.2 In vitro rice experiment

An in vitro experiment was performed to check the growth of seedlings of Oryza sativa (Taipei) under varying concentrations of As. Germination of rice seedlings was checked in half-strength Murashige and Skoog (MS) medium followed by adjusting pH of medium at 5.8. The concentration range of As was from 0.2 to 1.2 mM (Murashige, 1962).



2.3 Plant experimental conditions

Bioremediation capability of S. indica and Z. sp. ISTPL4 was determined by conducting a pot experiment in bio hardening laboratory (Amity Institute of Microbial Technology (AIMT), Amity University, Uttar Pradesh, India). Oryza sativa (Japonica rice, Taipei 309) seeds were collected from NIPGR, New Delhi, India. Seed sterilization was performed by adopting the methodology by Yadav et al. (2023). After seed sterilization, seeds were kept for germination on sterile sheet in Petri plate before sowing (for 3 days, 22°C in dark). Pre-germinated seeds were then added to a germination dish containing autoclaved soil. Heavy metal was mixed in autoclaved soil. The methodology for mixing heavy metal was adopted by Dabral et al. (2019). Sodium arsenate (200 mg kg−1 and 400 mg kg−1) was added to soil (mM unit was converted to mg kg−1). The process was conducted in plastic trays followed by keeping soil for incubation at 22°C for 60 days for immobilization and stabilization of metal. After that, soil was added to pots (height: 11 cm, Width: 9 cm, and soil capacity: 265gm). Pre-germinated seeds were then transferred to the soil. Four seeds were added to each pot. There were four sets of treatment (1) C1 (untreated and non-stressed plants), (2) C2 (treated and non-stressed plants), (3) T1 (stressed and untreated plants), and (4) T2 (stressed and treated plants), respectively.



2.4 Microbial inoculation

After 7–10 days of seed germination, 1 mL of spore of fungus with spore count of 4.85 × 107 mL−1 was inoculated around the rhizospheric soil of respective pots. In total, 1 mL of bacterial culture (optical density 0.4) was inoculated in the respective plants at 5 dafi (Sharma et al., 2023).



2.5 Phenotypic traits

SL, RL, SFW, RFW, SDW, and RDW were checked for each plant (40 days of experiment). SDW and RDW were checked by keeping roots and shoots in hot air oven (48 h, 80° C) (Tyagi et al., 2023).



2.6 Root colonization

Root colonization was checked after 10 days of microbial inoculation by cleaning plant roots and cutting into small pieces. Excised root then heated in 10% KOH (potassium hydroxide) for 15 min. Roots were treated with 1 N HCl and then kept in a water bath (3 min, 40° C) and stained with trypan blue (0.02%) overnight. Excess stain was removed with the help of 50% lactophenol. Fungal spores were visualized at 10x magnification using Nikon light microscope (Nikon eclipse E600, Japan) (Dabral et al., 2020). Root colonization was checked using following formula:

Root colonization percentage = (No of roots fragments colonized/Total root fragments) x 100.



2.7 Biochemical traits


2.7.1 Chlorophyll content

It was measured by adding 1 gm plant sample (leaf) with 10 mL acetone (80%) followed by incubation of 24 h in dark. Chl a and Chl b were calculated by taking optical density (OD) at 663 and 645 nm, respectively (Arora et al., 2016).

[image: Formula for chlorophyll a concentration: chlorophyll a equals open parenthesis twelve point seven two times A subscript six six three minus two point five nine times A subscript six four five close parenthesis times V divided by open parenthesis m times one thousand close parenthesis.]

[image: Chlorophyll b is calculated using the formula: Chl b equals open parenthesis 22.88 times A subscript 663 minus 4.67 times A subscript 645 close parenthesis times V divided by open parenthesis m times 1,000 close parenthesis.]

[image: Equation showing total chlorophyll concentration in milligrams per gram equals chlorophyll a plus chlorophyll b.]



2.7.2 Protein content

It was estimated using the methodology by Bradford (1976). This was performed by mixing 0.1 gm of dried plant sample in 0.01 M buffer (potassium phosphate). The resulting solution was then centrifuged (12,000 rpm, 4°C, 10 min). In total, 1 mL of Bradford reagent was mixed in 0.05 mL extracted sample followed by incubation at RT for 10 min. OD was checked at 595 nm (Shimadzu UV-1700, Tokyo, Japan) (Bradford, 1976).



2.7.3 Total soluble sugar (TSS)

It was determined by adding 100 μL of plant methanolic extract to 3 mL of anthrone reagent, (200 mg anthrone, 100 mL of 72% H2SO4), followed by keeping it at incubation (10 min, 100° C) in water bath. OD of sample was measured at 620 nm. Standard glucose curve was plotted using glucose range (20– 400 μg mL -1) to determine total soluble sugar (Wang et al., 2006).



2.7.4 Phenolic and flavonoid content

The phenolic content was estimated by taking 100 mg of lyophilized sample of plant in 10 mL methanol to form even suspension, keeping it overnight in a shaker and sonicated (30 min). In total, 1.15 mL deionized water was mixed in 20 μL methanolic extract and 300 μL Folin–Ciocalteu (F-C) and 200 mM disodium carbonate and kept it for incubation at 40° C. OD of the resulting mixture was checked at 765 nm. Gallic acid standard curve was plotted (Gao et al., 2000).

Total flavonoid content was determined by adapting the methodology by Chang et al. (2002). It was performed by adding 500 μL of methanolic extract to 2% AlCl3 (aluminium chloride) followed by keeping it in incubation for 1 h. OD was measured at 420 nm (Chang et al., 2002).



2.7.5 Malondialdehyde assay (MDA)

It was measured by taking 0.1 gm of lyophilized plant sample in 5 mL of reaction buffer containing 10% trichloroacetic acid (TCA) and 0.6% thiobarbituric acid (TBA). The resulting mixture was then centrifuged (12,000 rpm, 20 min). The supernatant was mixed in 2 mL of reaction buffer and kept for incubation at 98° C for 15 min. Again, centrifugation was performed at 12,000 rpm for 10 min. MDA activity was checked (450, 600, and 532 nm) (Li et al., 2010) according to the formula mentioned below:

[image: Equation for measuring malondialdehyde (MDA) concentration: MDA in micromolar MDA per gram fresh weight equals 6.45 times the quantity A sub 532 minus A sub 600 times A sub 450 minus 0.56.]




2.8 Total antioxidant activity


2.8.1 DPPH (1,1- diphenyl-2- picrylhydrazyl)

It was determined by adding 0.21 gm of DPPH to 100 μL methanol followed by incubation at 20° C. This freshly made DPPH sample was then further diluted, and 500 μL of it was mixed in 500 μL samples of varying range of 25–250 μg ml −1 and then further incubated (15 min). OD was checked at 517 nm (Sharma and Bhat, 2009). DPPH activity was evaluated as follows:

[image: Formula for calculating percentage inhibition: percent inhibition equals open parenthesis OD A minus OD B close parenthesis divided by open parenthesis OD A close parenthesis times one hundred.]

(A: control, B: sample)




2.9 Antioxidant enzyme activity


2.9.1 Lipoxygenase (LOX)

Activity of LOX enzyme was determined using the methodology by Axelrod et al. (1981). It is carried out by mixing 50 μL of crude enzyme sample in 2.4 mL of reaction mixture (100 mM potassium phosphate buffer with pH 6.4, and linoleic acid, (10 mM)). OD of solution was measured at 234 nm (Axelrod et al., 1981).



2.9.2 Phenylalanine ammonia lyase (PAL)

It was determined by adopting the methodology by Mori et al. (2001). OD of reaction mixture was measured at 290 nm (37° C, 30 s each). Reaction mixture was made by adding 200 μL of phenylalanine (40 mM) to 200 μL of enzyme extract and 400 μL of 100 mM buffer (Tris–HCL) with pH 8.9 (Mori et al., 2001).



2.9.3 Polyphenol oxidase (PPO)

It was determined by adopting the methodology by Weisany et al. (2012). For doing this, 50 μL of crude enzyme was mixed in reaction solution (0.1 M catechol and, 100 mM potassium phosphate buffer, with pH 5.8). OD of solution was measured at 420 nm (Weisany et al., 2012).



2.9.4 Superoxide dismutase (SOD)

It was determined using the methodology by Dhindsa et al. (1981). For this, 50 μL of crude enzyme was mixed in mixture (0.1 M potassium phosphate buffer with pH 7.9, 3 mM EDTA, 2 mM NBT, 200 mM methionine, and 75 μm riboflavin). The resulting solution was kept at 25 ° C under white light for 15 min, and OD was measured at 560 nm (Dhindsa et al., 1981).



2.9.5 Catalase (CAT)

Estimation of CAT was performed using the procedure adopted by Tyagi et al. (2017). For doing this, shoot sample weighing 100 mg was mixed in 100 mM phosphate buffer (pH 6.5). The resultant mixture was centrifuged at 12,000 rpm (20 min, 4° C). Crude enzyme sample (50 μL) was mixed in H2O2 phosphate buffer. OD was measured at 240 nm (Tyagi et al., 2017).




2.10 Phytohormone production

Phytohormone accumulation in plant was estimated by taking 10 mg lyophilized sample of leaf (FW), and this lyophilized sample was mixed in 1000 μL methanol and 4 μL standard mixture of phytohormones. High-performance liquid chromatography (HPLC, Agilent 1,260) was used to check phytohormone analysis (Agilent Technologies, United States), which was equipped with API tandom mass spectrometer with turbo spray. Phytohormones were separated on Zorbax Eclipse, XDB-C 18 column (4.6 × 50 × 1.8) mm with two mobile phases having 0.05% CH2O2 in acetonitrile and water. IAA, ET, CK, and SA were analyzed using multiple reaction monitoring. ANALYST 1.6 software was used to analyze bulk data. The linearity of ionization efficiency was validated by analyzing repeated dilution of a standard mixture. Phytohormone level was determined in reference to relevant internal standard (Vadassery et al., 2012).



2.11 Atomic absorption spectroscopy (AAS)

As content in shoot and root samples was measured using AAS (Varian AA240 system). Samples were digested using tri acid including sulphuric acid, nitric acid, and perchloric acid (1:5:1) until a translucent mixture was formed. The resulting sample was separated using Whatman filter paper 42 followed by adjusting volume to 18 mL by adding double distilled water. Each test was conducted in five sets, and their findings were denoted as mean ± SD (Bankaji et al., 2023).



2.12 Statistical analysis

Every experiment was conducted in five sets. The significant variations were found out by using two-way analysis of variance (ANOVA) and Student’s t-test, with p-value ≤0.05. Values are mean ± SD of five samples for each group.




3 Results


3.1 In vitro experiment

Growth of combined culture of S. indica and Z. sp. ISTPL4 was monitored at varying range of As. It was stated that both were able to grow at 2.6 mM concentration of As. Minimum inhibitory concentration (MIC) of both the microbes in combination was 2.6 mM (Figure 1A). Similarly, in- vitro growth of germinated rice seedling was also checked at different ranges of As. It was observed that the seedlings were able to germinate at 1.2 mM As concentration (Figure 1B).

[image: Panel A shows six petri dishes with mushroom cultures, labeled as Control, 0.4 mM, 0.9 mM, 1.9 mM, 2.1 mM, 2.4 mM, and 2.6 mM, displaying varying growth patterns. Panel B shows six petri dishes with plant seedlings, labeled as Control, 0.2 mM, 0.4 mM, 0.6 mM, 0.9 mM, and 1.2 mM, displaying different growth stages.]

FIGURE 1
 Effect of different concentration of As (V) on (A) the growth of combined culture of Serendipita indica and Zhihengliuella sp. ISTPL4, respectively, under in vitro conditions (0.4– 2.6 mM), (B) growth of rice seedlings (0.2–1.2 mM).




3.2 Phenotypic traits

Plant growth was assessed in pot experiments, and the root morphology of rice plants was also checked (Figure 2A). Root colonization was decreased to 41% in T2 plants when compared with C2 plants (Figures 2B–D).

[image: (A) Four potted plants in blue containers labeled C1, C2, T1, T2, showing varied growth. (B) Root systems of each plant, with notable differences in density and length. (C) Bar graph comparing root colonization percentage, showing higher values for C2 and T2. (D) Microscopic images of root colonization for each plant, highlighting differences in fungal presence.]

FIGURE 2
 Growth of rice plants (A) under normal and microbial-treated conditions (C1: control, C2: inoculated and non-stressed, T1: non-inoculated and stressed, T2: inoculated and stressed), (B) root morphology of C1, C2, T1, and T2 plants, (C) percent root colonization by S. indica spores in C2 and T2 plants, (D) microscopic images showing root colonization in C1, C2, T1, and T2 plants, respectively; (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).


The results of phenotypic traits indicated that there was 48% increase in SL, and 35% increase in RL of C2 and SL and RL of T2 were increased by 26 and 23% than C1 plants. Similarly, SL of T2 plants was increased by 19% than T1 (Figures 3A,B). SFW and RFW of C2 were assessed, and it was observed that SFW and RFW were 66 and 60% higher than C1 plants, respectively (Figures 3C,D). SDW and RDW of T2 were 33 and 37% higher than that of T1, respectively (Figures 3E,F).

[image: Bar graphs show comparisons of different plant measurements across four groups: C1, C2, T1, and T2.   A. Shoot length: C2 is highest. B. Root length: C2 is highest, T2 also significant. C. Shoot fresh weight: C2 is highest. D. Root fresh weight: C2 is highest, T2 also significant. E. Shoot dry weight: C2 is highest. F. Root dry weight: C2 is highest, T2 also significant.   Asterisks indicate statistical significance.]

FIGURE 3
 Estimation of various physical parameters including (A) SL, (B) RL, (C) SFW, (D) RFW, (E) SDW, and (F) RDW (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).




3.3 Biochemical traits

The results of chlorophyll content indicated 38% increase in C2 plants than in C1 plants. In T2, chlorophyll content was 22% higher than in T1 (Figure 4A). Similarly, the findings of TSS indicated 109 and 87% more in shoots and roots of C2 than that of C1. TSS of shoots and roots of T2 were 60 and 55% higher than that of T1 (Figures 4B,C), respectively. Total protein content increased by 25.8 and 27% in shoots and roots of C2 than that of C1, whereas it was 37 and 48% higher in shoots and roots of T2 than that of T1, respectively (Figures 4D,E).

[image: Five bar graphs labeled A to E compare different content levels among groups C1, C2, T1, and T2. Graph A shows chlorophyll content, highest in C2. Graph B shows TSS shoot content, with C2 and T2 having similar high values. Graph C displays TSS root content, highest in T2. Graph D depicts protein content in shoots, with C2 highest. Graph E presents protein content in roots, where C2 again has the highest values. Asterisks indicate significance levels.]

FIGURE 4
 Impact of combined inoculation of S. indica and Z. sp. ISTPL4 on various biochemical parameters including (A) chlorophyll content, (B) total soluble sugar (TSS) leaves, (C) total soluble sugar (TSS) roots, (D) protein content of leaves, (E) protein content of roots; (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).




3.4 Production of secondary metabolites

Phenol and flavonoids are secondary metabolites generally released when plants experience stress. They promote plant growth by functioning as antioxidants, protecting against pathogens, and stimulating plant hormone secretion. The analysis of total phenolic content showed that the levels were 22 and 46% higher in the shoot and root, respectively, of C2 compared with C1. Similarly, the analysis of total phenolic content showed that the levels were 34 and 41% higher in the shoots and roots of T2 than that of T1, respectively (Figures 5A,B). The findings of flavonoid content revealed 34 and 54% rise in shoots and roots of C2 than C1, respectively. There was 44 and 69% increase in shoots and roots of T2 than that of C1 (Figures 5C,D).

[image: Bar charts illustrating the total phenols and flavonoids in shoots and roots. Chart A shows total phenols in shoots; Chart B in roots. Chart C displays total flavonoids in shoots; Chart D in roots. Each chart compares four groups: C1, C2, T1, and T2, with T2 consistently showing the highest values. Error bars indicate variability, while asterisks denote statistical significance.]

FIGURE 5
 Influence of combined inoculation of S. indica and Z. sp. ISTPL4 on phenolic and flavonoid contents of (A) leaves, (B) roots, (C) leaves, and (D) roots of rice plants; (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).


MDA content in shoots and roots of rice plant was checked, which indicated a decrease in MDA by 46 and 60% in shoots and roots of C2 than that of C1. Similarly, it was 52 and 63% less in T2 than T1, respectively (Figures 6A,B).

[image: Four bar charts labeled A, B, C, and D compare different treatments. Chart A shows MDA levels in shoots, with T1 significantly higher. Chart B shows MDA levels in roots, with T1 highest. Chart C shows percent inhibition in shoots, with T2 slightly higher than others. Chart D shows percent inhibition in roots, with T2 leading. The treatments are C1, C2, T1, and T2. Statistical significance is indicated with asterisks.]

FIGURE 6
 Effect of combined inoculation of S. indica and Z. sp. ISTPL4 on antioxidant enzyme activities including MDA and DPPH activity in (A) leaves, (B) roots, (C) leaves, and (D) roots, respectively; (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).




3.5 Antioxidant activities

DPPH activity of plant was also determined, which revealed 40 and 57% increase in DPPH activity of shoots and roots of C2 than that of C1. Similarly, DPPH activity of plant was 22 and 64% higher in shoots and roots of T2 than that of T1, respectively (Figures 6C,D).



3.6 Influence of microorganisms on enzymatic antioxidant activity

Activity of LOX enzymes in shoots and roots of C2 was determined which showed 15 and 26% increase than C1. Similarly, it was 57 and 73% high in T2 than in C1. LOX activity of T2 was also observed, and it was 31 and 79% higher than in T1 (Figures 7A,B). An increase in PAL activity of shoots and roots of C2 was reported than C1. It was 62 and 100% higher than C1. Similarly, PAL activity of T2 was 28 and 59% higher than that of C1, respectively, while it was 19 and 34% higher than shoots and roots of T1 (Figures 7C,D).

[image: Bar charts labeled A to D compare enzyme activity levels in different plant parts. Chart A shows LOX activity in the shoot, chart B shows LOX activity in roots, chart C shows PAL activity in the shoot, and chart D shows PAL activity in roots. Each chart compares four conditions: C1, C2, T1, and T2, with activity increasing from C1 to T2. Statistical significance is indicated by asterisks, with one asterisk for p < 0.05 and two asterisks for p < 0.01. Error bars represent standard deviation.]

FIGURE 7
 Impact of combined inoculation of S. indica and Z. sp. ISTPL4 on activities of stress enzyme including LOX and PAL activity of (A) leaves, (B) roots, (C) leaves, and (D) roots, respectively; (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).


An increased PPO activity in shoots and roots of C2 was observed that denoted 44 and 51% rise than C1. Similarly, PPO activity in shoots and root of T2 was 73 and 78% higher than C1, respectively, and 39 and 42% more than T1 (Figures 8A,B). Activity of superoxide dismutase in shoots and roots of C2 was measured, which showed an increase in 51 and 57% than C1, respectively (Figures 8C,D). Catalase activity of shoots and roots of C2 was 43 and 54% more than C1. Similarly, it was 68 and 76% higher in T2 than in C1, respectively. It is 24 and 52% higher in T2 than in T1 (Figures 8E,F).

[image: Six bar graphs labeled A to F compare enzyme activity levels in shoots and roots across four conditions: C1, C2, T1, and T2. Graphs A and B show PPO activity; C and D show SOD activity; E and F show CAT activity. T2 consistently exhibits the highest activity levels. Statistical significance is marked by asterisks, with T2 being significantly higher than the others in most graphs.]

FIGURE 8
 Effect of combined inoculation of S. indica and Z. sp. ISTPL4 on activities of stress enzyme including PPO, SOD, and CAT activity of (A) leaves, (B) roots, (C) leaves, (D) roots, (E) leaves, and (F) roots, respectively; (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).




3.7 Phytohormones and heavy metal accumulation

The accumulation of phytohormones in rice under As stress condition was examined, revealing elevated levels of ET, CK, and JA in T2 compared with T1, with concentrations of 4.1, 3.62, and 2.5 μmol mg−1 of FW, respectively. Conversely, the concentration of other hormones such as BR was lower in T2 plants than in T1 plants (refer to Supplementary Table S1). Furthermore, melatonin, verbascoside, and ABA were found to be present in higher concentrations in T2 plants, followed by T1 and C2 plants, respectively.

Atomic absorption spectroscopy was used to find out As accumulation in T1 and T2 plants grown in soil, which was previously mixed with 200 and 400 mg kg−1 of As concentration, respectively. It was observed that As accumulation was 105 and 91 mg kg−1 in shoot of T1 and T2 plants and 120 and 131.5 mg kg−1 in root of T1 and T2, respectively (at 200 mg kg−1 As in soil). Similarly in case of T2, As accumulation was 180 and 220 mg kg−1 in shoots and roots, repectively (at 400 mg kg−1 As in soil). It was reported that growth of T1 plants was only observed at 200 mg kg−1 of As concentration (Figure 9).

[image: Bar chart titled "Arsenic transport analysis" showing arsenic concentration in milligrams per kilogram. Four bars represent different treatments: T1 (shoot) at 200 mg kg^-1, T1 (roots) at 200 mg kg^-1, T2 (shoot) at 400 mg kg^-1, and T2 (roots) at 400 mg kg^-1. T2 (roots) has the highest concentration, followed by T2 (shoot), T1 (roots), and T1 (shoot). Statistical significance is indicated with asterisks.]

FIGURE 9
 Atomic absorption spectroscopy to determine the As uptake in shoot and roots of T1 and T2 plants, respectively (T1: plants under As stress at 200 mg kg−1 concentration in soil and T2: plants grown under As stress and microbial-treated conditions at 400 mg kg−1 in soil; growth of T1 plants was not observed at 400 mg kg−1 As concentration); (values are means of five biological replicates with standard error, p < 0.05) (‘*’: p ≤ 0.05; ‘**’: p ≤ 0.01; and ‘***’: p ≤ 0.001).





4 Discussion

To reduce detrimental effects of HMs on agricultural output and manage abiotic stresses, a variety of fungal and bacterial species are helpful (Bilal et al., 2018). In the current investigation, growth of S. indica in combination with Z. sp. ISTPL4 was studied at varied concentrations of As, and it was discovered that both were able to grow at 2.6 mM range of As (Figure 1A). Similarly, HM tolerance ability was observed in various fungal species, such as Mucor and Trichoderma (Moya, 2014). The germination of rice seedlings was also determined at varying concentration range of As by carrying out an in vitro experiment which indicated better germination at 0.9 mM of As concentration and minimum seedling germination at 1.2 mM of As concentration. Similar experiment was also carried out by researchers to observe the impact of As on rice seedling germination. They reported better growth of rice seedlings at 4 mg As L−1, while the germination was minimum at 8 mg As L−1 (Abedin and Meharg, 2016).

Rice growth was measured in terms of various physical parameters such as SL, RL, number of shoot, and number of lateral root. As-treated rice plants showed reduction in SL, RL, and biomass than non-stressed plants. Singh et al. (2016) also reported shorter SL and RL of As-treated rice plants when compared with Brevundimonas diminuta-treated rice plants (Singh et al., 2016). The results of other study were also consistent with our study, and they reported reduced SFW, SDW, RFW, and RDW in As-stressed plants (Hartley-Whitaker et al., 2001). It may be because roots are primary location for As interaction, and its accumulation in root vacuole resulted in decreased RL. Upadhyay et al. (2016) reported increased SL and RL of rice plants when treated with Nannochloropsis sp. and C. vulgaris that is similar to our results, which indicated that plants treated with microbial combination (C2) showed significant increase in SL, RL, and number of lateral roots in contrast to control plants (C1).

In the case of T2 plants, an improved SFW and RFW was reported in contrast to T1 plants (31 and 39%, respectively). Similarly, In T2 plants, SDW and RDW were enhanced by 33 and 37%, respectively, than in T1. Root colonization percentage indicated an increased root colonization in C2 than in T2 plants. Similarly, an increase in root colonization percentage was also reported in Stevia rebaudiana treated with P. indica and A. chrococcum than their respective control (Kilam et al., 2015). There was 38% increase in chlorophyll content in C2 compared with C1 and a 22% increase in T2 compared with T1, respectively. Upadhyay et al. (2016) reported higher chlorophyll content in the shoot of rice plants treated with C. vulgaris and Nannochloropsis sp. in comparison to control plants (Upadhyay et al., 2016). Plants inoculated with S. indica exhibit higher chlorophyll levels under As stress possibly due to upregulation in the expression of genes involved in chlorophyll synthesis upon inoculation of S. indica (Jogawat et al., 2016). The results of total soluble sugar content were 60 and 55% higher in shoots and roots of T2 than that of T1. It could be due to stress-induced osmotic imbalances, leading to dehydration of various biomolecules and reduction in overall solubility. However, microbes help in increasing total soluble sugar by enhancing the uptake of essential nutrients such as nitrogen, phosphorus, potassium, and carbon. These sugars then serve as antioxidants and osmoprotectants, aiding plants in managing metal stress (Mishra et al., 2016; Khan et al., 2020a,b). In T2 plants, there was 37% increase in protein content in shoot when compared with T1 plants. It might be due to more nutrient availability and low As toxicity.

Phenolic compounds help in protecting plants under stressed conditions (Sharma et al., 2020). They are ROS scavangers that are released during stressed conditions (Corradini et al., 2011). In T2 plants, there was a 34% increase in phenolic content in the shoot and a 41% increase in the root compared with T1 plants. Additionally, the total flavonoid content was 37% higher in shoots and 32% higher in roots of T2 plants compared with T1. Microbes help in stress tolerance in plants by releasing ROS scavengers, such as various antioxidant enzymes, which detoxify ROS that is generated during oxidative stress (Xiao et al., 2020; Wang et al., 2020b). Increased ROS accumulation results in degradation of membrane lipids which resulted in an increased accumulation of MDA as observed in As-treated rice plants (Upadhyay et al., 2016). Our findings indicated a 46 and 60% increase in MDA activity in the shoots and roots of C1 compared with C2 and a 52 and 63% increase in MDA activity in the shoots and roots of T1 compared with T2, respectively.

Various antioxidant enzymes such as LOX, SOD, PAL, PPO, and CAT released in stress conditions and help plant to cope with stress (Ghorbanli et al., 2013). Activity of these stress enzymes was measured in rice plants under As stress. There was 31 and 79% more LOX activity in the shoots and roots of T2 than T1. PAL activity also indicated an increase in T2 than in T1. PPO activity was 39 and 42% higher in shoots and roots of T2 than in T1 plants. It was reported that an increased activity of CAT, PAL, and SOD in rice was observed after the application of SA (Wang F. et al., 2020). Various reports revealed the indirect role of rhizobacteria in increasing the ROS scavenging enzyme activity under As stress (Wang J. et al., 2020; Xiao et al., 2020). In T2 plants, SOD activity in shoots and roots of T2 was increased by 76 and 70% as compared with T1 plants, respectively. Awasthi et al. (2018) noted similar increased SOD activity in rice seedlings that were subjected to treatment with C. vulgaris and Pseudomonas putida compared with untreated rice plants (Awasthi et al., 2018).

Phytohormones are organic compounds which help in boosting plant growth and increasing plant tolerance to various biotic and abiotic stresses. Stress increases the level of some phytohormones, which function as precursor molecules in signaling pathways (Khan et al., 2020a,b). An increased phytohormone accumulation including IAA, GA, ET, ABA, and CK was reported in T2 plants under As stress. Singh et al. (2019) also reported similar findings, and they observed high accumulation of IAA and CK in microbial-treated Pisum sativum L. These hormones activate gene expression involved in secondary metabolite production and take part in molecular signaling pathways (Salvi et al., 2021). In the current study, melatonin concentration increased in T2 plants than T1 and C1 plants, respectively. Accumulation of SA was higher in T2 plants followed by T1 plants. Jan et al. (2019) also reported an increased concentration of SA in microbial-treated Cd-stressed plants as compared with Cd-stressed plants (Jan et al., 2019). It may be because of the secretion of various metabolites and antioxidants by microbes that lower the heavy metal-mediated oxidative stress in plants. Similarly, other phytohormones such as JA and antioxidant-like verbascoside were secreted in higher concentration in T2 plants followed by T1, C2, and C1 plants, respectively. JA and verbascoside are released during ROS-mediated oxidative stress. Following plant exposure to heavy metals, these molecules can increase biomass production and reduce MDA content. They can also lessen oxidative stress caused by ROS by breaking down ROS derivatives such as OH- and H2O2 in leaves and use oxidative stress to regulate transcriptional pathways (Emamverdian et al., 2015).

In T2 plants, there was more accumulation of As in roots followed by shoot (131.5 and 91 mg kg−1), while no major change was observed in As accumulation in shoots and roots of T1 plants (105 and 120 mg kg−1, respectively) at 200 mg kg−1 concentration of As in soil. It was also observed that T2 plants were able to grow at 400 mg kg−1 concentration of As, and no growth of T1 plants was observed. Our results are similar to the findings by Upadhyay et al. (2016), who also reported an increased As accumulation in roots of rice plants treated with microbial combination of Nannochloropsis sp. and C. vulgaris. The high concentration of As in roots is due to its significant buildup in root vacuoles, where compartmentalization leads to its accumulation.

The uptake of As in rice plants under control (T1) and microbial-treated plants (T2) was described according to the mechanism explained (Figure 10). It was observed that in T1 plants, As uptake is more in shoots followed by roots. The uptake of As in shoot is comparatively lower than As accumulation in roots of T2 plants. This could be attributed to the capacity of this particular combination of microbes to absorb As. Earlier As uptake ability of S. indica was reported, and it was observed that this root endophytic fungus has certain genes which are involved in As bioaccumulation and biotransformation (Mohd et al., 2017; Sharma et al., 2024). Similarly, HM tolerance ability of this actinobacterium Zhihengliuella sp. ISTPL4 was reported by Mishra et al. (2020). The results of whole genome sequencing of Zhihengliuella sp. ISTPL4 also revealed the presence of arsenate reductase gene arsC (Mishra et al., 2018). It can be inferred from this study that this microbial combination holds promise for enhancing agricultural output and could serve to counteract the harmful impacts of As in polluted areas.

[image: Diagram comparing plant growth under heavy metal stress versus stress with microbial treatment. Left panel shows decreased growth, chlorosis, and high arsenic (As) uptake due to stress. Right panel illustrates enhanced growth, less As uptake, and increased IAA production with microbial treatment involving fungus and bacteria, leading to root colonization and biosorption.]

FIGURE 10
 Schematic representation of As uptake in rice plants under control conditions (T1) and in the presence of microbial-treated conditions (T2), Activities of antioxidant enzymes (LOX, PAL, CAL, and SOD) increased in T2 and their activity was comparatively low in T1.




5 Conclusion

This study concludes that the overall health of Oryza sativa can be improved by combined inoculation of S. indica and Z. sp. ISTPL4. Our research findings also indicate that the oxidative stress caused by As can be alleviated by employing this microbial combination. Plants treated with this microbial combination in the presence of As stress exhibited heightened levels of phytohormones and increased activity of antioxidant enzymes. These enzymes are crucial in mitigating the oxidative stress induced by As. Similarly, phytohormones such as ABA, CK, ET, SA, and BR play important roles in promoting plant growth and protecting plants against various environmental stresses. Utilizing this microbial combination could prove beneficial in enhancing sustainable agricultural practices, particularly in fields contaminated with As.
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Polygonatum cyrtonema Hua (PCH), as an important economic crop, is used as raw industrial materials and traditional Chinese medicine. There are significant variations in the quality of PCH from different geographical origins. It can be due to the change of the endophytic fungi and soil microbial communities of PCH. Therefore, the aim of this study is to investigate the composition and functional prediction of the main microbial communities in the rhizomes and soil of PCH and explore their impact on medicinal quality. High-throughput sequencing techniques targeting ITS and 16S rDNA were employed to compare the structure and biodiversity differences of endophytic fungi in the rhizomes and soil microbial communities of PCH from 12 different locations in Sichuan and Guangxi province. Heatmap analysis was used for comprehensive statistics and visualization of the richness of rhizome and soil microbial communities from all locations. Venn analysis was conducted to determine the total number of shared fungi between rhizomes and soil, and GraphPad Prism analysis was employed to predict and compare the microbial communities related to phenotypes at the genus level in Sichuan and Guangxi. Tax4Fun and Fungild were used for metabolic function prediction of microbial communities in the rhizomes and soil of PCH. The results revealed the identification of 19,387 bacterial amplicon sequence variants (ASVs) in the rhizomes and 37,990 bacterial ASVs in the soil, with 6,889 shared bacterial ASVs. In addition, 2,948 fungal ASVs were identified in the rhizomes and 8,868 in the soil, with 1,893 shared fungal ASVs. Microbial sequencing results indicated that the fungal communities between soil and rhizomes were mainly composed of Ascomycota and Basidiomycota, while bacterial communities included Proteobacteria, Acidobacteria, Bacteroidota, Gammatimonadota, and Firmicutes. Dominant bacterial groups such as Nitrospira, Acidibacter, and fungal groups including Mortierella, Ceratobasidium, and Fusarium were identified as potential contributors to the observed traits. In the top 15 microbial genera, both Sichuan and Guangxi contain 15 bacterial genera, but there are differences in their abundance. Guangxi has three unique fungal genera, including the genera Scleroderma, Russula, and Gliocladiopsis. On the other hand, Sichuan has the unique fungal genus Chamaeota. The correlation analysis between the microbiota and the chemical content from 12 different collecting spots was performed by GraphPad Prism. Burkholderia-Caballeronia-Paraburkholderia, Acidibacter, and Amycolatopsis show an inverse proportionality to total polysaccharides and saponins, while Enterobacter shows a direct proportionality to total polysaccharides and inverse proportionality to saponins. The metabolism pathways show a significant positive correlation with PCH polysaccharides and saponins. This study provide new insights into the mechanisms underlying the quality differences between the two major indigenous areas.
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1 Introduction

Polygonatum cyrtonema Hua (PCH) is a perennial herbaceous plant belonging to the Liliaceae family (Gong et al., 2024). It is a traditional Chinese medicine with a history of over 2000 years, valued for its medicinal properties (Xu et al., 2023). The rhizomes of PCH are known for their effects in supplementing vital energy, strengthening the spleen, and benefiting the kidneys. Referred to as “Immortal’s Residual Food,” it is often considered a longevity-promoting health food (Liu and Si, 2018; Hu et al., 2022). The plant primarily grows in the southwestern and southern regions of China, below an altitude of 3,000 meters, in thickets, understory forests, or shaded mountain slopes (Xu et al., 2023). As wild resources decline, the PCH industry has rapidly developed, leading to a supply-demand gap. Currently, artificial cultivation is the primary source of PCH medicinal materials (Boroduske et al., 2021).

Research indicates that endophytic fungi play a crucial role in plant growth and yield. These fungi contribute to regulating plant resistance systems, especially in combating diseases and pests (He et al., 2018). Plants harbor diverse endophytic fungal communities that assist host plants in stimulating growth, restoration, and responding to various stresses (Deng and Cao, 2017). Cai analyzed the diversity of endophytic fungal communities in rhizome samples from five different locations of PCH (Lü et al., 2023b). Zhu investigated the composition and diversity of soil fungal communities in the rhizosphere of rhizome systems under four different integrated management modes (Zhou et al., 2020). While previous studies have demonstrated the association between microorganisms and the quality of PCH, there is a lack of in-depth exploration of the diversity between endophytic fungal communities and soil microbiota. The study aims to address this gap by investigating the microbial ecology of both the rhizomes and surrounding soil and to declare the relationship between the indigenous quality and microbial ecology. Our research group conducted a comprehensive evaluation of the quality of PCH medicinal materials in the early studies. The results indicate significant differences in the active ingredients and pharmacological effects of PCH medicinal materials from different growing areas, especially in the Sichuan and Guangxi provinces (Zhang et al., 2023).

Plants can alter the chemical cycling of the soil, transforming inherent and unchanging components into usable nutrients and modifying the structure and function of soil microbial communities, thereby significantly impacting subterranean biological communities (Bay et al., 2021). Simultaneously, the soil microbial community can decompose organic matter, facilitate the release of soil nutrients, propel energy transfer, and control biogeochemical cycles of the Earth, encompassing macro (micro) elements and nutritional elements (Jin and Lu, 2023). Therefore, understanding the compositional characteristics of soil microbial communities is crucial for studying the quality of plant growth, contributing to a deeper exploration of the microbial ecological mechanisms underlying variations in PCH quality.

Despite some researches have been performed in previous research on bacterial and fungal interactions (Deveau et al., 2018), data on the microbial ecology of PCH from different cultivated spot are still limited. Few researches simultaneously focused on the ecological aspects of microbial communities in both the rhizosphere of PCH and its surrounding soil (Yuan et al., 2021). We hypothesize that PCH, regardless of its geographical origin, represents a distinct habitat for specific microbial communities. The composition of microbial communities of the soil closely associated with the rhizome of PCH, may be intricately linked with the biological characters and quality of PCH (Wang et al., 2021).

The study employed 16S rDNA and ITS sequencing technologies to explore the diversity and composition of bacterial and fungal communities in the rhizomes and soil of PCH. Comparative analyses will be conducted between microbial communities from two different production areas. Functional predictions of bacteriamicroorganisms will be performed to identify pathways related to the biological characters of PCH. The study aims to provide insights into the ecological mechanisms of PCH quality variation, offering scientific data for future cultivation and quality improvement and contributing to the ecological theory and practical considerations in large-scale cultivation and selection of production areas and environmental conditions for PCH.



2 Materials and methods


2.1 Experimental design and sampling

The rhizomes of PCH and the rhizosphere soil were collected from Sichuan and Guangxi provinces, respectively (Supplementary Figure S1). The geographical locations of each sample were over 100 kilometers apart. Detailed collection information is provided in Table 1. The identification of all medicinal materials was conducted by Professor Hao Zhang from the West China School of Pharmacy, Sichuan University.



TABLE 1 Collection information for PCH sample.
[image: Table displaying information about various locations including Sample ID, Origin, Longitude, Latitude, and Altitude in meters. Locations are from Sichuan and Guangxi Provinces in China, with altitudes ranging from 237.41 to 2569.36 meters.]

Plants collected were 3–4 years old, with 30 randomly selected PCH plants harvested from each production area. Samples were prepared by combining specimens from six plants, and various phenotypic traits of PCH were measured, including plant height, stem diameter, leaf length, leaf width, leaf number, rhizome length, and rhizome diameter. Measurement methods included using a measuring tape for plant height, a caliper for stem diameter, and measurements of well-developed leaves at the upper, middle, and lower parts for leaf width and length (Supplementary Figure S2). The collected data were recorded in the PCH phenotype record sheet, with results recorded precisely to 0.01 cm (Table 2). Soil samples were collected around the rhsizomes of PCH within approximately 2–4 mm. Each sample was a composite of several adjacent sampling points, and soil samples were sieved through a 2 mm mesh to remove debris. The soil collection and processing followed the guidelines outlined in the《Analysis Method of Agricultural Chemistry in Soil》. For each production area, six sets of rhizomes had soil carefully removed from their surfaces, washed with sterile water, and then placed in liquid nitrogen or dry ice. Samples were transported to the laboratory on dry ice and stored at −80°C for subsequent experiments.



TABLE 2 Morphological characteristics of PCH from different regions.
[image: A table compares plant characteristics for different samples. It includes columns for Sample ID, Plant Height (cm), Leaf Length (cm), Leaf Width (cm), Stem Thickness (cm), Leaf Blade (leaves), Stem Length (cm), and Stem Diameter (cm). Each row lists data for samples S1 through S6 and G1 through G6, with values and their standard deviations.]



2.2 High-throughput marker gene library preparation and sequencing

All collected samples (72 soil and 72 PCH samples) were handled under sterile conditions. Soil samples were extracted from the tubes using a steel spatula and freeze-dried before DNA extraction. Similarly, approximately 0.5 g of fungal tissue from the interior of each fresh PCH plant was transferred to a 1.5 mL centrifuge tube with a flame-sterilized scalpel and used for DNA extraction. DNA from soil and rhizomes was extracted using the dnasy Power Soil DNA extraction kit (Life Technologies, Magen) and the MagPure Soil DNA KF Kit (Cat. No. D6356-02, Magan, Thermo Fisher Scientific Inc., United States) machine, respectively. The concentration and purity of DNA were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, and the extracted DNA was stored at −20°C. PCR amplification of the bacterial 16S gene and fungal ITS gene was performed using extracted genomic DNA as a template, specific primers with barcodes, and Takara Ex Taq high-fidelity enzyme. The primers used for 16S rDNA amplification were 343F (5’-TACGGRAGCAGCAG-3′) and 789R (5’-AAGGTATCTAATCCT-3′), and for ITS amplification were ITS1 (5’-TCCGTAGGTGAA CCTGCG G-3′) and ITS2 (5’-TCCTCCGCTTATTGATATGC-3′) (Mukherjee et al., 2014).

PCR products were assessed by gel electrophoresis, purified using AMPure XP beads, used as templates for the second round of PCR, and purified again with magnetic beads. The purified second-round products were quantified using Qubit, and concentrations were adjusted for sequencing. Sequencing was performed on the Illumina NovaSeq 6000 platform, generating 250 bp paired-end reads. Library construction and sequencing were conducted by Shanghai OE Biotech Company (Shanghai, China).



2.3 Bioinformatics analysis and statistical methods

The raw data were in FASTQ format. After data acquisition, cutadapt software was used to trim off primer sequences from raw data sequences. Subsequently, DADA2 (Callahan et al., 2016) was employed to perform quality filtering, denoising, merging, and chimera removal on the qualified paired-end raw data using default parameters in QIIME 2 (2020.11), resulting in representative sequences and ASV abundance tables. Representative sequences for each ASV were selected using the QIIME 2 package, and all representative sequences were annotated by alignment with databases. The Silva database (version 138) was used for 16S alignment, and the Unite database was used for ITS alignment. Species alignment annotations were analyzed using the q2-feature-classifier software with default parameters (Callahan et al., 2016; Zheng et al., 2021).

QIIME 2 software was employed for α and β diversity analyses. Alpha diversity, assessing the α diversity of samples, was evaluated using indices including the Chao1 (Chao and Bunge, 2002) and Shannon (Hill et al., 2003) indices. Before analyzing β diversity, data were normalized using cumulative sum scaling (CSS) in the metagenome Seq package. Principal coordinate analysis (PCoA) was performed using the “ordinate” function, and multivariate analysis of variance (PERMANOVA) using the “adonis” function, assessing differences between sample groups. The “betadisper”function was used to evaluate group variances. Post hoc pairwise comparisons were conducted for the same group of samples using the “adonis” function in the pairwise Adonis package. The “multipatt” function in the indicspecies package was used to select ASVs with the strongest associations and to obtain indicative species. The “plot_heat” function in the metacoder R package was used to generate heatmaps of the abundance of different taxa in different habitats. A balloon plot was created to illustrate the relative abundance differences of ASVs between rhizomes and soil for different fungal species in PCH. Venn diagrams were also generated, and correlations between the phenotypic traits of PCH, such as plant height and rhizome diameter, and microbial communities were analyzed using GraphPad Prism.



2.4 Determination of polysaccharides and saponins contents from PCH


2.4.1 Instruments and chemicals

Varioskan LUX2 fully automated microplate reader (Thermo Fisher Scientific Inc., United States); HWS-26 electric constant temperature water bath (Shanghai Yiheng Scientific Instrument Co., Ltd., China); 96-well plates (Wuxi Naisi Life Science Co., Ltd., China); Eppendorf pipettes (Eppendorf AG, Germany).

Glucose and diosgenin were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China), anthraquinone, sulfuric acid, vanillin, acetic acid, and perchloric acid are all analytical grade and were purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China).



2.4.2 PCH polysaccharides and saponins extraction and content determination

Weigh out 1.0 g of PCH separately, add 10 mL of distilled water, reflux at 95°C for 1 h, filter while hot, make up for the weight loss, and obtain the polysaccharide extract, add 10 mL of 80% ethanol to the residue, perform ultrasonic extraction at 30°C for 40 min with a power of 60 W, filter, make up for the weight loss, and collect the filtrate to obtain the saponin extract.



2.4.3 Determination of polysaccharides and saponins content

Polysaccharides and saponins were detected based on previous method with some modification (Zhang et al., 2024). The anthrone-sulfuric acid colorimetric method was performed to determine the polysaccharides, and the absorbance is set at 582 nm. Saponin is determined using the 5% vanillin-acetic acid method, and the absorbance is set at 452 nm.



2.4.4 Construction of glucose and diosgenin standard curve

Accurately pipette 0.2 mL, 0.4 mL, 0.6 mL, 0.8 mL, 1.0 mL, 1.2 mL, 1.4 mL, and 1.8 mL of 0.2 mg/mL diosgenin reference solution into stoppered test tubes, evaporate the solvent in a constant temperature water bath at 80°C, add 0.2 mL of freshly prepared 5% vanillin-acetic acid solution to each tube, and then add 0.8 mL of perchloric acid at 60°C with shaking, heat the mixture in the water bath at 60°C for 15 min, remove and cool in an ice bath for 2 min, add acetic acid to a final volume of 5 mL, mix well and let stand for 5 min, 1.4 Transfer 200 μL of the solution to a 96-well plate, with triplicate wells for each sample, measure the absorbance at 452 nm and plot the standard curve with absorbance on the y-axis and concentration on the x-axis.

Accurately pipette 0.1 mL, 0.2 mL, 0.4 mL, 0.6 mL, and 0.8 mL of 0.335 mg/mL glucose reference solution into 10 mL graduated test tubes, add distilled water to each tube to a final volume of 2.0 mL, mix well, and slowly add 0.2% anthrone-sulfuric acid solution in an ice bath until reaching the graduation mark, mix well and keep warm in a boiling water bath for 10 min, remove from heat and immediately cool in an ice bath for 10 min, pipette 200 μL of each sample onto a 96-well plate, with triplicate wells for each sample, measure the absorbance at 582 nm wavelength and plot the standard curve with absorbance on the y-axis and concentration on the x-axis.





3 Results


3.1 High-throughput sequencing results

After filtering, a total of 5,510,237 (average of 79,363 ± 72,855 per sample) 16S sequences and 5,381,577 (average of 78,021 ± 77,565 per sample) ITS sequences were obtained from soil samples. From rhizome samples, 5,541,286 (average of 79,363 ± 72,855 per sample) 16S sequences and 5,410,947 (average of 79,617 ± 28,690 per sample) ITS sequences were obtained. After further removal of non-target sequences and chimera reads, the total number of bacterial communities in rhizomes and soil was 4,465,710 and 3,982,608 (22,090 and 43,508 bacterial ASVs), respectively. For fungal communities, the total number was 5,119,081 and 4,887,376 (4,846 and 10,775 fungal ASVs) in rhizomes and soil, respectively.




4 α-diversity

In the dataset, the richness and Shannon index of fungi and prokaryotes within PCH were significantly lower compared to soil (p ≤ 0.05). However, there were significant differences between PCH samples collected from 12 different locations and soil samples. Boxplots illustrate the values of observed richness and Shannon diversity index of fungi (Figures 1C,D) and bacteria (Figures 1A,B). It is noteworthy that bacterial richness in PCH did not show a clear difference (Figures 1A,B). Supplementary Figure S3 provides dilution curves for both curves, indicating that the sequencing depth is sufficient to recover all diversity within the samples for both fungi and prokaryotes. These results suggest that the sequencing data volume is reasonable and can reflect the majority of microbial information in the samples. There were significant differences in Shannon richness in both fungi and prokaryotes in soil (Figures 1C,D). Boxplots display the values of observed Shannon and Chao1 diversity indices for fungi and bacteria in both Figure 1.

[image: Four side-by-side box plots labeled A, B, C, and D display data on chao1, shannon, goods coverage, and shannon again, respectively. Each plot includes four groups: TS, GS, TG, and GG, with variations shown within each group. The box plots are color-coded: cyan, purple, blue, and yellow. Red dots indicate outliers, and small letters above boxes denote statistical significance. The Y-axes vary for each panel, reflecting different measures.]

FIGURE 1
 Illustrates the α-diversity boxplots of Chao1 richness and Shannon diversity indices for bacteria communities in the soil and Rhizome (A-B) dataset, displays the α-diversity boxplots of good-coverage richness and Shannon diversity indices for fungal communities in the soil and Rhizome (C-D) dataset. Subplots are grouped by location. The red diamonds represent the mean distribution, and significant groups are indicated by letters placed above the boxes.




5 β-diversity

Principal Coordinate Analysis (PCoA) on the data reveals distinct clustering and separation of samples from different locations and of fungal and bacteria communities (Figures 2A,B). PERMANOVA analysis (p ≤ 0.05) indicates a significant impact of location on both fungal and bacteria communities (p = 0.001), with a higher R2 for bacteria communities (Figure 2A). Analysis of group dispersion uniformity shows significant differences in the dispersion of bacteria communities between soil and rhizome stems (FG = 3.50, FT = 4.85, p = 0.001, after 999 permutations), as well as significant differences in the dispersion of fungal communities between soil and rhizome stems (FG = 3.17, FT = 3.21, p = 0.001, after 999 permutations). The dispersion differences between bacteria communities among locations are also significant (Table 3). PERMANOVA analysis suggests significant differences in both fungal and bacteria communities between PCH and soil samples, regardless of the origin (p = 0.001) (Table 3). Furthermore, significant differences exist between locations GS and GG, TS and TG for rhizosphere bacterial communities, and fungal and bacteria communities are clustered separately from and separated from several other locations (Figures 2A,B).

[image: Two scatter plots labeled A and B display data from a Principal Coordinates Analysis (PCoA). Plot A shows a class R-squared value of eight point three two percent and a subclass R-squared value of thirty-one point six six percent. Plot B shows a class R-squared value of six point four two percent and a subclass R-squared value of thirty-one point two eight percent. Data points are colored by class: TS (blue), TG (cyan), GS (purple), and GG (yellow). Symbols represent subclasses one to six, including circles, triangles, and squares. Axes indicate PCoA1 and PCoA2 values.]

FIGURE 2
 Illustrates Principal Coordinate Analysis (PCoA) plots for bacteria (A) and fungal (B) communities using the Bray-Curtis dissimilarity matrix. Each plot reports the PC values obtained from PERMANOVA analysis, with p-values less than 0.05, along with the R2 values obtained from adonis analysis. Significance codes for asterisks: *** indicate a significance level of 0.001, * indicate a significance level of 0.05.




TABLE 3 Pairwise PERMANOVA (pairwise.adonis) comparisons for all combinations of soil and PCH (p-value < 0.05 in bold).
[image: Table titled "Pairwise PERMANOVA for consistency" showing comparison of two groups: Fungi and Prokaryotes. For Fungi, GS vs GG has an F. model of 3.172, R² of 0.04335, and p-value of 0.001; TS vs TG has 3.2077, 0.04382, and 0.001. For Prokaryotes, GS vs GG has 3.4977, 0.04759, and 0.001; TS vs TG has 4.8457, 0.06474, and 0.001. All p-values are significant at 0.001.]

Regarding microbial communities within PCH, significant differences in the structure of both fungal and bacteria communities were observed among PCH samples from different locations (PERMANOVA, p ≤ 0.05) (Figures 2A,B). It is noteworthy that Subclass values range from 31.28 to 31.66%, with significant differences between the two major groups in Sichuan and Guangxi, indicating that there may be differences between the two microbial communities.


5.1 Heatmap analysis

The heatmap provides a comprehensive perspective on the abundant taxa, summarizing the bacterial and fungal communities in both soil samples surrounding PCH rhizome (Figure 3A) and the rhizome themselves (Figure 3B). In both soil and rhizomes, Ascomycota and Proteobacteria are the most abundant fungal and bacterial phyla, respectively. The fungal community in the rhizome consists mainly of Basidiomycota and Ascomycota, with various orders and genera represented. Similarly, the bacteria community in the rhizome is dominated by Proteobacteria, Bacteroidota, Firmicutes, and Actinobacteriota, with diverse genera such as Porphyromonas, Bacteroides, Burkholderia-Caballeronia-Paraburkholderia, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, and Mycobacterium (Figure 3A).

[image: Phylogenetic tree diagrams labeled A and B showcase taxonomic relationships among bacteria and fungi. Each tree radiates outward, with nodes and branches representing different taxa. A color gradient indicates ASV count and log2 ratio median proportions, with a legend ranging from 1.0 to 200.0 nodes and proportions from 4.25 to 19.00.]

FIGURE 3
 Differential Heatmaps, the differential heatmaps illustrate differences in species abundance at the family level between PCH rhizome (A) and the surrounding soil samples (B). Colors represent log2 median ratios: green indicates significantly higher abundance of the taxa in PCH (after “FDR”correction, p ≤ 0.05), while light green indicates significantly higher abundance across all samples. Node size is proportional to the number of ASVs within each taxonomic group.


In the soil, the fungal community comprises Basidiomycota and Ascomycota, including Cladophialophora, Flagellospora, Trichocladium, Acremonium, Fusarium, Mycosphaerella, Setophoma, and Saitozyma, among others. The bacteria community in the soil is characterized by Acidobacteriota, Proteobacteria, and Gammatimonadota, with representatives like Methyloigellaceae, Burkholderia-Caballeronia-Paraburkholderia, Candidatus-Koribacter, Bryobacter, and Gemmatimonas (Figure 3B). In summary, the fungal community in PCH consists of the phyla Basidiomycota and Ascomycota, while the bacteria community consists of the phyla Acidobacteriota, Proteobacteria, Bacteroidota, Firmicutes, Actinobacteriota, and Gammatimonadota.

The Venn diagram highlights substantial differences between the bacterial and fungal ASVs in soil and rhizomes. Soil samples contain a large number of unique bacterial ASVs (8,868), while rhizome samples have 2,948 ASVs, with 1,893 shared between the two (Figures 4A,B). The relative abundance of fungal and bacteria taxa varies significantly between soil and PCH rhizome (Figures 4C,D). In soil samples, Basidiomycota (44.8%), Ascomycota (41.7%), Agaricomycetes (38.7%), Sordariomycetes (18.2%), and Agaricales (16.5%) dominate the fungal community. The most abundant bacterial phyla are Proteobacteria (42.0%), Acidobacteriota (23.3%), Gammaproteobacteria (22.6%), Acidobacteria (19.9%), Alphaproteobacteria (19.4%), Burkholderiales (13.2%), Actinobacteriota (9.2%), and Bacteroidota (7.3%). In PCH rhizome, Ascomycota (67.8%), Basidiomycota (26.1%), Sordariomycetes (18.2%), Agaricomycetes (30.1%), Leotiomycetes (21.8%), Eurotiomycetes (10.8%), Dothideomycetes (10.3%), Hypocreales (18.2%), Helotiales (13.0%), Cantharellales (11.5%), Nectriaceae (14.0%), Ceratobasidiaceae (11.2%), and Hyaloscyphaceae (9.1%) are the predominant fungal groups. The most abundant bacterial phyla include Proteobacteria (46.6%), Actinobacteriota (16.7%), Cyanobacteria (12.7%), Bacteroidota (9.8%), Acidobacteriota (4.7%), Gammaproteobacteria (26.4%), Alphaproteobacteria (21.5%), Actinobacteria (13.5%), Cyanobacteria (13.3%), and Bacteroidia (9.4%). Indicative species analysis indicates significant associations between bacterial ASVs from different locations and PCH rhizome and surrounding soil. Similar associations are observed for fungal ASVs (p < 0.05) (Table 2). Most taxonomic groups displayed in Figures 4C,D are matched with ASVs found in PCH rhizome, indicating corresponding fungal and bacterial communities in both soil and rhizome.

[image: Four panels display microbial data. Panel A shows a Venn diagram of bacterial genera, with 19,387 unique to roots, 37,990 unique to soil, and 6,889 shared. Panel B displays a Venn diagram of fungal genera, with 2,948 unique to roots, 8,868 unique to soil, and 1,893 shared. Panels C and D are bubble charts showing the abundance of bacterial and fungal genera, respectively, in roots and soil. Each genus is represented by a bubble, with size indicating prevalence.]

FIGURE 4
 The figure depicts Venn diagrams showing the core and unique ASVs between soil and PCH in bacteria (A) and fungal (B) communities. The bubble plots display the relative abundance of bacteria (C) and fungal (D) genera in soil and PCH. The size of the bubble represents the percentage of relative abundance.




5.2 Relationship between morphological characteristics of PCH from different regions and microorganisms

Leaves are one of the most crucial organs during plant growth, while rhizomes are intuitive manifestations of the quality of certain medicinal plants. Phenotypic traits and the size of rhizomes reflect their adaptability to the ecological environment, serving as essential reference standards (Cheng et al., 2023). According to the SPSS weight analysis, plant height, leaf width, and rhizome diameter have high weight proportions in the morphological characteristics of PCH (as shown in Figure 5). Rhizomes promote growth through microbial interactions mediated by soil microbiota, and the core microbial community associated with rhizomes can influence their growth (Beals et al., 2022). Bacteria and fungi were subjected to correlation analysis with phenotypic indicators at the genus level using GraphPad Prism software, preliminarily screening out potentially related microorganisms (Chen et al., 2019). At the bacterial genus level, Acidothermus has consistently low abundance in all six locations in Sichuan but is present in all six locations in Guangxi, indicating a potential correlation with the origin of the sample (Xiong et al., 2022). Overall, Sphingomonas and Candidatus-Solibcter show an inverse relationship with plant height, while Mortierella, Ceratobasidium, and Fusarium show a positive correlation with rhizome diameter. Sphingomonas and Candidatus-Solibcter may act as height-suppressing bacteria, while Nitrospira and Acidibacter may be dominant bacterial groups associated with plant height (Quattrone et al., 2024).

[image: Bar chart displaying the weight values in percentages for seven plant traits: plant height (15.57), leaf length (13.57), leaf width (15.57), stem diameter (12.57), leaf number (13.57), rhizome diameter (15.57), and rhizome length (13.57).]

FIGURE 5
 Analysis results of phenotypic weight of PCH.


The correlation analysis between rhizome diameter and bacteria reveals that Acidothermus has a high proportion in rhizome diameter, while Sphingomonas and Candidatus-Solibcter show an inverse correlation with rhizome diameter. Nitrospira and Acidibacter overall exhibit a positive correlation with rhizome diameter. Acidothermus, Sphingomonas, and Candidatus-Solibcter may act as rhizome-suppressing bacteria, while Nitrospira and Acidibacter may represent dominant bacterial groups associated with rhizome diameter. (Results analysis is shown in Figure 6).

[image: Scatter plots showing soil bacterial and fungal compositions correlated with plant characteristics. Plot A shows bacterial composition versus plant height, and plot B versus stem diameter, with key genera like Acidothermus and Sphingomonas. Plot C shows fungal composition versus stem diameter, and plot D versus plant height, including Mortierella and Inocybe. Various symbols and colors differentiate genera.]

FIGURE 6
 Correlation analysis between soil bacteria and plant height (A) and stem diameter (B); correlation analysis between soil fungi and plant height (C) and stem diameter (D).




5.3 Differential analysis of microbial communities in PCH from two regions

Molecular variance analysis (pairwise. Adonis, PERMANOVA) yielded a p-value of 0.001 (p < 0.05), indicating a significant difference in microbial community composition between Sichuan and Guangxi province (Table 2). The bar graph (Figure 7) illustrates the genera of differentially abundant ASVs in the two regions. At the genus level of soil prokaryotes, compared to Sichuan, the genera Subgruop-2, Burkholderia-Caballeronia-Paraburkholderia, Candidatus-Solibacter, Acidibacter, Bryobacter, Acidothermus, and Gemmatimonas were significantly upregulated in Guangxi soil, while Sphingomonas, MND1, Nitrospira, Flavobacterium, Dongia, and NB1-j were downregulated. In rhizome prokaryotes, compared to Sichuan, the genera Burkholderia-Caballeronia-Paraburkholderia, Bradyrhizobium, Acidibacter, Amycolatopsis, Sphingomonas, Steroidobacter, Dyella, Subgruop-2, and Mesorhizobium were significantly upregulated, while Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Kutzneria, Prevotella, Lechevalieria, and Bacteroides were downregulated. Shared bacteriagenera in both rhizomes and soil included Subgruop-2, Burkholderia-Caballeronia-Paraburkholderia, Acidibacter, and Sphingomonas.

[image: Bar charts labeled A and B display the relative abundance percentages of various species. Each chart includes a legend with color-coded species names. Chart A features species like Amycolatopsis and Arthrobacter, while Chart B includes Trichoderma and Setophoma. Both charts consist of four vertical bars labeled TS, GS, TG, and GG, showing a predominance of the category "others" in red.]

FIGURE 7
 Comparative analysis of microbial communities (at the genus level) between Sichuan and Guangxi. Comparison of bacteria microorganisms in soil and rhizomes (A), and fungal microorganisms in soil and rhizomes (B).


At the genus level of soil fungal communities, compared to Sichuan, Guangxi soil had specific genera Scleroderma, Russula, Archaeorhizomyces, Saitozyma, and Colletotrichum, with high abundances of Amanita and Tomentella. Conversely, compared to Guangxi, Sichuan had specific genera Rhizophlyctis and Chamaeota, with higher abundances of Ceratobasidium and Fusarium. In rhizome fungal communities, compared to Sichuan, Guangxi rhizomes had specific genera Paraboeremia, Gliocladiopsis, Russula, and Trichoderma, with higher abundances of Volutella and Talaromyces. Conversely, compared to Guangxi, Sichuan rhizomes had specific genera Setophoma, Candida, and Llyonecria, with higher abundances of Exophiala, Clonostachys, Mycosphaerella, and Tetracladium. Shared fungal genera in both rhizomes and soil included Ceratobasidium, Fusarium, Talaromyces, and Russula.



5.4 Metabolic characteristics analysis of bacteria microbial communities

Tax4Fun was employed to predict the metabolic functions of bacterial communities in PCH. Tax4Fun utilized SILVA database results for classification, established an association matrix through BLASTN analysis, and predicted microbial community functions by linearly correlating SILVA classification results with KEGG database bacteria classification. A total of six primary metabolic pathways were annotated, encompassing metabolism, genetic information processing, environmental information processing, cellular processes, human diseases, and organismal systems. At the third level of KEGG metabolic pathways, Kruskal–Wallis tests were performed on each type of metabolic pathway, calculating the relative abundance among all samples from different regions. The results, based on the relative abundance percentages, were presented for rhizomes in Supplementary Figure S4. From the figure, it can be observed that the microbial samples are annotated to metabolic pathways (ko3088), biosynthesis of secondary metabolites (ko1990), microbial metabolism in diverse environments (ko1992), biosynthesis of amino acids (ko6147), carbon metabolism (ko0059), and ABC transporters (ko2004) with relatively low average proportions, all of which have a significant impact (p ≤ 0.05). Additionally, the metabolic pathways in the environmental information processing category, especially the metabolic pathways (ko3088), are the most abundant in the annotated microbial samples, (ABC transporters, ko2004) have the lowest proportion (See Table 3).

Fungild was employed to predict the metabolic functions of fungal communities in PCH. Fungild first utilized the SILVA database for classification, established an association matrix through BLASTN analysis, and predicted microbial community functions by linearly correlating SILVA classification results with KEGG database fungal classification. A total of 30 KEGG metabolic pathways were annotated, including pathways related to ectomycorrhizal, plant pathogen, wood saprotroph, endophyte, fungal parasite, and plant saprotroph. Kruskal–Wallis tests were conducted for each type of metabolic pathway, calculating the relative abundance among all samples from different regions. Results, based on the relative abundance percentages, were presented for rhizomes in Figure 8. The graph illustrates those ectomycorrhizal fungi in the soil (TS1, TG3, TG4) and rhizomes (GS5) have the highest percentage, while plant pathogenic fungi in the soil (TS5, TS1) and rhizomes (GG3) have lower percentages. Wood saprotroph fungi in the soil (TG3) have a lower percentage.

[image: Bar graphs labeled A and B show the relative abundance of various ecological groups across different samples. Each bar is divided into colored segments representing groups like undefined saprotroph, ectomycorrhizal, plant pathogens, and others. The legend on the right specifies each group by color. The x-axis lists sample names, while the y-axis represents relative abundance from 0 to 1. Both graphs exhibit diverse group distributions, with the undefined saprotroph generally prominent across samples.]

FIGURE 8
 Fungal microbial communities in soil and rhizomes were grouped into Level-3 functional categories using Fungild, and a KEGG diagram of normalized average proportions was plotted.




5.5 The correlated analysis between total polysaccharides, saponins, and microbiota

The linear equations for the absorbance versus concentration of glucose and diosgenin are, respectively, expressed as y = 0.4820x − 0.1806 (r = 0.9994, linear range: 0.02000–0.4086 mg/mL) and y = 1.5043x + 0.0668 (r = 0.9999, linear range: 0.1740–1.4192 mg/mL). The contents of polysaccharides and saponins from different sources are shown in Table 4.



TABLE 4 Results of PCH polysaccharide and saponin content determination.
[image: Table displaying sample IDs alongside their corresponding polysaccharide and saponin content in milligrams per gram. Samples S1 to S6 and G1 to G6 list varying amounts of polysaccharides and saponins, with values ranging from 16.3154 to 27.1124 for polysaccharides, and 0.2718 to 3.1058 for saponins.]

To evaluate the quality of PCH, total polysaccharides and saponins are selected as quality assessment indicators. Given their significance as the main active components of PCH, these two constituents are chosen for quality evaluation (Wang et al., 2021; Zhang et al., 2024). Correlation analysis between the microbiota at the genus level and the chemical content from 12 different origins of PCH was conducted using GsraphPad Prism. Among the genus-level microbiota, the top 6 genera were selected based on their high abundance for further analysis. These genera are likely to play significant roles in microbial community structure and function due to their higher abundance, potentially influencing metabolic pathways and community dynamics. This preliminary screening aimed to identify potential microorganisms that may correlate with the quality of PCH.

As shown in the Figures 9A,B, total polysaccharide is highest in sample G6 from Guangxi and lowest in sample S6 from Sichuan. The fungi Volutella shows a direct proportionality to total polysaccharides, while Exophiala and Clonostachys exhibit an inverse proportionality to the polysaccharides content. Fusarium fungi demonstrate direct proportionality to both total polysaccharides and saponins content, whereas Clonostachys shows an inverse proportionality to saponins. Among bacteria, Burkholderia-Caballeronia-Paraburkholderia, Acidibacter, and Amycolatopsis show an inverse proportionality to PCH polysaccharides, while Enterobacter shows a direct proportionality. Similarly, Burkholderia-Caballeronia-Paraburkholderia, Acidibacter, Amycolatopsis, and Enterobacter show an inverse proportionality to PCH saponins.

[image: Two scatter plots labeled A and B show compositions of bacteria and fungi relative to polysaccharide concentration. Plot A displays different bacterial genera, each marked with unique symbols, plotted against polysacchararides' milligrams per gram. Plot B illustrates different fungi following a similar structure. Axes indicate percentage composition and polysaccharide concentration.]

FIGURE 9
 Correlation analysis between polysaccharides and bacterial abundance (A) and fungal abundance (B).





6 Discussion

Previous studies have indicated that microorganisms play a metabolic role in species of the Polygonatum genus, encompassing functions such as energy metabolism, carbohydrate metabolism, and amino acid metabolism within the endophytic bacteria (Zhu et al., 2022; Xie et al., 2024). In this study, the microbial communities associated with PCH from 12 different locations in Sichuan and Guangxi provinces (including the rhizomes of PCH and the surrounding soil) were systematic identified and compared. The fungal and bacteria taxa in the rhizomes of PCH were analyzed and compared with those in the surrounding soil. Principal coordinate analysis (PCoA) and PERMANOVA analysis revealed distinct location-related effects on the classification structure of fungal and bacteria communities, with samples from Sichuan and Guangxi clustering in different directions according to location. Specifically, samples from Sichuan’s Li County formed a separate cluster, distinct from other locations. This finding suggests that specific soil characteristics and altitudinal factors from different origins may influence the microbial classification structure. However, it is noteworthy that the microbial communities associated with PCH converged across several microbial community classifications. Research on soil microbial communities supports the idea that different microbial communities can impact the growth and development of medicinal plants (Zhang et al., 2020b; Wang et al., 2023; Lü et al., 2023b). Nevertheless, the microbial communities associated with PCH focused on multiple microbial community classifications. Our data on PCH align with the findings of Liu and Wang (Bai et al., 2020), where the microbial communities of most PCH species were similar regardless of geographical origin or microbial diversity. Additionally, a more in-depth analysis of soil microbial differences was not conducted in this study. Soil samples were taken from a depth of approximately 5–10 cm around the rhizomes, and previous research has shown that comparing depths of 0 cm, 40 cm, 100 cm, and 200 cm revealed no detectable differences in α-diversity or β-diversity. This suggests that the impact of PCH on the soil microbial community is minimal, allowing us to conclude that depth and microbes are not strongly correlated in this experiment (Giorgio et al., 2023).

Many microorganisms in the soil and rhizomes exhibit statistical coexistence. Specifically, there are 1,893 shared fungi and 6,889 shared bacteria between the soil and rhizomes, indicating a higher abundance of bacterial communities in both the rhizomes and soil compared to fungal communities. Among the top 30 microbial groups selected in the bubble chart, certain fungal taxa such as Waitea, Psilocybe, Peziza, Melanophyllum, Leucoagaricus, and Chamaeota were not expressed in the rhizomes but were present in the soil. In contrast, some bacterial taxa, including Gliocladiopsis, Candida, Amycolatopsis, and Kutzneria, exhibited higher expression levels in the rhizomes compared to the soil. It is noteworthy that these microbial groups, particularly those with higher expression in the rhizomes, such as Gliocladiopsis, Candida, Amycolatopsis, and Kutzneria, have been reported in the literature as beneficial microorganisms with plant growth-promoting effects (Shi et al., 2023). Therefore, these microbes could be considered as beneficial organisms in the rhizomes, potentially promoting the growth and development of the rhizomes.

The interaction between plants and microorganisms promotes plant growth, playing a crucial role in the intricate and complex interactions occurring in the rhizosphere and surrounding areas. Microorganisms, including bacterial, fungal, and viral communities, are key contributors to enhancing plant health and overall growth. Soil microorganisms, such as plant growth-promoting bacteria and arbuscular mycorrhizal fungi, play a significant role in plant growth by synthesizing plant growth hormones such as auxins, cytokinins, and gibberellins, thereby facilitating rhizome development, shoot elongation, and overall growth (Aqeel et al., 2023). The Acidobacteriota and Basidiomycota have been identified as beneficial strains for the quality of PCH. Tests have been conducted on these strains, and disease-resistant agents and microbial fertilizers have been developed accordingly (Sliti et al., 2024). Based on the discussed microbial-plant trait associations, there may be a certain correlation between rhizome characteristics and microorganisms, potentially participating in the regulation of PCH plant traits. Bacteria such as Sphingomonas and Candidatus-Solibacter may exhibit a negative correlation with plant growth, warranting further exploration of the microbial regulation of PCH plant growth. The bacterial genus Sphingomonas is distributed in both Guangxi and Sichuan, present in both rhizomes and soil. Sphingomonas bacteria are known for their ability to utilize various organic compounds to synthesize indole-3-acetic acid (IAA), enhancing nutrient conditions and IAA production to promote plant growth (Khan et al., 2014). This indicates that PCH harbors numerous beneficial bacteria that can protect plants from environmental stress. Most core bacterial groups exhibit rich metabolic diversity, producing nutrients under nutrient-poor soil conditions, providing a material foundation for plant growth and development (Asaf et al., 2017).

Research has revealed the crucial role of rhizosphere microbial diversity in influencing biomass, with plant growth showing a positive correlation with certain rhizosphere bacteria (Xiao et al., 2017). The soil microbial community forms a fundamental ecosystem that hosts a multitude of biological hosts. Microorganisms play a vital role in the health and performance of plants, and the content of any soil microbial community directly determines plant productivity. In a sense, the richer the microbial community, the healthier the plants. Due to this reason, the interaction between plants and soil microbial communities has become a significant process, and multiple factors shape the function and composition of this microbial community (Gachara et al., 2023). However, in recent years, the stability of soil microbial communities has undergone significant changes, especially with the escalating challenges posed by climate change and global food shortages. The severe harm caused to these microbial communities has primarily catalyzed the emphasis and occurrence of anthropogenic stressors related to plants, thereby negatively impacting plant growth and performance. The introduction discusses the fundamental role of soil microbial communities in driving plant growth while outlining the adverse effects of drought, high temperatures, salt stress, and climate change on plant growth. As mentioned earlier, soil microbial communities colonize all accessible parts of plant tissues, endowing host plants with various advantages, including nutrient absorption, tolerance, growth promotion, enhanced performance, and resistance to pathogens. ABC transporters are widely involved in responding to abiotic stresses. Studies have shown that BC transporters are upregulated under salt and drought stress (Kou et al., 2024). However, ABC transporters have the lowest proportion in Tax4Fun, indicating that PCH is less affected by abiotic factors such as drought, increased salinity, and heavy metal pollution. The relative abundance of TS1 metabolism functions significantly decreases, with polysaccharides and saponins being low in content in S1 production areas, indicating an impact on the accumulation and synthesis of polysaccharides and saponins.

Xiao discovered a positive correlation between rhizobia (including Flavisolibacter, Luteimonas, and Geodermatophilaceae) and the growth of leguminous plants (Xiao et al., 2017). Their research suggested that plants, rhizospheric microbial communities, and soil are in constant communication through the exchange of nutrients and signals. Bubble and Venn diagrams displayed the richness of Alphaproteobacteria and Proteobacteria (belonging to rhizobia) among bacterial classifications, both in rhizomes and soil, where they played a dominant role in the bacterial community. As for fungal classifications, Ascomycota and Basidiomycota were the most abundant in rhizomes and soil, encompassing the majority of fungi in these two phyla, playing a crucial role in the biodiversity of the fungal kingdom (Schoch et al., 2009). GraphPad Prism analysis revealed a correlation between microbial communities and phenotypic traits. At the genus level, bacteria such as Nitrospira and Acidibacter, and fungi such as Mortierella, Ceratobasidium, and Fusarium, were found to potentially promote plant height and rhizome stem diameter. This finding supports existing literature reporting that rhizospheric microbial communities and soil are in constant communication through nutrient and signal exchange, with microbial communities positively correlated with plant growth (Jacoby et al., 2017). Furthermore, the dominant bacterial groups associated with advantageous phenotypic traits belonged to the Proteobacteria and Acidobacteriota phyla, encompassing the majority of bacterial communities in PCH. The dominant fungal groups associated with advantageous phenotypic traits belonged to the Ascomycota, Basidiomycota, and Moritierellomycota phyla, including the majority of fungal communities in PCH.

This study identified differential bacteria in PCH, and Gemmatimonadaceae was identified as a major differential bacterium in the rhizosphere microbial community of healthy Polygonatum kingianum Coll.et Hemsl (PKH). Pseudoflavonifractor, a member of Gemmatimonadaceae, showed higher abundance in the rhizosphere soil of PKH suffering from rhizome rot disease. However, when compared with microbial communities from 12 collection points, Pseudoflavonifractor associated with diseased rhizomes was not detected, indicating that samples from the 12 collection points were all healthy (Cao et al., 2023). Additionally, the microbial community of American ginseng with different growth ages had some impact but did not alter the core microbial community (Suárez et al., 2023). Future research should focus on further validating the selected dominant microbial communities associated with PCH. Investigating the relationships between these microorganisms and PCH growth, as well as determining whether specific microbial taxa are positively or negatively correlated with PCH yield, could serve as another variable for assessing the cultivation and management of PCH. To accomplish this, we plan to conduct isolation and inoculation experiments on the selected core microorganisms to validate their effects.

According to the heatmap, Proteobacteria, Acidobacteria, and Firmicutes are abundant bacterial phyla in the soil and rhizomes of PCH. Detection of these phyla suggests their involvement in phosphorus cycling, nitrogen cycling, plant growth promotion, or soil remediation. Moreover, their abundance is positively correlated with the total nitrogen content in the soil (Hegyi et al., 2021), indicating their promotion effect during the growth of PCH rhizomes. Additionally, it is noteworthy that Firmicutes and Bacteroidota have low abundance in the soil but show a significant increase in the rhizomes. Firmicutes and Bacteroidota are known for their ability to suppress pathogenic microbes and induce systemic resistance, playing a crucial role in soil organic matter decomposition (Huang et al., 2023; Velmurugan et al., 2023). This observation suggests that these bacterial phyla in PCH may possess disease resistance and soil organic matter decomposition capabilities.

In both the soil and rhizomes, fungi are composed of the Ascomycota and Basidiomycota. Ascomycota includes the classes Eurotiomycetes, Leotiomycetes, Sordariomycetes, and Dothideomycetes, while Basidiomycota comprises the class Agaricomycetes. These are the most abundant fungal taxa shared between the rhizomes and soil. Interestingly, although the presence of Ascomycota and Basidiomycota in PCH soil and rhizomes has been previously reported, the presence of Eurotiomycetes, Leotiomycetes, and Agaricomycetes classes in PCH soil has not been documented before. Research indicates that Ascomycota and Basidiomycota, belonging to the phylum Dikarya, are widely distributed fungal groups in many soil environments and represent dominant fungal phyla in soils (Zhang et al., 2020a). Sordariomycetes and Dothideomycetes classes have been identified as dominant fungal groups in PCH (Tian et al., 2023), suggesting their essential role in the development and growth of PCH.

As is widely recognized, the interactions between fungi and bacteria play a crucial role in the functioning of many ecological systems. They fundamentally regulate the behavior of each other and play important roles in ecosystems. Interactions between fungi and bacteria can be highly specific, where the same ectomycorrhizal fungus can stimulate bacterial growth under specific conditions (Hannula et al., 2019; Berrios et al., 2023). In the soil beneath PCH rhizomes, the structure of the bacterial community displays a rich diversity, with bacterial genera being more abundant than fungal genera. It is hypothesized that the colonization of microbial taxa on PCH begins in the soil, potentially serving as their natural source. These microorganisms then migrate inward into the rhizomes of PCH, undergoing selection and colonization before PCH growth. In this context, exogenous microorganisms may find more favorable growth conditions (Lü et al., 2023a; Lavallee et al., 2024).

PCH polysaccharides and saponins are primary active components and crucial indicators for evaluating the quality of PCH. Exophiala and Clonostachys contribute to the decrease in PCH polysaccharides content, while Enterobacter may participate in the synthesis of PCH polysaccharides, thereby increasing their content. Previous studies have shown that Fusarium significantly increases the content of polysaccharides and other metabolites (Li et al., 2023). Acidibacter can promote the synthesis and accumulation of terpenoid compounds and also has a certain impact on polysaccharide compounds (Ren et al., 2023). This study further confirms the close relationship between the content of PCH polysaccharides and saponins and these bacteria and fungi. Microorganisms play an essential role in regulating metabolic pathways and the synthesis and accumulation of metabolites, potentially providing new directions and possibilities for the synthesis of useful substances within organisms.



7 Conclusion

This study discovered diverse fungal and bacterial communities in the rhizomes of PCH and the surrounding soil, with higher bacterial diversity. Four core bacteriamicrobial genera were found in both soil and rhizome in Sichuan and Guangxi, namely Subgroup-2, Burkholderia-Caballeronia-Paraburkholderia, Acidibacter, and Sphingomonas. Guangxi province had three unique fungal genera, namely Scleroderma, Russula, and Gliocladiopsis, while Sichuan province had only one unique fungal genus, Chamaeota. This difference may be a significant environmental factor contributing to the quality variation of PCH between Guangxi and Sichuan. Specific microbial taxonomic groups play a crucial role in the geographical authenticity of medicinal herbs, closely associated with the quality of PCH, highlighting their importance in medicinal plant cultivation management. Further research will focus on the intervention of unique microorganisms in PCH cultivation, exploring the correlation between specific microbial communities and quality, providing scientific data for the selection of suitable habitats, optimization of cultivation, and improvement of product quality for PCH cultivation locations.
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Introduction: Citrus is one of the most important fruit crops worldwide, and the root-associated microbiota can have a profound impact on tree health and growth.
Methods: In a collaborative effort, the International Citrus Microbiome Consortium investigated the global citrus root microbiota with samples collected from nine citrus-producing countries across six continents. We analyzed 16S rDNA and ITS2 amplicon sequencing data to identify predominant prokaryotic and fungal taxa in citrus root samples. Comparative analyses were conducted between root-associated microbial communities and those from the corresponding rhizosphere and bulk soil samples. Additionally, genotype-based group-wise comparisons were performed to assess the impact of citrus genotype on root microbiota composition.
Results: Ten predominant prokaryotic phyla, containing nine bacterial phyla including Proteobacteria, Actinobacteria, Acidobacteria, and Bacteroidetes and one archaeal phylum (Thaumarchaeota), and multiple fungal phyla including Ascomycota and Basidiomycota were identified in the citrus root samples. Compared with the microbial communities from the corresponding rhizosphere and bulk soil samples from the same trees, the prokaryotic and fungal communities in the roots exhibited lower diversity and complexity but greater modularity compared to those in the rhizosphere. In total, 30 root-enriched and 150 root-depleted genera in bacterial community were identified, whereas 21 fungal genera were enriched, and 147 fungal genera were depleted in the root niche compared with the rhizosphere. The citrus genotype significantly affected the root prokaryotic and fungal communities. In addition, we have identified the core root prokaryotic genera comprising Acidibacter, Allorhizobium, Bradyrhizobium, Chitinophaga, Cupriavidus, Devosia, Dongia, Niastella, Pseudomonas, Sphingobium, Steroidobacter and Streptomyces, and the core fungal genera including Acrocalymma, Cladosporium, Fusarium, Gibberella, Mortierella, Neocosmospora and Volutella. The potential functions of these core genera of root microbiota were predicted.
Conclusion: Overall, this study provides new insights into the assembly of microbial communities and identifies core members of citrus root microbiota across a wide geographic range. The findings offer valuable information for manipulating root microbiota to enhance plant growth and health.
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 endophytes; beneficial microorganisms; core microbiome; rootstock selection; biological control agents


Introduction

A vast number of microbes inhabit the root-associated niches, including the rhizosphere, rhizoplane, and endosphere, collectively known as root-associated microbiomes (Trivedi et al., 2020). These microbes can be categorized to be mutualists, pathogens, or commensals, depending on how they interact with the plant hosts (Thoms et al., 2021). While pathogens can lead to specific diseases after colonization and commensals are usually loosely dependent on the hosts, mutualists can benefit plant hosts through several means, such as helping plants absorb mineral nutrients, resisting against pathogen invasion, and promoting abiotic and biotic stress tolerance, and thus gain increasing attention in the field of agriculture research (Vandenkoornhuyse et al., 2015; Afridi et al., 2022). A few mutualistic microbes have been identified in the root-associated microbiomes. For instance, several fungal members have been observed to establish arbuscular mycorrhizal (AM) symbiosis, aiding in the absorption of phosphate by plants (Bennett and Groten, 2022); specific bacterial members such as rhizobia possess the ability to perform biological nitrogen fixation and provide nitrogen nutrients to plants (Pankievicz et al., 2019).

Identification and application of mutualistic microbes is an effective strategy for more productive and sustainable agriculture (Mueller and Sachs, 2015). Inoculation of beneficial microbe has been widely performed in recent few decades; however, root-associated niches are recognized as highly competitive habitats, which may result in inefficient colonization of the inoculated microbes, and inefficiency of the inoculated microbes is indeed frequently observed in field trails (Timofeeva et al., 2023; Wang et al., 2023). The competitive stresses in the root-associated niches mainly result from the plant-derived selective pressures and the fierce inter-microbe competitions (Reinhold-Hurek et al., 2015; Hassani et al., 2018; Dimaria et al., 2023). Therefore, plant genotype and the soil properties have significant effects on the root microbiota composition and the efficiency of inoculated microbes (French et al., 2020). Under such circumstances, understanding the assembly cues of the root-associated microbiota and identification of beneficial microbes in the “core” microbiota (i.e., a subset of the plant microbiota that is reproducibly associated with a particular crop host across different genotypes and soil properties) is a promising approach for development of beneficial microbe inoculation-based agricultural practices (Risely, 2020; Neu et al., 2021; Mapelli et al., 2023). In fact, the “core” members usually exhibit a greater adaptability and persistence to the host’s environments and form stronger mutual relationship with the host, compared to less stable or less host-specific microorganisms in the microbiota (Lemanceau et al., 2017). The elucidation of core members and their functions have already provided a strong basis for developing effective probiotics or for manipulation of microbial communities for agricultural benefits (Blaustein et al., 2017; Trivedi et al., 2020; Zhang et al., 2021; Park et al., 2023). Some preliminary laboratory-based results have yielded encouraging results regarding the applications of selected core members for their antagonistic activity against plant pathogens or plant growth promotion (Tian et al., 2017; Munir et al., 2020; Jing et al., 2023). Importantly, how to best utilize plant microbiomes has been deemed to be one of the key challenges by the global plant pathology community (Wang et al., 2024).

Citrus (Citrus spp.) is one of the most economically significant fruit crops worldwide, and the root-associated microbiota can have a profound impact on tree health and fruit production (Riera et al., 2017; Bai et al., 2019; Zhang et al., 2021; Jing et al., 2023). Numerous studies investigated the citrus microbiome composition of the belowground niche (Xu et al., 2018, 2023; Wu et al., 2020; Xi et al., 2023), especially in the context of Huanglongbing (HLB) disease (Trivedi et al., 2010, 2012; Blaustein et al., 2017; Zhang et al., 2017; Ginnan et al., 2018). Moreover, core members and their functions primarily associated with the rhizosphere were extensively described (Blaustein et al., 2017; Xu et al., 2018; Ginnan et al., 2020; Wu et al., 2020). Several microbes in the root microbiota have been demonstrated to promote plant fitness by producing plant growth-promoting substances, such as auxins, cytokinins, and gibberellins. They can also protect plants from biotic and abiotic stresses, such as drought, salinity, and pathogen attacks by producing secondary metabolites (Eljounaidi et al., 2016; Tian et al., 2017; Carrión et al., 2019; Khan et al., 2019). However, compared to the rhizosphere, the core members of root microbiota of citrus, which form more intimate interactions with the plant host, remain relatively unexplored. Revealing of the assembly cues and identification of the core members and functions of the citrus root microbiota at a global scale are crucial in steering research toward development of beneficial microbe inoculation-based approaches to citrus production industry such as disease management.

In this study, we delved into the citrus root-associated microbiota on a global scale with the aims to (i) unravel the microbial composition and diversity of citrus root microbiota; (ii) investigate the role of host genotypes in influencing the root microbiota; and (iii) characterize the core members and their associated functions. Our results provide valuable insights to understand the assembly cues of citrus root microbiota and facilitate the identification of beneficial microbes for manipulating the citrus microbiota to enhance plant growth, stress tolerance and disease management.



Materials and methods


Experimental design, sample collection, and amplicon sequencing

Citrus root samples were collected from 28 distinct citrus groves situated across nine citrus-producing countries (Supplementary Table S1), encompassing all six continents that citrus can grow. The root samples were collected from local citrus varieties (scion/rootstock) in each location (Supplementary Table S1). For each country, the most representative citrus growing locations were selected for samples collection, except for Oman, which had five locations. In each grove, four healthy trees were selected and, from each of these trees, fine roots (approximately 1 mm diameter) from a depth of 5–15 cm were collected. For each tree, the samples were collected from four ordinate directions approximately 1 meter away from the trunk. The roots were removed from the soil with a shovel and then gently shaken to remove the soil that was not tightly attached to the roots. The roots from the four locations/tree were pooled and washed thrice using PBS buffer. 2 grams of washed roots were subjected for DNA extraction using a MoBio Powersoil DNA extraction kit (MoBio Laboratories Inc. Carlsbad, CA, USA) according to the manufacturer’s instructions. The DNA quality and quantity were tested using a NanoDrop device (Thermo Scientific, Wilmington, DE, USA) and through electrophoresis (0.8% agarose gel, including a 1 kb plus ladder). The DNA samples from the four trees collected from the same grove were pooled together and stored at −80°C until use. It is noteworthy that the root samples (including rhizoplane and endosphere) were collected with the rhizosphere (soil surrounding the roots), and bulk soil (Supplementary Table S1), which allows comparison with rhizosphere and bulk soil samples from same locations. Analyses of the bulk soil and rhizosphere samples were already reported in our previous study (Xu et al., 2018).

To investigate both prokaryotic and eukaryotic microbes in the root samples, 16S and ITS2 amplicon library preparation and sequencing were performed according to the manufacturer’s protocol at BGI-Shenzhen. For targeted metabarcoding sequencing, DNA fragments were amplified using primers targeting the 16S rDNA V4 region (515F and 806R) (Caporaso et al., 2011) and fungal ITS2 (Tedersoo et al., 2015). After quality control, quantification, and normalization of the DNA libraries, 250 bp paired-end reads were generated using the Illumina MiSeq250 sequencing platform according to the manufacturer’s instructions. The raw sequencing reads of root samples were deposited in the NCBI Short Read Archive BioProject PRJNA844917. For the comparative analysis with rhizosphere and soil, raw sequencing reads of the corresponding rhizosphere and bulk soil samples were obtained from Xu et al. (2018) (BioProject PRJNA362455).



Amplicon data analysis

The 16S rRNA gene and ITS2 amplicon sequencing data of the root samples were analyzed using the DADA2 pipeline (R package dada2, v.1.8.0) (Callahan et al., 2016) in R software (v.4.2) as follows. To compare with corresponding rhizosphere and bulk soil samples from previous study (Xu et al., 2018), we also included the bacterial 16S rDNA and fungal ITS2 amplicon data of rhizosphere and bulk soil samples for further analyses using the same methods as root samples. In detail, the raw sequence reads were first filtered, de-replicated and de-noised using DADA2 recommended parameters. Paired-end sequences were then merged, and chimeras were removed. To obtain the taxonomic information, representative sequences of ASVs were searched against SILVA database for 16S and UNITE database for ITS2 using the RDP Naive Bayesian Classifier algorithm (Wang et al., 2007). ASVs assigned with no kingdom-level classification or defined as “Unknown” at the phylum rank were removed. ASVs of 16S data classified as “Chloroplast,” “Mitochondria” or “Eukaryota” and ASVs of ITS data classified as “Bacteria” or “Plant” were further removed. Sequence alignment was performed with AlignSeqs function from DECIPHER package (v.2.20.0). The phylogenetic tree was built using phangorn package (v.2.8.1) and then rooted for downstream reproducible analysis. The relative abundance tables for taxa were generated based on the read count for each taxon across samples using the total-sum scaling (TSS) method (Weiss et al., 2017). Diversity indices were calculated using phyloseq package (v.1.40.0) (McMurdie and Holmes, 2013) and visualized using ggplot2 package (v.3.3.5). Specifically, alpha diversity indices were calculated for each sample with not-rarefied data (McMurdie and Holmes, 2014). Beta diversity was performed using Principal Coordinates Analysis (PCoA) method with Unweighted distance in not-rarefied data, considering phylogenetic relatedness between samples in calculations.



Comparison analysis of microbial communities across locations, compartments, and rootstock genotypes

Significant differences across locations were determined with one-way Analysis of Variance (ANOVA) followed by Tukey HSD post hoc test at p-value<0.05, prior checked the normal distribution of variable by Shapiro–Wilk test. Samples related to root and corresponding rhizosphere associated to different rootstocks were grouped according to the shared rootstocks (Supplementary Table S1). Specifically, six rootstocks which were present in at least three locations were selected: Swingle citrumelo [Citrus paradisi Macf. × P. trifoliata (L.) Raf.], Rangpur lime [C. limonia L. Osb.], Trifoliate orange [C. trifoliata (L.) Raf.], Ortanique tangor [C. sinensis L. Osb. × C. reticulata Bl.], Citrange [C. sinensis (L.) Osb. × C. trifoliata (L.) Raf.] ‘Carrizo’ and ‘Troyer’. Samples associated with other rootstocks with less than three replicates were discarded from further analyses. The significant differences in alpha diversity across compartments of same locations and rootstock genotypes were determined by one-way ANOVA and Fisher’s least significant difference (LSD) post hoc test at p-value<0.05. In addition, two-way ANOVA effect with interaction between the fixed variables compartment, location and rootstock genotypes was performed. Statistical analyses of beta diversity were performed by permutational multivariate analysis of variance (PERMANOVA), using a pairwise multilevel comparison throughout Adonis (Anderson, 2001) command in vegan package (v.2.5.7), with a permutation number of 999 available.

Based on the read count abundance profiles, the features (phylum, genus) with significantly differential abundances across compartments (root versus corresponding rhizosphere) were determined using DESeq2 tool (v.1.34.0) (Love et al., 2014), fitting the negative binomial model and testing the significance with Wald test. Analyses of Compositions of Microbiome with Bias Correction (ANCOM-BC) among rootstocks for both ITS and 16S, in Root and Rhizosphere at Class level were performed usingANCOMBC package (Lin and Peddada, 2020). p-values for multiple tests were corrected using the BH method. All items with adjusted p-value<0.05 were considered significant. Moreover, based on the relative abundance of bacterial and fungi ASVs, the pairwise spearman’s correlation coefficient (ρ) values were calculated. Only correlations between two ASVs were considered as statistically robust if |ρ| ≥0.65 (Spearman’s rank correlation coefficient) and the p-value<0.05. The degree, betweenness, and modularity of each network were calculated using igraph package (v. 1.5.1). The co-occurrence networks were visualized using the ggnet2 package (v. 0.1.0).



Characterization and functional analysis of the core microbiome

Core members of the root and rhizosphere were calculated using the occurrence of association across samples as the criterion (Neu et al., 2021) using Core function in microbiome package (v.1.5.28) (Lahti and Shetty, 2017). Specifically, the genera that were present in more than 75% of samples across the globe for each compartment were considered as core genera (Xu et al., 2018). To generate the potential functions of core root microbiome, we first identified the genes that belonged to these core genera from our global citrus rhizosphere microbiome gene sets (Xu et al., 2018). Then according to the functional annotation of identified genes, the potential functions and KEGG pathways of core genera of root microbiome were inferred. The enrichment analysis of functional pathways compared to the functions of whole gene set were performed using fishers’ exact test based on p-value was less than 0.05.




Results


Overview of the global citrus root microbiota based on the 16S rDNA and ITS2 amplicon sequencing

The clean dataset obtained from root samples comprised a total of 28 samples from nine countries spanning in all the six continents (Supplementary Table S1) where citrus grows for 16S rDNA amplicon analysis and 27 samples for ITS2 amplicon analysis. A sample with fewer than 1,000 high-quality reads was excluded from the ITS dataset. The dataset contained an average of 8,166 and 17,930 read counts per sample for 16S and ITS, respectively (Supplementary Tables S2, S3). A total of 2,586 distinct prokaryotic (bacterial and archaeal) ASVs encompassing 31 phyla and 2,812 distinct fungal ASVs encompassing 12 phyla were identified using DADA2 pipeline (Supplementary Table S4). We defined the prokaryotic and fungal phyla that exhibited relative abundance >1% in at least one location as the predominant ones (prokaryotic, Figure 1A; and fungal, Figure 1B). Ten predominant prokaryotic phyla, including 9 bacterial phyla and 1 archaeal phylum (Thaumarchaeota), were identified in the citrus root samples, with Proteobacteria, Actinobacteria, Acidobacteria, and Bacteroidetes being the top dominant phyla identified (Figure 1A). Regarding the fungal phyla, the representatives included Ascomycota, Basidiomycota and, to a lesser extent, Glomeromycota and Mortierellomycota, together accounting for more than 90% of the total phyla in each location (Figure 1B).
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FIGURE 1
 Taxonomic and diversity comparison across compartments and locations. (A) Relative abundance of prokaryotic phyla based on 16S amplicon data in samples from different locations in root and corresponding rhizosphere and bulk soil. (B) Relative abundance of fungal phyla based on ITS amplicon data in samples from different locations in root and corresponding rhizosphere and bulk soil. (C) Alpha diversity comparison between different locations in root and corresponding rhizosphere and bulk soil based on the Shannon index using the 16S amplicon data. (D) Alpha diversity comparison between different locations in root and corresponding rhizosphere and bulk soil based on the Shannon index using the ITS amplicon data. Different letters in the top of bars in panels (C,D) indicate significant difference among locations, p-value<0.05; ns = not significant at p-value<0.05; One-way ANOVA followed by Tukey’s multiple comparison test. The center value represents the median of alpha index. Points represent random variation on the location of each point. (E) PCoA based on the unweighted Unifrac distance across compartments using 16S data. (F) PCoA based on the unweighted Unifrac distance across compartments using ITS data. AU Australia, BR Brazil, CN China, FR French Réunion island, IT Italy, OM Oman, SA South Africa, SP Spain, US United States.




Comparison of citrus root, rhizosphere and bulk soil microbiota

To gain insights in the assembly clue of root microbiota, we analyzed the 16S rDNA and ITS2 amplicon sequencing data from the corresponding rhizosphere and bulk soil samples from the same trees (Xu et al., 2018) using the identical analysis pipeline as mentioned above. The alpha-diversity of both the root prokaryotic and fungal communities was lower compared to the adjacent rhizosphere samples. This was evident from the results obtained through both location-specific and overall comparative analyses (Figures 1C,D; Supplementary Figure S1, and Supplementary Tables S5, S6) (p-value <0.05; One-way ANOVA followed by Fisher’s least significant difference test). Beta-diversity analysis revealed that the root samples clearly clustered distinctly apart from the bulk soil and rhizosphere, forming two separate groups for both prokaryotic (Figure 1E, R2 = 0.05; p < 0.005, PERMANOVA) and fungal (Figure 1F, R2 = 0.09, p < 0.001, PERMANOVA) communities. Moreover, network analyses were performed to compare the inter-member interaction attributes between the root and rhizosphere microbial communities (Supplementary Datas S1–S4). The root prokaryotic network consisted of 334 nodes with an average degree number of 5.84 and modularity score of 0.697, which suggested that the root prokaryotic community formed a modular structure based on the modularity score threshold of 0.634, as described by Newman (2006); the corresponding rhizosphere co-network consisted of 781 nodes with an average degree number of 14.18 and modularity score of 0.567, indicative of a non-modular structure (Figures 2A,C). The root fungal network comprised of 197 nodes, with an average degree number of 4.72 and modularity score of 0.766, while the rhizosphere network comprised of 385 nodes, with an average degree number of 10.62 and modularity score of 0.574 (Figures 2B,D). These results suggested that the root prokaryotic and fungal communities were less diverse and complex but more modular than the rhizosphere ones.

[image: Four network graphs labeled A, B, C, and D depict microbial interactions. A and C represent bacteria, while B and D illustrate fungi. Nodes are color-coded by phylum, and edges indicate interactions. Modularity scores are provided: A is 0.697, B is 0.766, C is 0.567, D is 0.574. Graphs show varying complexity and connectivity patterns.]

FIGURE 2
 Co-occurrence networks of root (A,B) and rhizosphere (C,D) for bacterial (A,C) and fungal (B,D) ASVs, respectively. The networks were constructed based on Spearman correlation analysis of taxonomic profiles, with |ρ| ≥0.65 and the p-value <0.05. The nodes and the edges represent microbial ASVs and the correlations among them. Each node was colored according to the phylum taxonomic level.


In the rhizosphere and bulk soil microbiota, more predominant prokaryotic (12 phyla for rhizosphere and 13 phyla for the bulk soil) and fungal (five phyla for rhizosphere and six phyla for the bulk soil) phyla were identified than the root microbiota (Figures 1A,B). Further comparative microbiota analyses were conducted, and the results suggested that no bacterial phylum was enriched, and 20 phyla were depleted in the root microbiota compared with the corresponding rhizosphere (corrected p-value<0.05, DESeq2, Supplementary Table S7). One fungal phylum, Glomeromycota, was enriched in the root niche, while Kickxellomycota, Mortierellomycota, Chytridiomycota, Monoblepharomycota, Aphelidiomycota and Blastocladiomycota were depleted in the root microbiota compared with the rhizosphere microbiota (corrected p-value<0.05, DESeq2, Supplementary Table S7). At the genus level, 30 root-enriched and 150 root-depleted genera in bacterial community were identified (corrected p-value<0.05, DESeq2, Supplementary Data 5). For the fungal community, 21 genera were enriched, and 147 genera were depleted in the root niche compared with the rhizosphere (corrected p-value<0.05, DESeq2, Supplementary Data 5). Moreover, 62 bacterial genera and 61 fungal genera were specifically identified in the roots but not identified in the rhizosphere (Supplementary Table S8).



Effect of citrus genotype on the microbial diversity of the root prokaryotic and fungal communities

Interestingly, while the alpha-diversity of the prokaryotic community of citrus rhizosphere (F7,22 = 0.60; p = 0.746) and bulk soil (F6,18 = 0.56, p = 0.751) exhibited minimal variations across different geographic locations, the alpha-diversity of the root prokaryotic community displayed significant fluctuations across these geographic areas (F8,27 = 6.73, p < 0.05) (Figure 1C and Supplementary Table S5). For the fungal communities, no statistically significant differences were identified for the root and bulk soil samples across all locations (Figure 1D) (F8,25 = 2.32; p = 0.069, root; F5,13 = 2.53, p = 0.117, bulk soil); however, the rhizosphere fungal community exhibited significant variations in term of alpha-diversity (F7,20 = 3.80; p < 0.05) (Figure 1D and Supplementary Table S6). Because citrus genotype is one of the most significant variables in different locations, we further conducted citrus genotype-based group-wise comparisons. The results revealed that the citrus genotype indeed had strong influences on the root prokaryotic and fungal communities. The alpha diversity of root prokaryotic (F5,21 = 9.41, p < 0.05) and fungal (F5,20 = 3.05, p < 0.05) communities were significantly different among the six citrus genotypes (Figure 3A), while no significant difference was observed for the rhizosphere prokaryotic (F5,21 = 1.21, p > 0.05) and fungal (F5,19 = 0.903, p > 0.05) communities (Supplementary Figure S2A). Moreover, the beta-diversity comparison demonstrated that the factor “genotype” exerted a pronounced influence on the root prokaryotic (R2 = 0.36, p-value<0.001, PERMANOVA) and fungal community (R2 = 0.35, p-value<0.001, PERMANOVA).

[image: Box plots and bar charts compare microbial diversity and relative abundance in root samples. Panel A shows Shannon Index values for 16S and ITS data across different samples (CC, OT, RL, SC, TO, TC), indicating microbial diversity differences. Panel B displays the relative abundance of various microbial classes, highlighting differences in composition between 16S and ITS data among the samples.]

FIGURE 3
 Alpha diversity and taxonomic comparison of root microbiota across rootstocks. (A) Alpha diversity comparison across rootstocks based on the Shannon index using the 16S (left) and ITS (right) amplicon data. Different letters in the top of bars indicate significant difference among rootstocks, p-value<0.05; One-way ANOVA followed by Fisher’s least significant difference (LSD) test. The center value represents the median of values. (B) Relative abundance of prokaryotic (left) and fungal (right) classes based on 16S and ITS amplicon data in samples from different rootstocks. CC, Carrizo citrange; OT, Ortanique tangor; RL, Rangpur lime; SC, Swingle citrumelo; TO, Trifoliate orange; TC, Troyer Citrange.


Several predominant taxa exhibited dramatically varied relative abundance among different citrus genotypes (Figure 3B; Supplementary Figure S2B, and Supplementary Table S9). For instance, the relative abundance of class Gammaproteobacteria and Bacteroidia, two of the dominant classes in both root and rhizosphere prokaryotic community, were higher in Carrizo citrange than Trifoliate orange, while the relative abundance of class Acidobacteriia exhibited an opposite trend with relative abundance higher in Trifoliate orange than Carrizo citrange (Figure 3B; Supplementary Figure S2B, and Supplementary Table S9). Similarly, variations in the relative abundance of several taxa in the root and rhizosphere fungal community were also observed (Figure 3B; Supplementary Figure S2B, and Supplementary Table S9).



Core members of global citrus root microbiota

In this study, the taxa that were present in >75% of the root samples were defined as core taxa of citrus root microbiota, and 12 core prokaryotic genera and 7 core fungal genera were identified (Supplementary Data 6). The core prokaryotic genera included Acidibacter, Allorhizobium, Bradyrhizobium, Chitinophaga, Cupriavidus, Devosia, Dongia, Niastella, Pseudomonas, Sphingobium, Steroidobacter, and Streptomyces. All of these genera were among the most abundant genera in root samples (Figure 4A). Moreover, all the identified core genera, which contained several ASVs, were present within the co-occurrence network, and particularly, the ASVs members belonging to genus Pseudomonas were identified as having both high number of degree (number of connections of each node) and high values of betweenness centrality (importance for network connectivity), representing putative hubs and key connectors (Supplementary Data 1). Eleven of the 12 genera were also identified as the core members in the citrus rhizosphere microbiota (Supplementary Data 7), and Allorhizobium exhibited significantly higher relative abundance in the root samples than in the rhizosphere ones (corrected p-value<0.05, DESeq2; Supplementary Data 1). Of note, Chitinophaga was identified as a core genus in the root microbiota and not in the rhizosphere microbiota. Furthermore, Chitinophaga only exhibited relatively low relative abundance in 17 of 23 rhizosphere samples (Supplementary Datas 6, 7). The core fungal genera in the citrus root microbiota included Acrocalymma, Cladosporium, Fusarium, Gibberella, Mortierella, Neocosmospora and Volutella (Supplementary Data 6). These fungal genera were also among the most abundant fungal genera identified in the root compartment across globe (Figure 4B), and all identified taxa were present within the root co-occurrence networks and majority of them exhibited high scores of betweenness centrality (Supplementary Data 2). All fungal genera were also identified as core genera in the citrus rhizosphere microbiota. Among them, Neocosmospora exhibited significantly higher relative abundance in the root samples than in the rhizosphere ones (corrected p-value<0.05, DESeq2; Supplementary Data 5); and Fusarium, Gibberella and Mortierella exhibited relatively lower abundance in the roots (Supplementary Datas 6, 7).
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FIGURE 4
 Relative abundance of the most abundant (top 60) bacterial (A) and fungal (B) genera in the root across locations. Genera signed with * were the core citrus root microbiome, based on the presence rate > 75% across all samples. The color from blue to red represents a relative abundance of each taxon from low to high. Scale, relative abundance (RA) of genus at row normalization of observed reads by Log10 (x + 1). AU Australia, BR Brazil, CN China, FR French Réunion island, IT Italy, OM Oman, SP Spain, US United States.


Next, the potential functions of these core genera of root microbiota were predicted based on our previously established gene catalog of the global citrus rhizosphere microbiome (Xu et al., 2018). The predicted functions were distributed in 211 level 3 KEGG pathways (Supplementary Data 8). The functions of these root core genera were enriched in several KEGG pathways, including “ABC transporters,” “quorum sensing,” “biofilm formation,” “bacterial motility proteins,” “arginine and proline metabolism,” and “tyrosine metabolism,” compared with the rhizosphere (p < 0.05, fishers’ exact test) (Figure 5). On the other hand, the pathways “peptidases,” “amino sugar and nucleotide sugar metabolism,” and “starch and sucrose metabolism” were depleted in the root samples compared with the rhizosphere ones (p < 0.05, fishers’ exact test) (Figure 5).

[image: Bar chart comparing various metabolic and biosynthetic processes between root (yellow) and rhizosphere and bulk soil (blue). Processes like ABC transporters and quorum sensing show higher percentages in roots, while others like phenylalanine metabolism are more prominent in soil. Asterisks indicate significance.]

FIGURE 5
 The overrepresented KEGG level 3 pathways for core root microbiome. The enrichment analysis of functional pathways compared to the functions of whole gene set were performed using fishers’ exact test based on p-value was less than 0.05. *corrected p-value <0.05.





Discussion

In this study, the structure and diversity of global citrus root microbiota were investigated, and the prokaryotic members in the microbiota were predominantly populated by phyla Proteobacteria, Actinobacteria, and Bacteroidetes, while Ascomycota and Basidiomycota were the predominant fungal phyla in the root microbiota (Figure 1). The distribution of the predominant phyla in the citrus root microbiota was not only consistently with the neighboring rhizosphere microbiota (Xu et al., 2018) but also the root-associated microbiota from other plant species (Zhang et al., 2021). Majority of the core root microbiota were found to overlap with those of the rhizosphere (Figure 5 and Supplementary Data 3). These results suggested that the citrus root microbiota was largely recruited horizontally from the corresponding rhizosphere (Reinhold-Hurek et al., 2015; Liu et al., 2017; Deyett and Rolshausen, 2020; Wang et al., 2020). Of note, several taxa present in both citrus roots and rhizosphere exhibited significantly differential relative abundance and inter-microbe interactions between the two niches, demonstrating that the preference of these differentially abundant taxa and differences in the selective pressures between the two niches (Reinhold-Hurek et al., 2015; Wang et al., 2020). Several taxa such as Chitinophaga were identified as the core members in the citrus root microbiota but not in the rhizosphere microbiota, which suggested that the root microbiota may have other origins besides the adjacent rhizosphere, such as a vertical heritage from seed or internal migration from other plant organs (Ramírez-Puebla et al., 2013). Previous studies also demonstrated that the members in the root microbiota are assembled through horizontal transmission from the environment to host and vertical transmission from parent to offspring or via vectors (Reinhold-Hurek and Hurek, 2007; Hardoim et al., 2008; Marasco et al., 2018; Luo et al., 2019).

The host genotype has been demonstrated to play an important role in shaping its microbial component (Birt et al., 2022; Castellano-Hinojosa et al., 2023; Xu et al., 2023), resulting in varied distribution and abundance of microbes between different genotypes; however, certain microorganisms are found to be widely shared among diverse genotypes, thus maintaining common core members in plants phylogenetically close (Lemanceau et al., 2017). Here, we identified the core microbiota and their functions within the citrus root microbiota shared among different rootstock genotypes and growth conditions. Our analysis revealed that the bacteria belonging to the genera Acidibacter, Allorhizobium, Bradyrhizobium, Cupriavidus, Chitinophaga, Devosia, Dongia, Niastella, Pseudomonas, Sphingobium, Steroidobacter, and Streptomyces are core members of the citrus root microbiota. The core fungal root microbiota was significantly less diverse than the bacterial counterpart (Zhang et al., 2021) and includes the genera Acrocalymma, Cladosporium, Fusarium, Gibberella, Mortierella, Neocosmospora, and Volutella. Identification of beneficial microbes from the plant microbiota and application of them to improve plant health has shown great promise, including in citrus (Trivedi et al., 2010; Riera et al., 2017; Blacutt et al., 2020; Poveda et al., 2021). The development of bioinoculant from to the core members of citrus have been suggested (Zhang et al., 2021), and preliminary results suggested that the core microbiota associated with citrus leaves and roots has shown promising effects on the management of HLB disease (Blaustein et al., 2017). Among the identified core genera in the citrus root microbiota, the predominantly abundant genus Pseudomonas was well-established as a plant endophyte and extensively documented for its beneficial effects on plants as a core member, recently evidenced by Tian et al. (2017). It has been thoroughly studied for the biological control of citrus pathogens (De Oliveira et al., 2011; Trivedi et al., 2011; Liu et al., 2017; Poveda et al., 2021), making this core genus one of the most promising microbial members for use as bioinoculants (Singh et al., 2020; Zboralski and Filion, 2023). As another example, the successful application of a reconstructed synthetic endospheric consortium based on Chitinopaga genus provided a compelling demonstration of how a well-established root endophyte can be effectively employed as a bioinoculant (Carrión et al., 2019). The consortium effectiveness in suppressing fungal root diseases was attributed to the activation of enzymatic activities responsible for fungal cell-wall degradation, as well as the production of antifungal effectors and secondary metabolites. In this scenario, understanding the metabolic and functional processes associated with the bacterial core genera is critical for deciphering and explain their roles in interacting with the plant host and pathogens. Our results revealed an over-representation of the two-component system, ABC transporters and quorum sensing pathways in the root compartment, with the latter two showing significant enrichment. ABC transporters play a crucial role in the endosphere of plants, where they are involved in nutrient uptake, plant growth promotion, and stress tolerance (Santoyo et al., 2016; Do et al., 2018). Quorum sensing plays a major role in controlling various microbial cell activities, facilitating the movement and multiplication of endophytes inside the plant host, stimulating plant growth and eliciting defense responses (Mäe et al., 2001; Kumar, 2020; Paul et al., 2023). The presence of two-component systems in the bacterial core microbiota can enhance plant health by sensing environmental changes, transmitting the signals and then activating cellular responses (Stock et al., 2000; Groisman, 2016). This could help the plant respond more effectively to environmental stressors, nutrient acquisition, pathogen resistance, and promote overall growth and development (Borland et al., 2015). In addition, functions related to biofilm formation are also overrepresented. Biofilm formation is known to protect prokaryotes from environmental stress (Penesyan et al., 2021). Profiling the fungal core microbiota also revealed potential biocontrol agents for citrus main diseases, such as HLB (Passera et al., 2018). For example, Cladosporium. cladosporioides was shown to inhibit Liberibacter crescens, the culturable surrogate of Candidatus Liberibacter (CLas) (Blacutt et al., 2020). It was hypothesized that its dual nature, combining antagonism and endophytism, might lead to a colonization of the phloem, bringing it into direct contact with the pathogen.

These observations substantiate the notion that the development of efficient microbial consortium should start with the selection of highly specialized and stable core microorganisms (Choudhary and Schmidt-Dannert, 2010). The presence of these microorganisms in a global dataset further reinforces the viability of their widespread application, that could ensure the successful colonization of citrus plants following the field releases, which is as an important step required for exhibiting beneficial effects and overall efficacy beyond controlled laboratory conditions (Kong et al., 2018). Nonetheless, further isolation and in vivo application of these core members could unveil their effective potential as agricultural probiotics, offering promising prospects for future biotechnological applications within the citrus industry.



Conclusion

This study provides new information about assemblage of microbial communities and core members of citrus root microbiota in a broad biogeographical sampling. Considering the assumption that the roots probably host a highly specialized and niche-adapted community, profiling of the core root microbial communities allows to identify target organisms that are strictly selected and adapted to their host. This knowledge may fuel the development of novel bioproducts with large-scale applications or help with the implementation of cultural practices associated with the selection of host genotype that support the presence of key beneficial microbes.
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Saline soils pose significant challenges to global agricultural productivity, hindering crop growth and efficiency. Despite various mitigation strategies, the issue persists, underscoring the need for innovative and sustainable solutions. One promising approach involves leveraging microorganisms and their plant interactions to reclaim saline soils and bolster crop yields. This review highlights pioneering and recent advancements in utilizing multi-traits Trichoderma and Bacillus species as potent promoters of plant growth and health. It examines the multifaceted impacts of saline stress on plants and microbes, elucidating their physiological and molecular responses. Additionally, it delves into the role of ACC deaminase in mitigating plant ethylene levels by Trichoderma and Bacillus species. Although there are several studies on Trichoderma-Bacillus, much remains to be understood about their synergistic relationships and their potential as auxiliaries in the phytoremediation of saline soils, which is why this work addresses these challenges.
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1 Introduction

Soil salinization is a growing global problem that affects plant growth, soil quality, and agricultural productivity. Salinity stress in agricultural lands predominantly arises from the accumulation of soluble salts. The main causes of salt stress include irrigation practices, poor drainage, and natural processes such as the weathering of rocks (Mohanavelu et al., 2021). Salinity stress adversely affects photosynthesis, respiration, and protein synthesis in plant cell (Afridi et al., 2019). Excessive salt concentrations impede water uptake by plant roots, leading to osmotic stress, disruption of the cellular water balance, and impaired nutrient absorption. These detrimental effects are further exacerbated by the induction of oxidative stress, disruption of cellular functions, and compromise of the plant's physiological processes, ultimately hindering their growth and yield (Zhang et al., 2016).

Salt is naturally present in the environment. However, poor management of agricultural fields might increase the salt content, such as incorrect irrigation management, inadequate application of manure and other animal waste, lack of soil drainage, and poor management of fertilizers, among others. The impact of salt stress on plants is multifaceted and involves disruptions in nutrient uptake, inhibition of photosynthesis, induction of oxidative stress, triggering the generation of reactive oxygen species, damaging cellular components, and interfering with essential metabolic processes (Horie et al., 2012; Ilangumaran and Smith, 2017).

Innovative technologies, including precision irrigation and the development of salt-tolerant crop varieties through molecular breeding, show promise for addressing the complexities of saline soil agriculture. Nevertheless, the multifaceted nature of saline soil challenges underscores the importance of holistic approaches that integrate soil management practices, crop selection, and emerging technologies (Afridi et al., 2019). Plant-microbe interactions have a significant impact on the ability of plants to tolerate salt stress. Microbial communities found in association with plant roots play a vital role in promoting plant growth and maintaining plant health. These communities are often referred to as the “second genome” of plants (Berendsen et al., 2012; Moreira et al., 2020).

Microbial-assisted strategies have emerged as promising tools for bioremediation and promotion of agricultural production in saline soils (Mitra et al., 2021). Beneficial microbes, including bacteria and fungi, play pivotal roles in enhancing plant resilience to stressful conditions. These microbes establish symbiotic relationships with plants, foster nutrient uptake, modulate hormone levels, produce osmoprotectants, and activate stress response mechanisms. Phytoremediation is an environmentally friendly approach to remediating saline soils (Jesus et al., 2015). It involves growing plants that can accumulate or tolerate salt and has a history of reducing salinity concerns. The two primary mechanisms involved are based on either the ability of the root to prevent salt infiltration or the regulation of salt concentration and distribution. The plant species employed for phytoremediation primarily consist of halophytes, hyperaccumulators, salt-tolerant plants, and transgenic plants (Zhang S. et al., 2023). Phytoremediation is a green and environmentally friendly technique that harnesses the inherent capabilities of plants and their associated microbes to remediate saline soils (Mujeeb et al., 2023).

Plant growth-promoting rhizobacteria enhance plant growth and salinity resistance, while halotolerant bacteria boost growth under saline stress through direct or indirect mechanisms (Khoshru et al., 2020). Other beneficial fungi, such mycorrhizal fungi (AMF) enhance plant resistance to salinity stress by improving nutrient uptake, water absorption, and osmolytes accumulation. For example, osmolytes like proline help organisms tolerate salinity primarily by maintaining osmotic balance, stabilizing proteins, and supporting redox potential (Hanin et al., 2016). In addition, the proper cultivation of salinity-tolerant plants can improve calcium levels and decrease sodium levels in the soil to improve these types of agricultural soils. After improving the soil, it is possible to plant crops with low salt tolerance assisted by microorganisms. Plants, known as hyperaccumuwithlators, in collaboration with beneficial microbes, facilitate the accumulation of these toxic elements, making the agro-environment less harmful (Berni et al., 2019). This synergistic relationship between plants and microbes not only aids in the detoxification of soils but also enhances the overall health and productivity of crops (Kapadia et al., 2021).

The intricate mechanisms involved in microbial-assisted strategies provide a multifaceted approach for mitigating the impact of salinity stress. Microbes contribute to salinity stress mitigation by promoting an ion balance within plant cells. Additionally, microbial communities enhance soil structure and water-holding capacity, mitigating the adverse effects of salinity on plant water availability (Loganathachetti et al., 2022). The co-occurrence of these stressors in saline soils exacerbates their detrimental effects on plant growth and productivity. The intricate interplay between salinity and other environmental stresses further complicates mitigation strategies and demands innovative approaches for sustainable agriculture (Hasanuzzaman and Fujita, 2022).

In recent years, microbial-assisted strategies have emerged as promising solutions for both phytoremediation and the enhancement of agricultural production in saline environments (Kumar A. et al., 2020). Microorganisms play a pivotal role in facilitating plant adaptation to stressful conditions by promoting nutrient uptake, modulating hormonal balance, and inducing stress-responsive pathways. This symbiotic relationship between plants and microbes has garnered attention as a potential tool to alleviate the deleterious effects of salinity on crop plants. Nevertheless, challenges such as microbial survival, competition, and scalability under field conditions persist, emphasizing the need for continued research and development (Mahmood et al., 2016; Sodhi and Saxena, 2023). This study explored the basic survival mechanisms of soil- and plant-beneficial microbes, mainly Trichoderma and Bacillus species, as well as the integration of microbial and plant-assisted strategies that hold the potential to address these challenges and further improve the efficacy of increasing agro-productivity in salt-affected soils. Likewise, to have a comprehensive vision of the potential of these two microbial groups not only in promoting plant growth, this work explores their role as remediators of saline soils.


1.1 Impact of salt stress on plants

Salt stress is a major challenge in plants. Salt diminishes the water potential and, in this way, complicates water absorption by plants, produces osmotic stress, reduces nutrient uptake and carbon fixation, produces an imbalance in ionic contents, damages enzymatic activity, disrupts the energy production apparatus electron transport chains, generates reactive oxygen species (ROS), and subsequently nitrosative and peroxidative lipid stress (Atta et al., 2023). Each of these processes negatively affects the health and growth of plants, and together, according to stress intensity, can lead to plant death.



1.2 Osmotic stress

Water potential is a function of water purity; as higher purity increases the water potential, water flows from high water potential to low water potential compartments, and the difference in water potential is the force that drives water flow from soil to plant roots (Robbins and Dinneny, 2015). Salt ions (Na+ Cl− and other salt ions) diminish the water potential and thus reduce or even avoid water flow from the soil to the plant cells, leading to a water deficit (Sheldon et al., 2017). When a plant is in a situation where a water deficit limits its growth and development, it is referred to as osmotic stress. Osmotic stress affects plants at cellular, morphological, and anatomical levels. Cell turgor depends on osmotic pressure (Ali et al., 2023), and the elongation of cells and organs is strongly affected by the loss of cell turgor (Touati et al., 2015). Loss of cell turgor also leads to leaf wilting, a condition that reveals a critical water status in plants; a prolonged deficit of water can lead to leaf death (Babalik and Baydar, 2024). To prevent desiccation, plants reduce water transpiration by closing their stomatal pores (Hasanuzzaman et al., 2021), this response also reduces CO2 supply and photosynthesis (Talaat, 2021).



1.3 Ion toxicity and nutrient imbalance

In addition to osmotic stress, salt is toxic to plants. Na+ and Cl− are not essential nutrients for plants. At high soil salt concentrations, Na+ penetrates the plant root through the root cortex and crosses the apoplastic barriers to the central cylinder of the vascular system (Krishnamurthy et al., 2011). Solutes traverse the plasma membrane; the influx of Na+ occurs mainly through non-selective cation channels (NSCCs), but members of transport families such as HKTs and AKT are also involved (Akhter et al., 2022). The influx of Na+ into the cytoplasm modifies the charge balance, promoting membrane depolarization and subsequent K+ efflux (Zhang X. et al., 2023).

More than 60 enzymes involved in plant primary metabolism, including catabolic and sugar metabolism, anabolic and protein synthesis, and photosynthesis, depend on K+ concentrations for their activation owing to indirect regulatory mechanisms or direct effects derived from the role of K+ as an enzyme cofactor. Consequently, a decrease in K+ concentration impulse due to Na+ influx results in toxic malfunctioning of plant metabolism (Slabu et al., 2009).

Virtually all the nutrients (Fe, K, Mn, Mg, P, Zn, Bo, and Cu) increase shoots and roots under salt stress conditions (Hussain et al., 2018); this is explicable by an increase in levels of Na+ and Cl− ions in plant tissues, primarily affecting the content of other nutrients by ion competence, and because the scarcity of nutrients affects normal plant root development, lowers root hair density, and subsequently affects nutrient absorption (Atta et al., 2023).



1.4 Effect on photosynthesis

Salt stress exerts a robust inhibitory effect on photosynthesis. The osmotic stress produced by salt induces stomatal closure via the abscisic acid regulatory pathway to reduce water loss (Roychoudhury et al., 2013). In this way, salt stress strongly deprives stomatal conductance, which estimates not only the flux of water from leaf mesophyll tissue through the stomatal aperture to the atmosphere but also the flux of CO2 from the atmosphere to mesophyll tissue (Damour et al., 2010). Stomatal conductance is one of the most critical parameters for CO2 fixation via photosynthesis because it limits the CO2 supply for the Calvin-Benson cycle (Sakoda et al., 2021).

Salt stress also inhibits photosynthesis via non-stomatal conductance. These include alteration of photosynthetic pigment biosynthesis, inhibition of the Calvin-Benson cycle enzymes, and disruption of the integrity and efficiency of the photosynthetic apparatus and thylakoid membranes (Sharma et al., 2020).



1.5 Oxidative stress

As has been established, osmotic stress causes stomatal apertures to close to prevent desiccation and consequently reduces CO2 flux, thereby reducing CO2 levels (Ueda et al., 2013). Under these conditions, and if plants are exposed to sunlight, electrons from photosystems PSI and PSII are derived to molecular oxygen, resulting in the generation of ROS, at the same time, a decrease in K+ intracellular concentration depresses the antioxidant system, contributing to ROS increase (Ahanger and Agarwal, 2017). Increased ROS levels cause oxidative stress and induce DNA damage and peroxidation of membrane lipids, with concomitant damage to the photosynthetic apparatus (Hasanuzzaman and Fujita, 2022).




2 Impact of salt stress on soil microbes

Although some plants have evolved to adapt to saline environments, most are considered salt-sensitive. Halophytes are plants capable of completing their life cycle with at least 70 mM salt (Cheeseman, 2015) and are characterized as possessing physiological adaptations to counteract the effects of the presence of salt ions. Halophytes are not a monophyletic group; halophily has evolved in 37 orders of plants no fewer than 59 times (Ashraf and Munns, 2022), showing that the development of strategies to adapt to high salt content is based on the general physiological capabilities of plants. Strategies to adapt to high soil salinity include biosynthesis and accumulation of compatible solutes, upregulation of the antioxidant system, and toxic ion compartmentalization (Al-Turki et al., 2023).


2.1 Biosynthesis and accumulation of compatible solutes

Compatible solutes are small, osmotically active molecules that can accumulate at high concentrations with minor or non-adverse effects on cellular metabolism because of their hydrophilicity, and at least some of them can replace water at the surface of membranes and proteins (Zulfiqar et al., 2019). Compatible solutes drop the water potential inside the cell, allowing water influx, preventing water efflux, and protecting the cell from osmotic shock (Ozturk et al., 2021). The chemical nature of compatible solutes is diverse but they can be categorized as amino acids, betaines, non-reducing sugars and polyols, and polyamines (Kumar and Verma, 2018).

Under salt stress, spinach (Spinacia oleracea) accumulates glycine, serine, proline, and glycine betaine as free amino acids in its leaves. Glycine betaine comprises between 15% and 55 percent of the total nitrogen osmolytes, depending on the intensity of salt stress (Di Martino et al., 2003). It has been shown that rice, most saline-tolerant varieties, accumulates higher concentrations of proline with a significantly lower level of lipid peroxidation (Ha-tran et al., 2021), and similar results have also been observed in wheat (Hinai et al., 2022). Other frequently accumulated compatible solutes in plants under salt stress are sorbitol, mannitol, putrescine, spermidine, and spermine (Hassan et al., 2016; Chang et al., 2019; Islam et al., 2020).



2.2 Toxic Ion homeostasis and compartmentalization

Once Na+ and Cl− enter the plant cell, the plant employs two different mechanisms to limit the deleterious effects of the ions. First, Na+ bombs back outside the cell to the apoplast or leaf surface, and second, the plant compartmentalizes the toxic ion in the vascular space or even in the old leaves (Keisham et al., 2018).

The plasma membrane Na+/H+ antiporter salt-overly-sensitive 1 (SOS1) is a major player in salt tolerance, and SOS1 excludes cytosolic Na+ from the apoplast (Zhang X. et al., 2023). Additionally, SOS1 is involved in Na+ loading into the xylem, and rice sos1 mutants are very salt sensitive (Akhter et al., 2022; Zhang X. et al., 2023). Yang et al. (2021) showed that transgenic lines of Arabidopsis plants, callus of Malus domestica (apple), and M. domestica plants expressing or overexpressing the Cation/Ca2C Exchanger 1 from M. domestica (MdCCX1) significantly increased tolerance to salt treatment, reducing the Na+ content and promoting ROS scavenging, indicating that MdCCX1 excludes Na+ from the plant.

The ability of plant cells to compartmentalize Na+ and Cl− in vacuoles is important for maintaining low cytosolic toxic ion levels (Saghafi et al., 2020). NHXs Na+/H+ antiporters are mainly localized in the tonoplast membrane and play a central role in compartmentalizing Na+ in the vacuolar space, allowing the maintenance of higher concentrations of K+ (Heidari and Golpayegani, 2012; Keisham et al., 2018). The expression of PutNHX1 and SeNHX1 from the halophytes Puccinellia tenuiflora and Salicornia europaea confers the ability of Arabidopsis root cells to sequester large quantities of Na+ in the vacuolar space than controls and a concomitant higher cytosolic K+ accumulation (Liu et al., 2021), in the same sense overexpression of SeNHX1 improves salt tolerance in tobacco (Chen et al., 2015).



2.3 Antioxidant system

Plants respond to oxidative stress produced by salt via the disruption of electron transport chains by upregulating their antioxidant systems (Hasanuzzaman et al., 2021). In addition to compatible solutes, plants produce a wide range of antioxidant compounds, such as polyphenols, flavonoids, carotenoids, and glycoalkaloids (Kiani et al., 2021).

Other compounds that accumulate under salt stress are polyamines, which act as compatible solutes that act as antioxidant agents and are involved in the regulation of enzymatic antioxidant plant systems (Saha et al., 2015; Gowtham et al., 2022). ROS produced under salt stress are abated by antioxidative enzymes, including superoxide dismutase, glutathione reductase, dihydroascorbate reductase, ascorbate peroxidase, catalase, and guaiacol peroxidase (Zhang et al., 2016). Exogenous application of the polyamines putrescine, spermidine, and spermine to mung bean (Vigna radiata) grown under salt treatment enhanced ascorbate and glutathione content and increased the activities of the antioxidant enzymes dehydroascorbate reductase, glutathione reductase catalase, and glutathione peroxidase. Similarly, the exogenous application of phenanthroline, a polyamine synthesis inhibitor, significantly inhibits the activity of superoxide dismutase, catalase, ascorbate peroxidase, and monodehydroascorbate reductase in tomato plants under salt stress (Zhong et al., 2020).




3 Impact of salt stress on soil microbes

Soil microorganisms have evolved mechanisms to tolerate different salt concentrations in the environment, such as saline soils, some of which are used for agricultural production purposes. Microorganisms can be classified on the basis of their salt tolerance. For example, halotolerant organisms can survive in environments containing up to 25% sodium chloride, whereas halophiles not only tolerate salt but also require it to grow. Within this broad classification of halotolerant and halophilic organisms, there are further divisions that identify microorganisms as non-halophiles (≤ 1%), slight (1%−3%), moderate (3%−15%), or extreme halophiles (≥15%−25%) (Kanekar et al., 2012).

In recent studies (Etesami and Emami, 2023; Etesami et al., 2023; Petrosyan et al., 2023), several bacterial genera have been listed as good salt tolerant candidates with the ability to associate with plants to promote growth and production under adverse conditions. Some examples include Bacillus spp., Halomonas spp., Pseudomonas, Streptomyces spp. Although some soil bacterial genera, such as Rhizobium, do not tolerate low concentrations of salt (do not grow in media such as Luria bertani with 0.5%−3% NaCl), variations exist among strains or species of rhizobia with salt tolerance. Some strains, such as Mesorhizobium alhagi CCNWXJ12-2, are highly salt-tolerant and capable of nodulating the desert plant, Alhagi sparsifolia. Through transcriptomic analysis of strain CCNWXJ12-2, possible genes such as proV, proW, proX, and nhaA, which encodes for the glycine-betaine transport system, an osmoprotectant. This system is crucial for accumulating compatible solutes inside the cell, which helps balance osmotic pressure without interfering with cellular metabolism. proV encodes an ATPase protein that provides energy for the active transport of glycine-betaine. proW encodes a protein that is part of the glycine-betaine transporter, while proX encodes the protein that acts as the glycine-betaine transporter across the membrane. Finally, the nhaA gene encodes for a Na+/H+ antiporter. This protein helps pump sodium ions (Na+) out of the cell and pump protons (H+) into the cell. However, deletion mutant analysis identified the yadA gene as being relevant for salt tolerance. The yadA gene encodes for an adhesin A, which in pathogens like Yersinia has virulence functions, but also plays a role in autoaggregation and protection. Additionally, this adhesin helps bacteria adhere to host cells and tissues, facilitating rhizosphere colonization (Liu et al., 2014).

The authors concluded that genes with functions such as osmoprotectant uptake and ion transporters are two of the most relevant mechanisms in the rhizobia M. alhagi to cope with salt stress. Strains such as CCNWXJ12-2 may have a high value in the bioinoculant market to stimulate production processes in naturally occurring host plant species, in addition to significant potential to explore their nodulation capacity with other agriculturally important plant species grown in saline soils.

Salinity stress can affect the viability of microorganisms in various ways, primarily by affecting the osmotic balance. If cells can regulate this effect and maintain internal ionic osmoregulation, they can tolerate salt stress. Therefore, halotolerant microorganisms typically contain genetic systems in their genomes that code for intracellular ion regulation systems by pumping ions out of the cell using plasma membrane-localized Na+/H+ antiporters, and they also make use of K+/Na+ ion transporters. The importance of Na+/H+ antiporters has been demonstrated for decades in species such as Bacillus (Whatmore et al., 1990); however, research has focused more on the functions of these antiporters in model plants such as Arabidopsis. Recently, Baek et al. (2020) showed that the SOS1 gene, encoding a Na+/H+ antiporter, is relevant for tolerating salt stress induced by interaction with the bacterium Bacillus oryzicola YC7007 in Arabidopsis thaliana. Interestingly, other mutant plants in sos2-1 and sos3-1 inoculated with YC7007 continued to show salt tolerance (but not when mutating the sos1-1 copy), indicating no function in halotolerance. Additionally, strain YC7007 showed beneficial effects by inhibiting the accumulation of malondialdehyde and Na+ induced by salt in seedlings co-cultured with YC7007. Moreover, other crop species, such as radish and cabbage, benefited from their interaction with plant growth-promoting rhizobacteria (PGPR), suggesting a potential for stimulating salt stress tolerance through this approach.

The cell membrane and cell wall are the main barriers that delimit the cellular interior and protect the cell from the external environment, including salt stress. Their components must be sufficiently “selective” to allow the entry of nutrients, ions, and important metabolites for growth while simultaneously preventing the passage of elements, compounds, or toxic substances. Therefore, one of the mechanisms of halotolerance involves the presence of membrane components such as phospholipids, fatty acids, glucans, and polysaccharides, among others, in “appropriate” proportions. Microorganisms can modulate their membrane components when they are exposed to saline stress. This was recently demonstrated by Rojas-Solis et al. (2020) for beneficial bacteria of the Bacillus spp. genus Bacillus. Under saline conditions, these bacteria modify the production of lipids and membrane fatty acids, allowing them to maintain their antagonistic mechanisms (e.g., antifungal activity against Botrytis cinerea) and promote growth in tomato plants (Lycopersicon esculentum “Saladette”). This includes the production of siderophores and indole-3-acetic acid (IAA), protease activity, and biofilm formation.

In a recent study by the same authors (Rojas-Solis et al., 2023), through the analysis of mutants of clsA (UM270 ΔclsA) and clsB (UM270 ΔclsB) in the biocontrol and plant growth-stimulating rhizobacterium Pseudomonas fluorescens UM270, cardiolipin membrane phospholipids were identified as relevant for salt stress tolerance. It was also found to be crucial for promoting the growth of Lycopersicon esculentum and saladette plants. During the experiments, it was observed that the UM270 strain significantly increased the production of cardiolipin under saline conditions (200 mM NaCl), whereas phosphatidylcholine decreased its production, and other phospholipids such as phosphatidylglycerol and phosphatidylethanolamine remained unchanged. Interestingly, mutants with reduced cardiolipin production failed to stimulate tomato growth under saline conditions. In contrast, the wild-type UM270 strain not only stimulated parameters such as shoot length, chlorophyll content, and total plant dry weight but also maintained active mechanisms such as the production of indole acetic acid, siderophores, and biofilm.



4 The role of ACC deaminase in salt-tolerant microbes

The mass production processes of agricultural products have increased soil salinization, such as irrigation with water high in salt content (Singh, 2021; Du et al., 2023). Therefore, when attempting to apply any biological inoculant, which may include fungi, bacteria, or both microorganisms, namely plant growth-promoting microbes or PGPM, they must exhibit survival mechanisms to tolerate salt stress. Some mechanisms include the production of osmolytes, improving responses to reactive oxygen species (ROS) production, or modifying the components of cell membranes. All these mechanisms have been recently analyzed and discussed by Valencia-Marin et al. (2024), so reading their work is suggested. Here, we present a brief analysis of the role of microbial ACC deaminase in reducing ethylene levels in plants affected by saline stress, which is significant in PGPM, such as Trichoderma and Bacillus, for effectively promoting plant growth and health in multiple crops.


4.1 Ethylene

One of the mechanisms that plant-associated microorganisms use to help tolerate salt, as well as enhance host growth and development, is 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity (Gamalero et al., 2023). Briefly, and as explained earlier, when plants are subjected to salt stress (among other stress types such as drought or flooding, exposure to heavy metals, etc.), ethylene synthesis increases in the tissues. Thus, ethylene synthesis begins with the production of S-adenosyl-methionine (SAM), a reaction catalyzed by the enzyme SAM synthase, derived from the combination of methionine and ATP. Subsequently, SAM is converted to ACC by the enzyme ACC synthase, and in turn, ACC is a direct derivative of ethylene (ET). This latter reaction is carried out by the enzyme ACC oxidase. As a result of this reaction, some volatile compounds are produced, such as CO2 and Hydrogen Cyanide or HCN (Orozco-Mosqueda et al., 2020). It is worth mentioning that some effects of excessive ethylene production under stress conditions can lead to chlorosis and/or foliar necrosis, rapid aging and wilting of flowers or leaves, or cause deformation in flowers, premature leaf or flower drop (abscission), and reduced growth of plants and fruits. Ethylene can induce seed germination, elongation of plant roots, formation of leaf and root primordia in stems and roots, and initiation of flowering. In fruits and vegetables, ethylene can induce ripening and accelerate product rotting (Zhang et al., 2020). Therefore, it is necessary to keep ethylene levels low in crops with the intention of promoting seed germination, the formation of leaf and root primordia in stems and roots, as well as the elongation of plant roots and initiation of flowering.



4.2 ACC deaminase model

According to Glick et al. (1998), the ACC produced by the plant can be degraded by the action of microorganisms containing the enzyme ACC deaminase (Figure 1). These microorganisms can inhabit internal tissues or originate from the rhizosphere or narrower sections within the root, such as the rhizoplane. In fact, the exact mechanism by which ACC deaminase-producing microorganisms can detect and recognize ACC is still unknown, although there are numerous reports where inoculations with microorganisms, including fungi or bacteria that promote plant growth, can degrade the plant's ACC. This includes various plant crops of agronomic interest. In this model, ACC is degraded by the action of the ACC deaminase enzyme, converting it into α-ketobutyrate and ammonia. This way, the precursors of ethylene synthesis, i.e., ACC, will be reduced, and consequently, ethylene levels in the plant will decrease, along with all its physiological consequences. Glick's model also includes crosstalk with the indole-3-acetic acid (IAA) hormone and ethylene caused by salt stress. IAA can be synthesized from tryptophan in both plants and associated microorganisms (Etesami and Glick, 2024). Therefore, this hormone, involved in signals that induce growth and cell proliferation in plants through the response to auxin response factors, could stimulate SAM and induce changes in ET concentration. In fact, several studies have demonstrated that microorganisms producing both IAA and ACC deaminase can decrease ET levels in plants and, in turn, stimulate their growth under different stresses, including salinity (Bal et al., 2013; Chandra et al., 2018; Zhang et al., 2019; Murali et al., 2021).
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FIGURE 1
 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase model to lower ethylene levels in stressed plants by salinity conditions for the stimulation of plant growth and fitness. Briefly, salt stress induces ethylene synthesis trough the pathway that starts with the production of S-adenosyl-methionine (SAM). Subsequently, SAM is converted to ACC by the enzyme ACC synthase, and in turn, ACC is a direct derivative of ethylene (ET). ACC is then degraded by ACC deaminase enzyme, converting it into α-ketobutyrate and ammonia. This way, the ethylene synthesis is lowering by the degradation of ACC precursor. The model also includes crosstalk with the indole-3-acetic acid (IAA) hormone, where it can be synthesized from plants and/or associated microorganisms.




4.3 ACC deaminase in Trichoderma spp.

The fungi of the genus Trichoderma can form associations and establish intimate communication with host plants, even living as endophytes within the plant (Guzmán-Guzmán et al., 2024). Therefore, it is relevant to search for these endophytes to determine their potential functions as growth promoters and contributors to plant health. Such is the case in the study conducted by Wang and coauthors (Wang et al., 2022), where they isolated 59 fungal strains belonging to the genera Penicillium, Aspergillus, Fusarium, Trichoderma, Rhizopycnis sp., Trametes sp., Schizophyllum commune sp., Alternaria, Cladosporium, Cylindrocarpon, and Scytalidium from the “Seashore mallow” plant (Kosteletzkya virginica). K. virginica is a non-invasive perennial halophytic oilseed-producing dicot native to the USA Atlantic coasts. ACC deaminase activity was identified in 10 out of the 59 fungal isolates, with two endophytic fungi of the species T. asperellum and T. viride standing out. These two Trichoderma isolates showed the best results when inoculated in wheat (Triticum aestivum) and soybean (Glycine max), improving various parameters such as plant dry weight and fresh weight, plant height and root length, superoxide dismutase activity, and chlorophyll content. Additional analyses indicated that Trichoderma strains induced a negative regulation of gene expression, including ACC oxidase and ACC synthase, thereby reducing ethylene synthesis and additional damage to plants caused by salinity.

Using two wheat cultivars, one sensitive and another salt-tolerant, a recent work demonstrated that two Trichoderma strains (T. yunnanense and T. afroharzianum) increased salt stress tolerance (along with stimulating proline contents in leaves) compared to non-inoculated plants in both cultivars. Unfortunately, the ability to produce ACC deaminase in these strains was not evaluated, but it was determined that they produced IAA, possibly aiding plant growth through this auxin (Oljira et al., 2020).

In another study using the IAA and ACC deaminase-producing strain T. longibrachiatum (TL-6), growth and salt stress tolerance in Triticum aestivum plants were increased through various molecular mechanisms. Interestingly, the TL-6 strain regulated the transcription of genes relevant to IAA and ET synthesis, as well as Na+/H+ antiporter genes in both shoots and roots, leading to a decrease in ET synthesis (by diminishing ACC content by up to 22%) and an increase in IAA (approximately 11%), along with a decrease in Na+ accumulation in tissues. The authors suggested that this combination of physiological, biochemical, and molecular responses in wheat plants helped promote growth and salt stress tolerance (Zhang et al., 2019).

Another Trichoderma species characterized as beneficial for plants, enhancing their resistance to salt stress (with undetermined ACC deaminase activity), is T. parareesei. In this regard, the species T. parareesei (and T. harzianum), when applied to Brassica napus roots, increased productivity and salinity tolerance, as well as drought tolerance, with potentially similar physiological consequences in the plant (Poveda, 2020).



4.4 ACC deaminase in Bacillus spp.

Within the genus Bacillus, there are various species that exhibit high tolerance or resistance to salinity, enabling them to thrive in high concentrations. This makes them perfect candidates as Plant Growth-Promoting Bacteria (PGPBs) and/or bioinoculants in stressful agricultural conditions (Bomle et al., 2021; Ayaz et al., 2022).

In a recent study, Gamalero and Glick (2022) conducted a comprehensive review of the diverse capabilities of various bacteria to ameliorate salinity and drought stress in plants, including several candidates from the Bacillus genus. Likewise, other recent review works have also discussed the importance of ACC deaminase (and ethylene) in bacteria, particularly in the Bacillus genus, for alleviating salinity stress in multiple crops such as wheat, maize, sorghum, canola, pepper, cucumber, alfalfa, rice, tomato, among others (Etesami et al., 2023). For example, three bacterial strains of the species Bacillus licheniformis (RS6569), Brevibacterium iodinum (RS16), and Zhihengliuela alba (RS111), which possessed ACC deaminase activity, were able to enhance salt stress tolerance in pepper plants (Capsicum annuum) by reducing ethylene levels by a 50% less. In addition, the salt tolerance index, that includes the ratio of biomass of salt stressed to non-stressed plants, was also stimulated in inoculated plants with bacilli strains (Siddikee et al., 2011).

Recently, Zhu et al. (2020) evaluated three Bacillus strains, namely B. megaterium NRCB001, B. subtilis subsp. subtilis NRCB002, and B. subtilis NRCB003, which exhibited ACC deaminase activity, among other mechanisms, on the growth of alfalfa plants under saline stress. In the experiments, two of the strains showed better results (NRCB002 and NRCB003), as they increased the dry weight of the plants compared to non-inoculated seedlings treated with NaCl (130 mM) (Zhu et al., 2020).

Another study demonstrated that two bacilli, B. marisflavi (CHR JH 203) and B. cereus (BST YS1_42), stimulated defense responses and expression of ROS scavenging and cell rescue genes in pea plants (Pisum sativum) subjected to 1% salinity (NaCl) concentrations. Additionally, both strains exhibited high levels of ACC deaminase activity and increased biomass, plant carbohydrates, phenols, flavonoids, and antioxidant enzyme levels in plants, even under salinity stress (Gupta et al., 2021)

There are several studies demonstrating that microorganisms can enhance their beneficial effects on plants when working together as a team (Santoyo et al., 2021a). In other words, a single microbial strain, whether bacteria or fungus, may not possess the complete arsenal of metabolites and activities required to survive and compete efficiently in the soil. Furthermore, in a microbial consortium, one microbe could be synthesizing metabolites inhibiting the growth of phytopathogens while a second one (or third one, etc.) might be stimulating plant growth through direct mechanisms such as hormone synthesis (e.g., IAA, gibberellins, and cytokinins). Therefore, in a microbial consortium, these tasks can be divided and carried out by each microorganism that is part of the consortium, which must be highly compatible and avoid antagonisms among them (Mohanram and Kumar, 2019).

In a recent study, Singh and colleagues (Singh et al., 2023) employed employed a consortium of ACC-deaminase-synthesizing T. harzianum (Th) and plant growth-promoting bacteria (PGPB) where synergitic work was observed, including strains Fd-2 (Achromobacter xylosoxidans), Ldr-2 (Bacillus subtilis), Sd-6 (Brevibacterium halotolerans), Art-7 (Burkholderia cepacia), and Str-8 (Halomonas desiderata), to reduce salt stress in Ocimum sanctum (also known as Holy Basil). O. sanctum is a medicinal plant in various countries, such as India. The results of this study showed that the coinoculation of Th and PGPB improved plant height and fresh herb weight from 3.78% to 58.76%, with some microbial combinations being more effective than others. Interestingly, coinoculated plants exhibited lower Na+ concentrations and activities of malondialdehyde, H2O2, catalase, and peroxidase. Additionally, plants interacting with microorganisms showed a lower ACC accumulation (49.75% to 72.38% compared to untreated plants subjected to salt stress), suggesting a reduction in the harmful effects caused by salinity stress.

The synergistic action of PGPB and Trichoderma functioning as a consortium is crucial to understanding their beneficial capabilities, both in field and greenhouse conditions. Recently, Marghoob et al. (2023) and coauthors evaluated two Trichoderma strains (T. harzianum and T. viridae) and three bacterial strains (Pantoea spp. and Erwinia rhaphontici) under field conditions and in pot experiments with wheat plants. The results showed that under saline stress, microbial consortia presented encouraging results in various agronomic parameters, such as production, days of flowering and maturity, number of spikes, spike length, spike weight, and number of seeds per spike, among others. Although the microorganisms did not produce the auxin IAA, they exhibited ACC deaminase activity, among other mechanisms relevant to promoting plant growth, such as the production of siderophores, antioxidant activities, and exopolysaccharide/biofilm production.

Another recent study evaluated the synergistic action of Trichoderma koningiopsis NBRI-PR5 (MTCC 25372) and T. asperellum NBRI-K14 (MTCC 25373), named TrichoMix, in rice crops under saline stress conditions. The results concluded that this consortium increased the accumulation of osmoprotectors in rice plants, modulated the plant's defense system, and improved grain production. Additionally, rice grains showed an increase in nutrients such as Fe and Zn by approximately 40% and 29%, respectively. Together, these studies demonstrate that various species and strains of Trichoderma can be an excellent option to stimulate the growth and production of various crop plants and may not only exhibit mycoparasitic action, as commonly known for this genus of biocontrol fungi (Anshu et al., 2022).




5 Stimulation of plant growth and health under salt stress

Under saline conditions, plants activate multiple physiological and biochemical mechanisms that are responsible for adaptation to hostile environments. Furthermore, plants interact with beneficial soil microbes to minimize the negative effects of salt stress. Plants recruit beneficial microorganisms under stressful growing conditions via the root exudation of metabolites (Shrivastava and Kumar, 2015; Gupta et al., 2022). For example, tomato root (Solanum lycopersicum) exudate oxylipins are chemoattractants of the beneficial fungus Trichoderma harzianum under saline stress (100 mM NaCl), causing significant changes in the reorientation of germ tubes (Lombardi et al., 2018). Moreover, organic acids, such as stearic and palmitic acids, released by the halophyte Limonium sinense under saline conditions favor motility and chemotaxis in the strain Bacillus flexus KLBMP 4941 (Xiong et al., 2020).

The intertwined action of beneficial soil microbes occurs at three proposed levels: (1) the survival of microorganisms themselves in a hyperosmotic environment; therefore, the use of halotolerant bacterial or fungal isolates seems to be an excellent choice; (2) the induction of salt-tolerant mechanisms in plants; and (3) the improvement of soil quality (Figure 2). These microbial actions cannot be performed without the production of secondary metabolites known as specialized metabolites (Fouillaud and Dufossé, 2022). These compounds are structurally diverse, and their production is influenced by nutrient sources, growth stages, and environmental conditions. Moreover, fingerprints of microbial compounds are species-specific and play multifunctional roles in plants (Jalali et al., 2017). Several studies on the effect of Trichoderma spp., Bacillus spp., or their metabolites on ameliorating the negative effects of salt stress in plants and structuring agroecosystems are continually emerging. New halotolerant strains have been isolated from different environments, and their potential as plant growth promoters under saline conditions could improve crop growth and productivity (Ibarra-Villarreal et al., 2021; Prabhukarthikeyan et al., 2022; Zhang et al., 2022).
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FIGURE 2
 Activation of salt stress tolerance mechanisms in plants by plant growth-promoting microorganisms. The metabolic processes, gene expression, and physiological responses to the environment are severely affected when plants are under salinity conditions. Beneficial microorganisms produce phytohormones (e.g., indole-3-acetic acid) and volatile organic compounds that modulate plant growth and defense under saline conditions. In particular, the root system is strengthened, facilitating the uptake of water and nutrients from the soil. In contrast, beneficial microorganisms induce the accumulation of abscisic acid in plants, which participates in regulating stomatal closure and controlling water loss. Likewise, they increase the antioxidant systems by improving the enzymatic antioxidant activities (e.g., SOD) and promoting the accumulation of osmolytes (e.g., proline) and antioxidants (e.g., ascorbic acid) in plants. Alternatively, microbes decrease the excessive production of ethylene by producing 1-aminocyclopropane-1-carboxylic acid (ACC)-deaminase and induce the elimination of the Na+ ion through root exudates. These effects combined can contribute to the adaptation and survival of the plants to salt stress.


Trichoderma and Bacillus can induce existing metabolic machinery in plants to cope with saline stress (Figure 3). The bipartite network displays a list of metabolites produced by plants grown under saline conditions and during interactions with these beneficial soil microorganisms and how these compounds are connected to the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways (Ogata et al., 1999). The network showed that both primary and secondary metabolisms were finely modulated to enable a physiological response in plants to overcome stress. The induction of osmolyte synthesis is one of the mechanisms triggered by microbes, and proline is the most studied because its accumulation is highly correlated with salt tolerance. Therefore, it is overrepresented in the network and connected to the biosynthesis of other metabolites and ABC transporters. Proline is a precursor of proteins that play important roles in plant growth and differentiation across the life (Kishor et al., 2015). The role of microbes in phytohormone homeostasis, such as indole-3-acetic acid (IAA), abscisic acid (ABA), salicylic acid (SA), and jasmonic acid (JA), has also been well reported (Contreras-Cornejo et al., 2009; Ueda et al., 2012; Chen et al., 2020). These phytohormones are associated with plant hormone signal transduction or the biosynthesis of metabolites, such as those involved in defense or tolerance to stressful growing conditions. Furthermore, the modulation of carbon metabolism and the promotion of the synthesis of secondary metabolites, such as flavonoids, indicate how complex and multivariate plant responses can occur during plant and microbe interactions under control and saline conditions (Ullah et al., 2019; Zulfiqar et al., 2019). Therefore, deciphering the molecular mechanisms underlying these interactions is challenging.


[image: Diagram showing connections between compounds and KEGG pathways. Compounds are listed on the left, pathways on the right. Lines connect compounds to their associated pathways. Each side is color-coded, with varied colors for different entries.]
FIGURE 3
 Bipartite network of metabolite-metabolic pathway connections involved in plants in response to the inoculation of Trichoderma spp. and Bacillus spp. under saline conditions. The bipartite interaction network was built from published literature and by using KEGG Pathway Database entries. Full data was available in a public repository (https://github.com/artur14785/salinity_bipartite).



5.1 Plant growth promotion by Trichoderma spp.

Trichoderma spp. are free-living fungi that are commonly found in soil and root ecosystems. Approximately 375 species have been described worldwide (Cai and Druzhinina, 2021). Some Trichoderma species are more sensitive to salt stress than others, which restricts fungal growth and spore production (Zhang et al., 2019; Yusnawan et al., 2021; Abdelrhim et al., 2024). Trichoderma is widely known for its ability to produce antibiotics, parasitize other fungi, and to compete with phytopathogens. Together, these indirect mechanisms are considered the basis of Trichoderma to exert beneficial effects on plant growth and development; in fact, these abilities are maintained under salt conditions. For example, the average inhibition rates of T. longibrachiatum TG1 against Fusarium pseudograminearum were 33.86% and 46.62% at 0 and 150 mM NaCl, respectively. The antifungal effect correlated with the increased relative expression of enzymes, such as chitinases and glucanases, involved in the lysis of fungal host cells. In addition, TG1 induced salt tolerance in wheat seedlings (Triticum aestivum) and reduced the incidence of disease caused by F. pseudograminearum (Boamah et al., 2021), indicating the effectiveness of Trichoderma in mitigating combined stress. Similarly, plant growth promotion and biocontrol effects have been reported for different isolates of Trichoderma under salinity (Sánchez-Montesinos et al., 2019; Ding et al., 2021; Liu et al., 2023).

Alternatively, some Trichoderma spp. directly influence plants by producing growth-regulating substances such as IAA and ethylene, activating defense responses dependent on JA, SA, and/or ethylene, and inducing changes at the biochemical level to confer adaptation to abiotic stress (Contreras-Cornejo et al., 2009; Macías-Rodríguez et al., 2020). T. virens produces the auxin IAA (13.48 g L−1), as well as other auxin related compounds such as indole-3-ethanol (72.33 g L−1) and indole-3-acetaldehyde (59.40 g L−1) from tryptophan in potato dextrose broth (PDB) culture medium. IAA production varies among fungal species and strains (Kumar and Verma, 2018). Importantly, the exogenous addition of salt (100 mM NaCl) to PDB culture medium did not affect the production of auxin-like compounds (Contreras-Cornejo et al., 2015). Similarly, halotolerant species can produce IAA, indicating their potential for use in sustainable agriculture (Kumar et al., 2017; Oljira et al., 2020). Auxins are phytohormones that regulate various processes that are involved in plant growth and development. Salt undoubtedly affects plant growth and development in a dose-dependent manner and interrupts the root system architecture (primary root growth and the formation of lateral and adventitious roots), with repercussions on nutrient and water uptake and anchoring to the soil (Steffens and Rasmussen, 2016). An agravitropic response called “halotropism” is induced at the root. Positive or negative halotropic movements depend on the type of plant, salt gradient in the soil, and exposure time to saline stress. The directional response of roots to salt environments has been related to the redistribution of auxins, indicating an important role of auxin-dependent mechanisms in plant adaptive responses (Szepesi, 2020). Therefore, it is reasonable to speculate that auxins released by Trichoderma may be important for maintaining root development under salt stress. This is the case for T. atroviride and T. virens, which alter root system architecture and auxin-inducible gene expression in Arabidopsis during fungal colonization (Contreras-Cornejo et al., 2009). In addition, Trichoderma can regulate endogenous ACC in plants by producing ACC deaminase, which diminishes the deleterious increase in ethylene levels and stimulates the root elongation under salt stress, an event that does not occur when plants are inoculated with ACC deaminase-silenced mutants. Furthermore, ACC deaminase production by certain Trichoderma species, such as T. longibrachiatum T6, under NaCl stress enhanced the growth and tolerance of wheat plants to abiotic stress (Zhang et al., 2019).

The volatile organic compounds (VOCs) emitted by Trichoderma act as signals that regulate growth and defense programs in several plant species. In particular, Arabidopsis perception of 6-pentyl-2H-pyran-2-one (6-PP) produced by T. atroviride involves components of auxin transport and the ethylene response regulator EIN2, which orchestrates fundamental processes during root system architecture configuration (Garnica-Vergara et al., 2016). 6-PP is also produced by other Trichoderma spp. and exhibits plant growth-promoting properties (Lee et al., 2016). However, the pool of fungal VOCs may exert a varied response in plants compared with the exogenous application of 6-PP. Other fungal VOCs reported in Trichoderma belong to the family of alcohols, ketones, and terpenes and elicit both developmental and defense programs in plants (Yusnawan et al., 2021). However, much work is required to fully understand the mechanisms triggered by these molecules during plant-microbe interactions. VOCs produced by Trichoderma under salt stress induce salt tolerance mechanisms in plants. For example, VOCs from T. koningii at 100 mM NaCl diminished H2O2 accumulation in Arabidopsis plants compared with uninoculated plants, inducing protection against oxidative damage (Jalali et al., 2017).

Trichoderma can produce ABA with and without a salt stimulus. This phytohormone is involved in the regulation of abiotic stress tolerance. The species T. atroviride and T. virens are salt tolerant at 100 mM NaCl, and they slightly increase ABA production (from 0.11 to 0.33 ng mL−1 for T. virens and 0.15 to 0.21 ng mL−1 for T. atroviride) when grown in PDB culture media supplemented with 100 mM NaCl. Hence, an accumulation in the shoots regulating stomatal opening through a mechanism dependent on the phosphatases ABI1 and ABI2 to avoid water loss was observed in plants during fungal interactions with Arabidopsis (Contreras-Cornejo et al., 2015).

Plants inoculated with Trichoderma have shown increased expression of many genes involved in osmoprotection and general oxidative stress in shoots and roots (Abdelrhim et al., 2024). For instance, fungi improve the enzymatic antioxidant activities of SOD, POD, and CAT, among others, in plants as scavenging mechanisms to mitigate ROS damage. In addition, Trichoderma spp. increase the elimination of Na+ through root exudates as part of a detoxification mechanism in plants under salt stress, and some studies have reported an accumulation of proline as an osmolyte and ascorbic acid as an antioxidant agent to detoxify the cell from ROS, especially H2O2. Similarity, Zhang et al. (2019) observed an increased content of proline, ascorbate, and glutathione, and decreased levels of H2O2 in wheat seedlings (Triticum aestivum) inoculated with T. longibrachiatum grown under saline conditions. The downregulation of proline production in colonized plants induced by Trichoderma suggests a complex role for proline in ameliorating saline stress and its interaction with beneficial soil microbes (Oljira et al., 2020).

Studies carried out in the field indicate that inoculation of Trichoderma in stressed plants grown under saline conditions modulates nutrient uptake and bacterial community structure and function in the rhizosphere soil. This is the case for T. harzianum ST02, which promotes the growth of sweet sorghum (Sorghum bicolor), facilitates nutrient uptake from saline soil, and modulates the relative abundance of Actinobacteria in the rhizosphere (Wei et al., 2023).



5.2 Plant growth promotion by Bacillus spp.

Bacillus has been widely studied because of its capacity to survive under different environmental conditions and its ability to produce a wide spectrum of metabolites for medical, industrial, and agricultural applications (Santoyo et al., 2012; Valenzuela-Aragon et al., 2019). In particular, this genus has gained great interest as a promoter of the health and performance of crops grown in non-saline and saline soils by inducing metabolic and molecular reprogramming in plants to support growth and stress control (Abd El-Daim et al., 2019; Etesami et al., 2023) such as B. subtilis, B. subtilis, B. amyloliquefaciens, B. licheniformis, and B. pumilus (Caulier et al., 2019). Salt tolerance varies between species and strains. Salt may affect bacterial growth, biofilm formation, secondary metabolite production, and exoproteome profile, which are important bacterial traits for salt stress tolerance and competitive capacity in the rhizosphere (Massawe et al., 2018; Ullah et al., 2019; Ibarra-Villarreal et al., 2021; Santoyo et al., 2021b; Singh et al., 2022). However, the synthesis of certain metabolites is induced, favoring their interaction with plants, such as glycine betaine and ectoine, which are produced for cellular adaptation to high-osmolarity environments but also play a role as osmoprotectors in plants (Asaf et al., 2017; Zamanzadeh-Nasrabadi et al., 2023; Valencia-Marin et al., 2024).

The ability to form endospores and produce antimicrobial compounds is advantageous for bacterial survival in saline soils, where the carbon source is scarce and competition for space and nutrients prevails (Caulier et al., 2019). Some antimicrobial compounds include non-ribosomally synthesized peptides, lipopeptides, polyketide compounds, bacteriocins, and siderophores, which are structurally diverse among Bacillus spp. (Rodríguez et al., 2018; Blake et al., 2021; Etesami et al., 2023). In addition, Bacillus produces HCN and extracellular hydrolytic enzymes including cellulase, protease, and xylanase, which play important roles in the lysis of pathogen cell walls (Martínez-Absalón et al., 2014; Bhagwat et al., 2019). Importantly, the antagonistic activity of Bacillus spp. modifies the rhizosphere microbial community, reducing the presence of phytopathogens and indirectly influencing plant growth. Plants are usually more susceptible to phytopathogen attack under saline conditions (Cramer et al., 2011; Vanderstraeten et al., 2019; Zhou et al., 2021; Patel et al., 2023). It is possible to study the sensitivity of phytopathogens to antimicrobial compounds produced by Bacillus and how they are differentially produced according to the phytopathogen tested using confrontation assays (Cossus et al., 2021). Additionally, in planta assays have revealed the potential of Bacillus spp. in biocontrol (Chowdhury et al., 2015; Maan et al., 2022).

Bacillus directly ameliorates salinity stress in plants through multiple mechanisms that involve the production of phytohormones, VOCs, and ACC deaminase, which decreases ethylene levels, osmoprotectants, and exopolysaccharides (Panneerselvam et al., 2019; Etesami et al., 2023). Regarding phytohormones, Bacillus produces IAA in nutrient broth through the L-tryptophan pathway, and salt stress differentially affects IAA production (Duca et al., 2014; Etesami and Maheshwari, 2018). Furthermore, modulation of IAA homeostasis is observed during bacterial association with plants, resulting in the stimulation of cell elongation and promotion of plant growth (Kumar et al., 2021). Plant responses are specific to the bacterial species or strain, even more so when an external stress stimulus, such as salt stress, affects bacterial growth and colonization (Zakavi et al., 2022). Other phytohormones that can be produced by Bacillus spp. under saline and non-saline conditions are gibberellins (GAs), cytokinins, and ABA, which can presumably be taken up by plants to regulate endogenous phytohormone content and improve plant physiology under saline and non-saline conditions (Ilangumaran and Smith, 2017; Hedden, 2020; Glick, 2023). For example, B. amyloliquefaciens RWL-1 and B. methylotrophicus KE2 produce gibberellins, including GA4, which is the most bioactive in plants, increasing seed germination and subsequent plant development in Lactuca sativa, Cucumis melo, Glycine max, Brassica juncea, and Oryza sativa (Radhakrishnan and Lee, 2016; Keswani et al., 2022). Another study reported that RWL-1 also produces ABA, thereby increasing its potential for salinity stress tolerance (Shahzad et al., 2016). Other species, such as B. marisflavi produce xanthoxin-like compounds (ABA analogs) that benefit the physiological response of Brassica juncea to drought stress (Gowtham et al., 2020). B. subtilis produces different cytokinins that benefit the growth and development of Triticum durum and Lactuca sativa (Arkhipova et al., 2005, 2007). Indeed, modulation of endogenous phytohormone levels by Bacillus spp. upon exposure of plants to salinity stress has been widely reported. In particular, Bacillus upregulates ABA synthesis- and sensing-related genes in plants (Yoo et al., 2019; Galicia-Campos et al., 2023). ABA plays an important role in the adaptive response to abiotic stress; thus, ABA content increases in inoculated plants, similar to osmoprotectant compounds (i.e., proline, polyamines, glutamate, and total free amino acids) and antioxidants (i.e., glutathione, ascorbic acid, flavonoids, and phenols). The activities of antioxidant enzymes such as POD, CAT, and SOD were improved, indicating that Bacillus helps plants neutralize high levels of ROS and reduce lipid peroxidation, rescuing them from salt stress (Egamberdieva et al., 2017; Ullah et al., 2019; Galicia-Campos et al., 2023).

Bacillus spp. are known to emit bioactive VOCs that modulate plant endogenous hormones, nutrient uptake by roots, and induction of systemic defenses in plants (Choudhary and Johri, 2009; Zhou et al., 2021). Ryu et al. (2004) and Sharifi and Ryu (2018) were pioneers in investigated the beneficial effects of microbial VOCs on plant growth. The authors analyzed the VOCs profiles emitted by B. subtilis GB03 and B. amyloliquefaciens IN937a and found that acetoin and 2,3-butanediol enhanced the growth of Arabidopsis and modulated the severity of infection caused by the phytopathogen Erwinia carotovora. Moreover, VOCs produced by GB03 triggered the induction of a high-affinity K+ transporter (HKT1) in shoots and reduction of HKT1 in roots, limiting Na+ entry into the roots and facilitating shoot-to-root Na+ recirculation in Arabidopsis plants exposed to saline stress (100 mM NaCl), indicating that bacterial VOCs diminish the adverse effects caused by salt. Similarly, Liu et al. (2014, 2023) reported that VOCs from B. amyloliquefaciens FZB42 increased POD, CAT, and SOD activity and decreased Na+ content in stressed plants. In addition, transcriptomic profiling of genes from Arabidopsis shoot tissues has provided insights into other molecular mechanisms responsible for inducing salt tolerance via bacterial VOCs emissions. The beneficial effects of the VOCs emitted by Bacillus spp. have been explored in plants grown under saline conditions. These compounds promote an increase in the levels of phytohormones, such as JA, SA, and osmolytes, as well as nutrient uptake from the soil (Holopainen and Gershenzon, 2010; Jalali et al., 2017; Cappellari and Banchio, 2020). Bacillus spp. produces acetoin and four-carbon alcohols. However, the overall bacterial VOCs profiles differed among them; consequently, the Arabidopsis seedling response was in accordance with the perceived bacterial chemical signature (Gutiérrez-Luna et al., 2010).

Bacillus spp. display different abilities to increase the uptake and accumulation of plant nutrients via different mechanisms, such as phosphate solubilization, siderophore production, and nitrogen fixation, which contribute significantly to enhanced plant growth under saline conditions. Salt-tolerant species can better achieve these bacterial traits because they can survive in osmotic and ionic environments (Kanekar et al., 2012; Ibarra-Villarreal et al., 2021; Lahsini et al., 2022; Zamanzadeh-Nasrabadi et al., 2023). In addition, certain members of the Bacillus genus produce exopolysaccharides that aid bacterial colonization, improve soil aggregation, and enhance the uptake of water and nutrients. The monosaccharide composition of this polymer changes in the presence of stress. Furthermore, exopolysaccharides bind to toxic Na+, restrict Na+ influx into roots, and promote water retention capacity through biofilm formation on root surfaces (Singh et al., 2022; Valencia-Marin et al., 2024). See Table 1 for a list of recent examples of beneficial activities exerted by Trichoderma and Bacillus spp. on crops under saline conditions.


TABLE 1 Examples of Trichoderma and Bacillus species (and other amendments) beneficiating plant crops under salt stress.

[image: A table presents research on microbial species and their benefits on host plants under salt stress. It includes columns for microbial species, host plant species, plant growth-promoting activities, and references. Examples from the table are: Trichoderma koningii and Trichoderma asperellum improve rice production, and Trichoderma harzianum with biochar enhances spinach plant growth. Each entry lists the specific plant-microbe interactions and the corresponding reference, such as Anshu et al., 2022 for rice and Sofy et al., 2022 for spinach.]




6 Microbial-assisted phytoremediation processes of salt-affected soils

Usually, agricultural crops are not tolerant to soil salinity, so one strategy is to develop new salt-tolerant varieties. Nevertheless, some plant species have failed to realize their potential for growth, development, and production in saline soils. In addition to salinity stress, which can affect more than 75 countries worldwide, soils containing high amounts of Na, Mg, Cl, and Ca, among other elements, are found in arid or semi-arid regions, leading to additional stress in plants (Munns and Gilliham, 2015).

The fertility and overall health of saline (and sodic) soils can be remediated through processes such as phytoremediation. Phytoremediation involves the use of plant species (some of which are trees) that can tolerate and accumulate high concentrations of salt (hyperaccumulators and halophytes). In turn, they decrease the salt concentration in the soil. Phytoremediation also involves calcium nutrition in the soil, resulting in the removal of sodium through cation exchange (Ashraf et al., 2010). Plant species, such as Tamarix smyrnensis, Brassica spp., Portulaca oleracea, Chenopodium album, and Glycyrrhiza glabra have been employed in soil remediation processes to address salinity issues. Given the well-established fact that each plant analyzed for its association with soil microorganisms and endophytes prompts the question of whether these can stimulate plant mechanisms to reclaim saline soils worldwide. Figure 4 illustrates a scheme adapted from the work of Imadi et al. (2016), depicting the pathway for saline soil phytoremediation, assisted by a halotolerant microbiome. The ultimate goal is to improve the fertility of agricultural ecosystems with soil problems and to achieve sustainability in food production.


[image: Flowchart depicting a sequence starting with soils with salinity problems, followed by the cultivation of salt-tolerant plants. Next is soil reclamation and decreased salinity, leading to the cultivation of less tolerant plant species. This improves long-term soil conditions and contributes to the sustainability of agricultural systems. Inoculation of salt-tolerant and less salt-tolerant plant growth-promoting microorganisms (PGPM) is highlighted in green boxes at key stages.]
FIGURE 4
 The pathway for saline soil phytoremediation assisted by halotolerant microbes, such as Trichoderma and Bacillus species, conducting research toward a sustainable production in agriculture.


The plant-associated microbiome is the second genome that can enhance tolerance to salt stress, among other types of abiotic and biotic stresses. Therefore, it is expected that there is synergy between halophilic microorganisms with ACC deaminase activity and plants, some of which are phytoremediators. For example, Chang et al. (2014) demonstrated that plant growth-promoting bacteria (PGPBs) of the genus Pseudomonas with ACC deaminase activity isolated from a salt-impacted (~50 dS/m) farm field promoted the growth of barley and oats in soil under salt stress (1% NaCl) in greenhouse (9.4 dS/m) and field trials (6–24 dS/m). The most notable result was that PGPB treatment stimulated greater plant biomass, leading to increased salt absorption and a reduction in soil salinity.

In a microcosm experiment, Anees et al. (2020) studied the effectiveness of phytoremediation combined with the stimulating role of bacteria (with salt tolerance of up to 20% in culture media) for the reclamation of saline soils. Interestingly, after the analysis, it was observed that the soil salinity was reduced by bacterial action from 6.5 to 2 dS/m. Other factors, such as the weight of both fresh and dry shoots and roots, increased with bacterial inoculation compared to the control in saline soils, and the Na/K ratio decreased in the plant tissues.

The issue of salinity can be exacerbated by contamination with other metals such as nickel (Ni), as reported by Ma et al. (2019) in a recent study. In this study, it was observed that a group of soil microorganisms, including the salt-resistant and plant-beneficial bacterium Pseudomonas libanensis strain TR1 and the arbuscular mycorrhizal fungus (AMF) Claroideoglomus claroideum strain BEG210, improved the saline conditions of soil in interaction with the plant Helianthus annuus. The results specifically showed that C. claroideum significantly improved plant growth, altered the physiological state, as well as the potential for Ni and sodium (Na+) accumulation by H. annuus under Ni and salt stress, either separately or in combination.



7 Trichoderma-Bacillus synergisms and consortia

Understanding the interactions that occur between microorganisms, in addition to those that occur with their plant hosts, is crucial for designing effective bioinoculants in field situations. In open fields, environmental conditions can be unpredictable, with events such as floods, droughts, strong winds, pests, and other factors often challenging an inoculant's ability to promote plant growth and increase production, especially under saline conditions. For Trichoderma and Bacillus, we have provided several examples of synergisms between these soil microorganisms that benefit plant crops. However, we propose a series of analyses that should be evaluated prior to designing bioinoculants based on Trichoderma and Bacillus.


7.1 Individual effects

Before determining if two microorganisms can function as a consortium to promote plant growth, their individual interactions should be evaluated. It seems obvious that each microbial strain should have a beneficial effect, but in various studies, this treatment is omitted, focusing only on the consortium activity, leaving uncertainty about the individual effect of each microorganism. Sometimes, multi-species consortia have more than three or four groups of strains, but even so, there should be an evaluation of each one to determine if its participation should be omitted. This would help facilitate the production of a consortium that contains only the microorganisms that truly have an active role in improving crop quality.



7.2 Evaluate strain compatibility

Strain compatibility is another important aspect to evaluate to avoid certain antagonisms between each species or strain in a microbial consortium. Each interaction between each species or strain in the consortium should be evaluated individually. Of course, the more microbial groups a consortium contains, the harder it will be to determine the compatibility of all strains. This situation becomes complicated in the case of microbial transplants that may contain hundreds or thousands of phylogenetically distinct groups and still have a beneficial effect on crops. However, as much as possible, it is advisable to know the individual effect of each participant in a microbial consortium.



7.3 Determine dual or synergistic effects of action mechanisms

Once individual effects are known, it is important to understand the group behavior of each strain. Some microbial groups like Bacillus or Streptomyces are biofactories of compounds that are excreted into the external environment and affect their “consortium partners.” In a recent study, Guzmán-Guzmán et al. (2024) evaluated the interaction between strains of PGPRs (Bacillus, Rouxiella, and Pseudomonas) and Trichoderma, determining that some, like Rouxiella, perform better at inhibiting the growth of pathogens like Fusarium spp. when co-inoculated with Trichoderma. On the other hand, a strain of Pseudomonas showed better interaction with the same strain of Trichoderma to stimulate the growth of Arabidopsis plants. Finally, a strain of Bacillus was found to be a good plant growth stimulator, but when interacting with Trichoderma, it inhibited its growth, so it was determined that its action was more beneficial when acting individually rather than in co-inoculation with Trichoderma.



7.4 Determine the tripartite interaction plant-pathogen-inoculant

Having multiple participants in a consortium is complicated; determining their beneficial role can be even more unpredictable when adding a new participant, such as one or more pathogens that can be fungi, viruses, nematodes, or bacteria, among others. One of the mechanisms to evaluate in these interactions, besides the direct action to inhibit the growth of potential pathogens, is the stimulation of the plant's immune system (or ISR). In some cases, one or more strains may directly antagonize the pathogen, while another strain might strengthen the plant by stimulating ISR (Choudhary and Johri, 2009). This type of function complementation is highly desirable in a consortium, as each participant can benefit their plant host through multiple mechanisms without competing with each other.



7.5 What is the effect of the consortium on the host's endemic microbiota?

At the beginning of this subheading, we mentioned understanding the multiple interactions between the microbial participants of a bioinoculant. In this case, it is also advisable to know if the consortium will impact the plant's endemic microbiome, particularly the microbiota that also has beneficial effects on its host. There are several reports where the inoculation of bacterial groups can affect beneficial microbial groups, but there are also data where the inoculation of bacteria like Bacillus can have beneficial effects and stimulate the abundance of other microbial populations that also benefit crops. In some cases, they stimulate groups like AMF, which also improve soil health, contributing to an integral impact on the agroecosystem.




8 Future challenges

In the previous paragraphs, we suggested some recommendations to improve the behavior of synergisms in microbial consortia, not only of Trichoderma-Bacillus but also in general for microbial consortia as bioinoculants, whether they act as fertilizers, antagonists, or biostimulants. Therefore, they are not the only factors for achieving the success of a bioinoculant, as there are still challenges, some of which are beyond the researcher's control, involving social, or legislative issues that allow further investigation of the development and application of bioinoculants.

One challenge yet to be improved is the consistency of results, mainly in open field conditions or even in greenhouses where there is some control of climatic variables. There is a consensus to have several field applications for at least two or three seasons, providing better certainty about the results, not just a snapshot of a specific moment. This does not mean that such results are not important, but it is highly recommended to have as many repetitions as possible. Unfortunately, the pressures to publish and deliver quick results in many educational institutions force researchers not to wait for long-term field studies to be published in 5 or 10 years.

Building trust with producers is another challenge for all of us conducting research with microbe-based inoculants, including highly studied ones like Trichoderma and Bacillus. Other less studied microbial groups should also receive more attention since having more options from phylogenetically distinct groups broadens the horizon, providing more options in different edaphic and climatic regions. Particularly in saline soils, there is a consensus to use halophilic or at least halotolerant strains to predict greater survival of the inoculant. However, the remediation of these soils should also be a priority, which unfortunately is not carried out. Remediating saline soils (or with other problems) could expand the use and application of non-halotolerant groups that offer good options to improve crop production.



9 Conclusion

This work reviews pioneering and recent studies on two of the most reliable groups for interacting and improving plant growth and health, Trichoderma and Bacillus. However, there are still too many challenges to say that agrochemicals like fertilizers or microcides should be completely replaced. In some cases, from our point of view, a reduction in their use is already possible, and transitioning to more sustainable methods like bioinoculants is a reality. While some countries have promoted the use of bioinoculants, other regions are still in the process of accepting these new biotechnologies. Therefore, efforts must continue to build greater trust among agricultural producers with excellent products. Here, Trichoderma and Bacillus can play a fundamental role in achieving this goal globally.
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The effects of climate change are becoming increasingly hazardous for our ecosystem. Climate resilient landscaping, which promotes the use of native plants, has the potential to simultaneously decrease the rate of climate change, enhance climate resilience, and combat biodiversity losses. Native plants and their associated microbiome form a holo-organism; interaction between plants and microbes is responsible for plants’ growth and proper functioning. In this study, we were interested in exploring the soil and root microbiome composition associated with Shepherdia utahensis, a drought hardy plant proposed for low water use landscaping, which is the hybrid between two native hardy shrubs of Utah, S. rotudifolia and S. argentea. The bulk soil, rhizosphere, root, and nodule samples of the hybrid Shepherdia plants were collected from three locations in Utah: the Logan Campus, the Greenville farm, and the Kaysville farm. The microbial diversity analysis was conducted, and plant growth-promoting bacteria were isolated and characterized from the rhizosphere. The results suggest no difference in alpha diversity between the locations; however, the beta diversity analysis suggests the bacterial community composition of bulk soil and nodule samples are different between the locations. The taxonomic classification suggests Proteobacteria and Actinobacteriota are the dominant species in bulk soil and rhizosphere, and Actinobacteriota is solely found in root and nodule samples. However, the composition of the bacterial community was different among the locations. There was a great diversity in the genus composition in bulk soil and rhizosphere samples among the locations; however, Frankia was the dominant genus in root and nodule samples. Fifty-nine different bacteria were isolated from the rhizosphere and tested for seven plant growth-promoting (PGP) traits, such as the ability to fix nitrogen, phosphates solubilization, protease activity, siderophore, Indole Acetic Acid (IAA) and catalase production, and ability to use ACC as nitrogen source. All the isolates produced some amount of IAA. Thirty-one showed at least four PGP traits and belonged to Stenotrophomonas, Chryseobacterium, Massilia, Variovorax, and Pseudomonas. We shortlisted 10 isolates that showed all seven PGP traits and will be tested for plant growth promotion.
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1 Introduction

Climate change poses a severe threat to the functioning of the entire earth system (Higgins et al., 2023) and is challenging environmental sustainability (Anderson and Song, 2020). The changing climate may exceed the ability of certain plant species to adapt to adverse environments (Jump and Peñuelas, 2005). It’s crucial to note that climate change and its associated stresses directly impact agroecosystems and critical components of our global food security (Rodriguez and Durán, 2020). Understanding the interaction between plants and microbes and harnessing their benefits may provide innovative opportunities for improved plant growth, enhanced resilience during stress, and environmental restoration endeavors (Iqbal et al., 2023).

Recent studies on plant adaptation strategies to environmental changes suggest that plants exhibit a “cry for help,” wherein they can interact with some beneficial microbes in the soil to enhance their resilience and ability to adapt to changing conditions (Rolfe et al., 2019). A study on host-mediated microbiome engineering to improve drought tolerance in wheat suggested that plants can modify native microbiomes to adapt to stress conditions (Jochum et al., 2019). Such studies indicate that the microbiome of a plant can be transferred to other plants and used as inoculum to improve their growth under stress conditions (Woo and Pepe, 2018). Hence, microbes associated with plants from extreme environments could serve as important assets with stress-alleviating capabilities, as they are accustomed to the harsh environmental conditions in nature (Durán et al., 2019).

Utah, famous for its extreme weather, is facing a water shortage, which is a challenge to growers trying to maintain their landscapes, with a dire need for low water-use landscaping to help reduce water use in landscapes (Hilaire et al., 2008). Using native, drought-tolerant species in managed landscaping would not only reduce the water consumption for maintaining the landscape but also provide a native aesthetic and enhance biodiversity (Meyer et al., 2009). The genus Shepherdia contains S. rotundifolia, which is well adapted to extreme drought conditions, has an appealing appearance, and is a wise choice for landscaping (Sriladda et al., 2014). However, S. rotundifolia is slow-growing and challenging to establish in disturbed soils in nursery and urban landscapes, which is a matter of concern for the growers (Mee et al., 2003; Sriladda et al., 2016). Similarly, another species, S. argentea, which is found in the western part of North America, also has excellent adaptability from dry soil to wet soil (Chen et al., 2009; Mee et al., 2003) and is limited to riparian basins (Richer et al., 2003). However, poor adaptability and high mortality of native Shepherdia species in managed landscapes is a significant setback, possibly due to the lack of interaction with the microbes in their native conditions. An interspecific hybrid between S. rotundifolia × S. argentea possesses promising qualities suitable for low water-use landscaping and higher adaptability to wet conditions than roundleaf buffaloberry (Sriladda et al., 2016). S. utahensis, the hybrid buffaloberry, an actinorhizal plant that forms nodules with Frankia and fix nitrogen, possesses the appealing leaf characteristics of S. rotundifolia and looks attractive in maintained landscapes (Sriladda et al., 2016).

Adaptation of plants and their growth in specific habitats is significantly supported by the microbes associated with the plants (Theis et al., 2016). Root microbiome, one of the richest and the most diverse communities on the earth, mainly includes rhizosphere microbiota colonizing the immediate soil zone surrounding the plant root and endosphere microbiota colonizing the internal tissues of the roots (Bai et al., 2022; Pascale et al., 2020). Plants and the rhizosphere microbiome often have a mutualistic relationship; the secretion of exometabolites from the plant’s roots into the soil helps develop a carbon-rich niche for the rhizosphere microbiome and the members of the microbiome, in return, support plants by supplying the nutrients, suppressing the pathogens and modulating levels of phytohormones (Bulgarelli et al., 2012). These compounds attract microbes from the bulk soil to the rhizosphere. Hence, the root microbiome is dependent on the bulk soil and derived from the bulk soil microbes; bulk soil is credited as the primary seed bank and initial inoculum for the root microbiome (Bulgarelli et al., 2015). Zarraonaindia et al. (2015) found that the root microbiome is the subset of the bulk soil microbiome. The bacteria and fungi associated with the plant’s rhizosphere affect the host plant’s immunity, nutrient acquisition, stress tolerance, and pathogen abundance (Coats and Rumpho, 2014).

A study on plant restoration using mycorrhizal inoculum from some reference ecosystems, improved the establishment of plants by increasing the abundance of mycorrhizal fungi in the degraded ecosystem (Maltz and Treseder, 2015). Ecological restoration is much needed in the current scenario of changes in the environmental parameters due to global climate change (Hobbs and Cramer, 2008). Hence, developing techniques for resilient ecosystems is our priority (Valliere et al., 2020). The use of microbes in ecological restoration is cited in many studies (de-Bashan et al., 2012; Heneghan et al., 2008; Koziol et al., 2018). A study reported plant growth-promoting rhizobacteria from another native plant, Ceanothus velutinus (Ganesh et al., 2022). Recently, it was reported that inoculation of native soil from the C. velutinus to propagation mix enhances the cutting propagation and isolation of IAA-producing rhizobacteria and promotes growth in Arabidopsis (Ganesh et al., 2024). Such approaches of using indigenous soil microbial communities may be utilized in propagating the Shepherdia species in the managed landscapes; introducing microbial inoculums from disparate habitat and environmental conditions may not be adaptable to the local soil and environment conditions and the host plant (Maltz and Treseder, 2015). Though many studies have been conducted in recent years regarding the composition and diversity of microbes associated with crops, no studies could be found regarding the microbiology and microbiome composition of native Shepherdia species and their newly developed hybrid (S. utahensis) plant. Despite the attempts to establish Shepherdia species in managed landscapes, remarkably little is known about the dynamics and composition of their microbiomes. Hence, this study aims to reveal the microbiome associated with the root and root-associated soil of buffaloberry plants available in Utah, USA, as the functional integrity of the plants depends on the related microbiomes as per holobiont theory (Rosenberg et al., 2009).

The microbiome of the hybrid buffaloberry may harbor plant growth-promoting microbes for its resilience to extreme conditions and is an excellent resource for developing biostimulants or biofertilizers. Therefore, with this hypothesis, we aimed to investigate the diversity of microbiome associated with the bulk soil, rhizosphere soil, roots, and nodules of the hybrid buffaloberry and compare it among the three geographical locations within Utah, USA to see whether there is variation in the bacterial community composition based on location and isolated plant growth promoting bacteria from the rhizosphere. We also isolated plant growth-promoting bacteria from the rhizosphere to develop biofertilizers/ bio stimulants for sustainable agriculture.



2 Materials and methods

The collection and processing of the samples were done following the protocol given by McPherson et al. (2018), with slight modifications (Ganesh et al., 2022).


2.1 Collection and processing of soil, rhizosphere, and root


2.1.1 Collection

For bulk soil collection, the top layer around the root, up to 30 cm depth, was collected in well-labeled zip lock bags and stored on the ice. For root and rhizosphere collection, 4–6 lateral roots from each plant were excised using the 70% ethanol sterilized pruning scissors and kept inside sterilized, well-labeled 35 ml tubes containing autoclaved phosphate buffer (6.33 g/L NaH2PO4, 8.5 g/L Na2HPO4 anhydrous, pH = 6.5, 200 μl/L Silwet L-77). The tubes were shaken vigorously for 2 min to release the rhizosphere from the surface of the roots, and the roots were transferred to a new labeled tube with 70% ethanol sterilized forceps. The tubes containing rhizosphere and roots were stored in the ice buckets. For nodules collection, the roots containing the nodules were collected and stored in the well-labeled tubes with Phosphate buffer in the same way that we collected roots.

The samples were collected from different places within Utah (Table 1). The samples of the hybrid buffaloberry from Greenville farm, USU, were collected on 21st October 2022, and those from the USU Campus and Kaysville farm, USU, were collected on 24th and 25th October 2022 respectively. The samples were collected in triplicate, i.e., samples were collected from three plants in each location as three replicates for each sample.


TABLE 1 Location of S. utahnensis (hybrid buffaloberry).

[image: A table with three columns labeled SN, Location, and Coordinates. Row one lists USU Logan campus, coordinates 41 degrees 44 minutes 27 seconds North, 111 degrees 48 minutes 39 seconds West. Row two lists USU Greenville farm, coordinates 41 degrees 44 minutes 16 seconds North, 111 degrees 48 minutes 39 seconds West. Row three lists USU Kaysville farm, coordinates 41 degrees 1 minute 21 seconds North, 111 degrees 56 minutes 1 second West.]



2.1.2 Processing the samples in laboratory


2.1.2.1 Surface sterilization of roots and nodules

Surface sterilization of roots and nodules from the USU campus and Greenville farm was done on the same day after returning from the field. However, the samples collected from distant Kaysville were kept on ice overnight and processed the next day. The procedure involved adding 35 ml of 50% bleach + 0.01% Tween was added to the 50 ml tubes containing roots, and the tubes were shaken vigorously for 30–60 s. The bleach solution was then poured off, and the roots were washed with 70% ethanol by shaking for 30–60 s. This step was followed by pouring off the 70% ethanol and washing the roots with sterile (double distilled and autoclave) water 4–6 times by shaking. 100 μl of the last wash was plated on 1/4 NA to check the sterilization process. The roots were then blotted dry in autoclaved clean paper towels (one for each sample) and cut into small (5–10 mm) pieces using sterile scissors and forceps. Finally, the roots were placed in clean, labeled 15 ml tubes and stored at −80°C. Similarly, the nodules were separated individually and stored in sterilized, well-labeled 15 ml tubes at −80°C.



2.1.2.2 Processing rhizosphere samples

The processing of the rhizosphere samples was conducted with utmost care and precision. Samples from the nearer locations, such as the Greenville farm and USU campus in Logan, were processed on the same day, ensuring immediate handling. A meticulous approach was taken for samples from distant locations - they were refrigerated overnight to maintain their integrity and processed the next day. The tubes containing the rhizosphere samples were gently shaken to resuspend the soil and collected in a newly labeled 50 ml tube strained through a sterile 100-μm-mesh cell strainer. The tubes were centrifuged at 3000×g for 5 min at room temperature, and the supernatant was discarded. The tubes with rhizosphere pellets were kept on ice, and 1.5 ml phosphate buffer (without surfactant) was added to each tube to resuspend the pellets. The suspended liquid was transferred to a newly labeled 2 ml microfuge tube and centrifuged at 13000 rpm for 2 min at room temperature. The supernatant was discarded, the tubes were drained on a clean paper towel for some time, and the pellet was divided into two tubes. One was stored at −20°C till further use for DNA Extraction, and the other tube was stored at 4°C for bacteria isolation.



2.1.2.3 Processing bulk soil sample

Bulk soil samples were kept on ice until the rhizosphere and root samples were processed. Very coarse soil samples mixed with pebbles, root, and leaf litter were sieved. Each time, after sieving a sample, the sieves were thoroughly sprayed with 70% ethanol and pat-dried with autoclaved Paper towel. Using a clean and sterilized metal spatula, 2–3 gm of sieved soil sample was transferred to a well-labeled 2 ml microfuge tube and stored at −20°C till further use. Two cups of soil samples from each bulk soil sample were sent for complete nutrient analysis at the USU Analytical Laboratory.





2.2 DNA extraction


2.2.1 Preparation of root samples for DNA extraction

The frozen root and nodule samples were removed from −80°C in liquid nitrogen and ground to powder using an autoclaved mortar and pestle, continually adding liquid nitrogen to keep the samples frozen. The ground tissue was transferred to a 1.5 ml microfuge tube using a clean, sterilized spatula/ disposable spatula without letting it thaw.



2.2.2 Extraction of DNA from soil, rhizosphere, root, and nodule samples

150 mg of powdered root and nodule samples and 200 mg of the rhizosphere and bulk soil from each sample were used to extract DNA. E.Z.N.A Plant DNA Kit and E.Z.N.A Soil DNA Kit from Omega BIO-TEK were used to extract DNA from root and soil samples and stored at −20°C.




2.3 Sequencing the isolated DNA

The isolated DNA was sent to the Genomics facility, Center for Integrated Biosystems, USU, for 16S rRNA sequencing to identify bacterial communities associated with the root and soil of the buffaloberry species. V4 region of 16S rRNA was amplified for the DNA samples obtained from rhizosphere and bulk soil using the V4 variable region- forward primers - 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primer - 806R (5′-GGACTACHVHHHTWTCTAAT-3′) (Gkarmiri et al., 2017). However, V5-V7 region of 16S rRNA was amplified for the DNA samples obtained from the root and nodules with V5-V7 (for endophytes) specific primers 799-Forward (5′ AACMGGATTAGATACCCKG) and 1193-Reverse (3′ ACGTCATCCCCACCTTCC)1 (Ganesh et al., 2022). The volume of the amplification reaction was 25 μl; the composition was 13 μl of water, with 10 μl of Platinum Hot Start PCR Master Mix (ThermoFisher), 0.5 μl of 10 mM F/R primers, and 1 μl of 5 ng/μl of the DNA as a template. The polymerase chain reaction (PCR) was conducted using a DNA Engine DYAD Peltier Thermal Cycler (BIO-RAD), and the conditions followed were:

	[image: Steps of a PCR cycle are listed: 1. 94°C for 3 minutes: initial denaturation. 2. 94°C for 45 seconds: denaturation. 3. 50°C for 60 seconds: annealing. 4. 72°C for 90 seconds: extension. Steps 2-4 are repeated for 35 cycles. 5. 72°C for 10 minutes: final extension. 6. 4°C hold indefinitely.]

The PCR product was diluted fifty times, and secondary PCR was done to attach the indexes. The ingredients of the second PCR mixture were: 5 μl of Master mix, 2 μl (i5 index), 3 μl (i7 index), and 1 μl of the diluted PCR product. The PCR was run in a DNA engine dyad Peltier thermal cycler (BIO-RAD); the conditions followed were:

	[image: Steps of a PCR cycle are listed: 1. Initial denaturation at ninety-four degrees Celsius for one minute. 2. Denaturation at ninety-four degrees Celsius for fifteen seconds. 3. Annealing at sixty-four degrees Celsius for fifteen seconds. 4. Extension at seventy-two degrees Celsius for one minute. Steps two to four are repeated for fifteen cycles. 5. Final extension at seventy-two degrees Celsius for three minutes. 6. Hold at four degrees Celsius.]

After attaching the indexes, the samples were cleaned with AMPureXP beads in the ratio 1:1 ratio. The PCR products were then quantified by fluorometry. The samples were pooled and sequenced on the MiSeq using a 2 × 250 paired-end sequencing (500 cycle Nano sequencing kit) (Illumina, San Diego, CA, USA).



2.4 Data analysis

The obtained 16S rRNA sequences were analyzed using the Qiime2 v 2023.5 (Caporaso et al., 2010).

For soil samples, fastq files were imported and then quality - controlled. Forward and reverse fastq reads were trimmed, filtered, and merged, and chimera were removed using divisive amplicon denoising algorithm (DADA2) with parameters: - -p-trim-left-f 10 - -p-trim-left-r 66 - -p-trunc-len-f 240 - -p-trunc-len-r 240 - -p-n-threads 24. Finally, the Amplicon Sequence Variants (ASVs) table was generated by mapping the pure reads to Naive Bayes Classifier trained Greengenes2-V4 database (gg_2022_10_backbone.v4.nb.qza) using Qiime feature-classifier classify-sklearn command.

For root samples, fastq files were imported and then quality controlled. Forward and reverse fastq reads were trimmed, filtered, and merged, and chimera were removed using DADA2 with parameters: - -p-trim-left-f 10 - -p-trim-left-r 10 - -p-trunc-len-f 240 - -p-trunc-len-r 240 - -p-n-threads 24. Finally, the ASV table was generated by mapping the pure reads to Naive Bayes Classifier trained Greengenes2-full length database (gg_2022_10_backbone_full_length.nb.qza) using Qiime feature-classifier classify-sklearn command.

The obtained ASV table was exported to R software for further alpha diversity and beta diversity analysis using the packages Phyloseq and Vegan. Alpha diversity was estimated by calculating Shannon indexes for measuring the evenness, i.e., the relative abundance of the species present in a sample, and Chao1 index for measuring the richness, i.e., for quantifying the number of species present. Principal Coordinate Analysis (PCoA) analysis using Bray Curtis dissimilarity matrices was performed to determine the bacterial community composition in the samples from different locations. Additionally, taxonomic classification at the phylum and genus level was done to identify the top ten most abundant phylum and genus in the samples from respective places. Statistical analyses for test of significance were done on the R and SAS statistical software; ggplot2 package in R software was used to draw plots.



2.5 Bacteria isolation and identification

The rhizosphere pellet of hybrid buffaloberry collected from the USU campus sites, which were stored at 4°C, were pooled into one tube. The pelleted rhizosphere samples were resuspended in double distilled and autoclaved water in a ratio of 1 gram of soil to 9.5 ml of water (Ganesh et al., 2022). The tubes were vortexed vigorously and serially diluted in a ratio of 1:10. 100 μl of the 10–3, 10–4, and 10–5 dilutions were plated on different media viz. 1/4 Nutrient Agar, Yeast Mannitol Agar (SIGMA-Life Science), Minimal M9 Media (BD Difco), and Actinomycete Isolation Agar (SIGMA-ALDRICH), DF minimal media with ACC as nitrogen source, and the plates were incubated at 28°C for 3–5 days depending on the bacterial colony growth (Supplementary Figure 1A). Upon the growth of colonies, based on the various visual characteristics like color, texture, transparency, size, consistency, and other distinct morphological traits, single colonies were selected and purified by multiple streak plating. The purified colonies were inoculated in Luria broth incubated at 28°C overnight; 750 μl of the bacterial solution and 750 μl of 50% glycerol were mixed in 2 ml tubes and stored at −80°C as glycerol stocks.

We conducted 16S rRNA gene amplification and sequencing to identify the isolated bacteria. For the 1.4 Kb 16S rRNA gene amplification, we ran PCR reactions using the 27F (V1 region- 5′-AGAGTTTGATCCTGGCTCAG-3′) as the forward primer and 1492R (V9 region- 5′-TACGGYTACCTTGTTACGACTT-3′) as the reverse primer using DreamTaq DNA polymerase. 40 μl PCR reactions were carried out by using 5 μl Dream Taq mix, 2 μl of each forward and reverse primer, 4 μl bacterial lysate, and 27 μl Nuclease-free water. To prepare bacterial lysate, a single colony of the bacterial isolates was picked using a sterile pipette tip, and swirled in 20 μl of nuclease-free water, and boiled at 95°C for 15 min to be used as a template for the PCR. The PCR product was sequenced by Sanger sequencing, and the obtained sequences were blasted against the 16S rRNA database on NCBI.



2.6 Characterization of bacterial isolates

The unique isolates based on morphological features (Supplementary Table 1) were tested for seven plant growth-promoting (PGP) – traits, such as the ability to produce siderophores, indole acetic acid (IAA), protease, and catalase, ability to solubilize phosphate and fix atmospheric nitrogen and to utilize ACC as nitrogen source. A single colony of each isolate was placed on a glass slide to test catalase activity, and 1–2 drops of hydrogen peroxide were added and mixed, with the appearance of bubbles marking positive catalase activity (Reiner, 2010). For phosphate solubilization screening, the isolates were patched on Pikovskaya medium and incubated at 28°C for 4 days; the presence of a clear halo around the patch indicated the isolates were capable of phosphate solubilization (Supplementary Figure 1C; Pikovskaya, 1948). The positive control used for phosphate solubilization was Bacillus megaterium ATCC14581 (Ganesh et al., 2024). The isolates were screened on CAS (chrome azurol S) agar (Millipore SIGMA) media for siderophore production (Arora and Verma, 2017; Schwyn and Neilands, 1987). The bacterial isolates were patched on CAS plates and incubated for 4 days at 28°C till the occurrence of yellow-orange halo around the bacteria indicative of siderophore production (Supplementary Figure 1B). P. chlororaphis O6 was used as a positive control for the siderophore production test (Ganesh et al., 2022). The isolates were patched in Skimmed milk agar plates and incubated at 28°C for 3–5 days; the appearance of a clear halo indicated the presence of protease activity (Hamza, 2017; Salarizadeh et al., 2014). B. subtilis was used as a positive control for protease activity (Supplementary Figure 1E; Ganesh et al., 2022). For the test of nitrogen-fixing ability, the bacterial isolates were tested on Norris Glucose Nitrogen-Free Medium; they were patched on the media plates and incubated at 28°C for 3–5 days till the presence of a clear halo around the colony, which was the positive indication of nitrogen fixation (Wafula et al., 2020). Rhizobium leguminosarum C6 was also patched on each plate as a positive control for nitrogen fixation (Supplementary Figure 1D; Ganesh et al., 2022). The bacterial isolates were also tested for IAA production; the isolates were cultured in 5 ml LB broth supplemented with 0.1% tryptophan. The cultures were then incubated at 28°C and continuous shaking at 180 rpm for 48 h. For control, a non-inoculated LB + tryptophane of equal volume was used. The bacterial growth was sedimented by centrifuging at 10000 rpm for 10 min, and 1 ml of supernatant of each isolate was mixed with 2 ml of Salkowski reagent and incubated at room temperature by wrapping with Aluminum foil for 25 min. The change in the color to pink indicated the IAA production and the intensity of the color increases with the increase in IAA production (Supplementary Figure 1G). 200 μl of each isolate’s supernatant + Salkowski reagent mix in triplicates was read at 530 nm in 96 well-round bottom plates in the Spectramax Microplate reader (Molecular Devices). To prepare the Salkowski reagent, 2 ml of 0.5 M FeCl3 was mixed in 49 ml of double distilled water. Then, 49 ml of 70% perchloric acid (SIGMAALDRICH) was carefully added to the mix in the chemical hood. An IAA standard curve was prepared by mixing 2 ml of Salkowski reagent and 1 ml of each 0, 5, 10, 20, 50, and 100 μg/ml concentrations of IAA solution, and the equation was used for the calculation of IAA produced by the bacterial isolates (Supplementary Figures 1F, 2; Gordon and Weber, 1951).




3 Results


3.1 Bulk soil from the campus is the richest in NPK and micro-nutrient content among the three locations

The soil analysis report provided by Utah State University Analytical Laboratories (USUAL) (Table 2) indicates that the soil sample from the Utah State University Logan campus has the highest organic matter content, and the soil sample from the Kaysville farm has the highest Salinity. The pH of the soil samples from all three locations is almost near the neutral pH value. The soil sample from the Logan campus is highest in nitrogen, phosphorus, and potassium, along with the micronutrients zinc, iron, copper, manganese, and sulfur.


TABLE 2 Bulk soil analysis result.

[image: Table showing soil analysis for three locations: Greenville, Campus, and Kaysville. Parameters include pH, salinity, phosphorus, potassium, nitrogen, zinc, iron, copper, manganese, sulfur, and organic matter content. Greenville's pH is 7.9, salinity is 0.65 ds/m, phosphorus is 14.5 mg/kg, potassium is 106 mg/kg, nitrogen is 6.56 mg/kg, zinc is 2.35 mg/kg, iron is 7.74 mg/kg, copper is 0.77 mg/kg, manganese is 4.46 mg/kg, sulfur is 4.1 mg/kg, and organic matter is 2.9%. Campus and Kaysville have slightly different values.]



3.2 Alpha diversity of bacterial community is similar in all cases except in the nodule samples

We hypothesized that variations in micro-climate across distinct locations might influence the composition and abundance of bacterial communities. Nonetheless, the statistical analysis, specifically an ANOVA, indicates that there are no statistically significant differences (p < 0.05) observed in the species richness and evenness of the bulk soil, rhizosphere, and root bacterial community among the three locations, as assessed by the Chao1 index and Shannon index, respectively (Figure 1). However, in the nodule samples, there is a significant difference (p < 0.05) in the Chao 1 index but no difference in the Shannon index (Supplementary Tables 12, 14). The nodule samples from Kaysville have significantly lower Chao 1 indexes than those from Greenville and Campus. However, the Chao 1 indexes for Greenville and Campus are statistically similar (p < 0.05) to each other (Supplementary Table 13).


[image: Grouped bar charts compare Chao1 and Shannon diversity indices across four environments: Bulk soil, Rhizosphere, Roots, and Nodules. Each panel (A to D) shows results for Campus, Greenville, and Kaysville. Error bars are included, with statistical groupings indicated by letters (a, b).]

FIGURE 1
Alpha-diversity indices for Bacterial communities in panel (A) bulk soil, (B) rhizosphere, (C) root, (D) nodules of hybrid buffaloberry. Different lowercase letters represent significant differences (P ≤ 0.05) according to Tukey HSD.




3.3 Bacterial community composition is different in bulk soil and nodule but not in root and rhizosphere

A β-diversity analysis based on PCoA was performed to compare the bacterial composition of the bulk soil, rhizosphere, root, and nodule samples of hybrid buffaloberry from the three locations (Figure 2). The PCoA plot is based on Bray-Curtis distances, which shows that the bacterial communities in the bulk soil of hybrid buffaloberry are separated based on the locations, which explains 43.7% (25.1 and 18.6%) of the overall variation. The samples from the three locations form three distinct clusters, which are separated from each other, suggesting a difference in the bacterial composition of the bulk soil among the three locations (Figure 2A). The bulk soil microbiome samples from Greenville in the PCoA plot are closer together than those from Kaysville and Campus, suggesting a higher degree of similarity among the samples from Greenville. However, the permutational multivariate analysis of variance analysis (PERMANOVA) performed using adonis2 indicates that there is a significant difference (p < 0.05) in bacterial composition among the samples from different locations (Supplementary Table 5).


[image: Four Principal Coordinates Analysis (PCoA) plots labeled A to D show data on microbial communities from different environments: bulk soil, rhizosphere, root, and nodule. Each plot displays points categorized by location: Campus (red circles), Greenville (green triangles), and Kaysville (blue squares). Axes represent variances explained, with varying percentages for Axis 1 and Axis 2 across plots.]

FIGURE 2
Principal coordinates analyses (PCoA) for bacterial communities in panel (A) bulk soil, (B) rhizosphere, (C) root, (D) nodules of hybrid buffaloberry using Bray-Curtis distance.


Similarly, the bacterial communities in the nodules are also well separated based on the location, which explains 53.4% (36.5 and 16.9%) of the overall variation. However, the bacteria communities from the Greenville samples are seen to spread more; they are not mixed with the samples from the other two locations, which are in their respective clusters (Figure 2D). It suggests more variation in the bacterial communities within the Greenville samples than those from Kaysville and Campus, which are closer together, suggesting less variation within the samples. The PERMANOVA test also supports that there is a significant difference (p < 0.05) in the composition of bacterial communities among the samples from different locations (Supplementary Table 15).

In contrast, the bacterial communities of the rhizosphere and root samples from the three locations are dispersed in the PCoA plot, and all the bacterial communities from different locations are mixed and not separated (Figures 2B, C). It indicates that the bacterial communities of the rhizosphere and root samples of hybrid buffaloberry from different locations are not distinct from each other, and this is supported by the PERMANOVA test, which signifies that there is no significant difference (p > 0.05) in the bacterial composition among the samples from different locations (Supplementary Tables 8, 11).



3.4 Proteobacteria and Actinobacteriota are the dominant phyla in the bulk soil and rhizosphere however Actinobacteriota is the dominant phylum in the root and nodules from all locations

In the bulk soil samples of Kaysville and Campus, Proteobacteria is present in significantly higher abundance (p < 0.05). In contrast, in the Greenville samples, Actinobacteriota and Proteobacteria have statistically similar (p < 0.05) abundance and are significantly higher (p < 0.05) than others (Figure 3A). Proteobacteria (30.95% in Greenville, 43.69% in Kaysville, and 43.24% in Campus), Actinobacteriota (32.02% in Greenville, 17.78% in Kaysville, and 21.62% in the Campus), and Acidobacteriota (10.89% in Greenville, 12.23% in Kaysville, and 8.49% in the Campus) are the most dominant phyla in the bulk soil samples from all the three locations (Figure 3A). Additionally, notable contributions come from Bacteroidota, Chloroflexota, Desulfobacterota, Myxococcota, Thermoproteota, Gemmatimonadota, and Firmicutes, which exhibit substantial representation in bulk soil environments. Bacteroidota has a comparatively higher presence (8.45%) in the Kaysville samples than the Campus samples (4.27%) and the Greenville samples (1.63%). Chloroflexota has a higher abundance in the Campus samples (5.48%) than in Greenville (2.26%) and Kaysville (2.23%) (Figure 3A). Similarly, the rhizosphere samples follow the same pattern as bulk soil, where the presence of Proteobacteria is significantly higher (p < 0.05) in the samples from Kaysville (50.5%) and Campus (46.78%) (Figure 3B). The Greenville samples have significantly higher (p < 0.05) Actinobacteriota (37.63%) and Proteobacteria (37.2%), while their presence is statistically comparable (p < 0.05). Actinobacteriota (37.63%in Greenville, 22.83% in Kaysville, and 15.99% in Campus), Proteobacteria (50.5% in Kaysville, 46.78% in Campus and 37.2% in Greenville), Bacteroidota (9.74% in Greenville, 7.39% in Kaysville, and 16.79% in Campus), and Acidobacteriota (4.63% in Greenville, 5.06% in Kaysville, and 5.54% in Campus) are the top four phyla present in the rhizosphere samples of hybrid buffaloberry from all the three locations (Figure 3B). Other phyla in the rhizosphere samples are Chloroflexota, Desulfobacterota, Myxococcota, Thermoproteota, Verrucomicrobiota, and Firmicutes (Figure 3B).


[image: Four bar graphs comparing the relative abundance of different bacterial phyla across three locations: Campus, Greenville, and Kaysville. Graph A shows bulk soil, with Proteobacteria and Actinobacteriota being dominant. Graph B represents the rhizosphere, with similar phyla dominance. Graph C depicts root, highlighting Actinobacteriota majority. Graph D illustrates nodules, dominated by Actinobacteriota. Each graph includes a legend for phylum identification.]

FIGURE 3
The relative abundances of the 10 most abundant phyla in panel (A) Bulk soil, (B) Rhizosphere, (C) Root, (D) Nodules of hybrid buffaloberry from the three different locations.


Regarding the root and nodule samples, the phylum Actinobacteriota is present significantly higher (p < 0.05) in all three locations regarding their abundance (Figures 3C, D). Actinobacteriota is the most dominant phylum in the root samples of hybrid buffaloberry in all the locations, with 85% abundance in Greenville, 72.33% in Kaysville, and 70.64% in the Campus (Figure 3C). Among the other phyla in the root samples, Proteobacteria has a higher abundance: 14.97% in the Greenville samples, 22.71% in the Kaysville samples, and 22.45% in the Campus samples (Figure 3C). All locations exhibit traces of Patescibacteria (0.76% in Kaysville, 0.63% in Campus, and 0.03% in Greenville), while Bacteroidota, Firmicutes, and Myxococcota are also available phyla in both Kaysville and USU Campus. However, Spirochaetota (0.47%) is exclusively present on the USU Campus. Likewise, Actinobacteriota (99.71% in Kaysville, 97.98% in Campus, and 95.38% in Greenville) is the most dominant phylum in the nodule samples of hybrid buffaloberry from all three locations (Figure 3D). Other phyla are present but in smaller proportions. Proteobacteria is also present in all the locations, albeit in a much lower abundance of 3.87% in Greenville, 1.69% in Campus, and 0.29% in Kaysville. Bacteroidota is observed in both Kaysville and USU Campus samples, while Patescibacteria (0.11%) is exclusively present in Greenville samples. Furthermore, Myxococcota (0.29%) and Chloroflexota (0.01%) are specific to USU Campus samples (Figure 3D). A histogram (Supplementary Figure 3) describes a more comprehensive phylogenetic distribution of bulk, rhizosphere, roots, and nodules.



3.5 The genus classification is highly diverse in bulk soil and rhizosphere from all the locations however genus Frankia is dominant in the root and nodules from all the locations

There isn’t a single genus whose abundance stands out significantly higher than others in the bulk soil samples from all three locations. The genus Blastococcus (6.7%) was significantly higher (p < 0.05) in Greenville bulk soil samples whose presence was statistically similar (p < 0.05) to that of Skermanella (4.36%) and Variibacter (3.46%) (Figure 4A). The abundance of the genus Skermanella (5.7%) was significantly superior (p < 0.05) in Kaysville bulk soil samples, and it was statistically similar (p < 0.05) to Chryseolinea (3.81%) (Figure 4A). However, in the case of bulk soil samples from the Campus, no genus was present in significantly superior (p < 0.05) abundance (Figure 4A). The most abundant genera in the bulk soil samples from the Campus are Povalibacter (4.06%), QUBU01(3.98%), Hyphomicrobium_A (3.5%), SCGC-AG-212-J23 (3.36%), Variibacter (2.77%), Chryseolinea (2.35%), and GMQP-bins7(1.98%). Notably, Blastococcus (0.35%), Skermanella (0.84%), and Microvirga (0.32%) exhibit lower abundance in USU Campus samples as compared to the other two locations (Figure 4A). Similarly, the prevalence of QUBU01(3.98%) and Hyphomicrobium_A (3.5%) in USU Campus samples is comparatively higher than in Kaysville (2.23% and 1.89%, respectively) and Greenville (0.98% and 0.49% respectively) samples. This pattern is mirrored in the case of Chryseolinea, with Greenville samples (0.42%) showing comparatively lower abundance than those from the other two locations, i.e., 3.8% in Kaysville and 2.35% in Campus. Variibacter (1.31%) is present in comparatively lower abundance in Kaysville samples than those from Campus (2.77%) and Greenville (3.46%).


[image: Bar charts showing genus relative abundance in four environments: hybrid bulk soil (A), rhizosphere (B), root (C), and nodule (D). Each chart compares three locations: Campus, Greenville, and Kaysville. Different colors represent specific genera listed alongside each chart.]

FIGURE 4
The relative abundances of the 10 most abundant genera in panel (A) Bulk soil, (B) Rhizosphere, (C) Root, (D) Nodules of hybrid buffaloberry from the three different locations.


In rhizosphere samples, prominent genera include Blastococcus, Bradyrhizobium, JC017, Novosphingobium, Povalibacter, Pseudomonas, Rhodococcus, Skermanella, Sphingomicrobium, and Streptomyces (Figure 4B). There is no such genus that is significantly higher (p < 0.05) than other genera in Greenville rhizosphere samples; however, Rhodococcus (7.78%), JC017 (6.76%), and Streptomyces (4.67%) are strongly present. However, in Kaysville rhizosphere samples, Pseudomonas (9.10%) is statistically higher (0.05), and in the Campus rhizosphere samples, the presence of JC017 (12.27%) is significantly higher (p < 0.05). While Rhodococcus predominates in Greenville (7.78%), its abundance is notably lower in USU Campus (0.17%) samples and absent in Kaysville samples. Conversely, Pseudomonas, the most abundant genus in Kaysville (9.10%), exhibits diminished presence in Greenville (0.95%) and USU Campus (2.50%) samples. The genus Bradyrhizobium is found in smaller abundance in Greenville (0.37%) compared to other locations i.e. 2.23% in Kaysville and 2.11% in Campus, a trend shared with Blastococcus, Skermanella, and Streptomyces which are less abundant in USU Campus samples (0.41%, 0.55%, and 0.19% respectively) than in Greenville (2.79, 1.58, and 4.67% respectively) and Kaysville (1.63%, 2.96%, and 3.48% respectively). JC017, which is significantly superior (p < 0.05) in terms of abundance in the Campus samples (12.27%), is comparatively lower in the samples from Greenville (6.76%) and Kaysville (3.37%).

Frankia is the most prevalent genus in root samples from all three locations, with a corresponding abundance of 58.66, 52.52, and 44.47% in Greenville, Kaysville, and Campus samples, respectively (Figure 4C). The genus Frankia was significantly higher (p < 0.05) than other genera in the root samples from Kaysville. However, in the case of the root samples from Greenville and Campus, no genus was significantly superior (p < 0.05) to the others. Other prominent genera present in the root samples of hybrid buffaloberry are Bradyrhizobium, Streptomyces, Conyzicola, Cutibacterium, Sphingomonas, Actinoplanes, Promicromonospora, Paenibacillus, Pseudomonas_E_647464. Streptomyces and Bradyrhizobium, which are present in higher abundance in the Greenville samples (21.63 and 14.05%, respectively), are present in smaller abundance in the samples from Kaysville (9.15 and 3.30%, respectively), and Campus (5.20 and 5.33% respectively). The presence of Pseudomonas_E_647464 is comparatively higher in the Kaysville samples (11.18%), while its abundance is meager in the Greenville samples (0.39%) and is absent in the samples from the Campus. The genus Conyzicola, present in the Campus samples (4.65%), is absent in the samples from Kaysville and Greenville, a trend similar to Paenibacillus, which is present in the Kaysville samples (2.87%) and absent in the samples from Greenville and the Campus. Promicromonospora, present in both the Greenville samples (1.8%) and the Campus samples (0.42%), is absent in the samples from Kaysville. Moreover, the genera Actinoplanes, Cutibacterium, and Sphingomonas, which are present in the samples from Kaysville (1.29%, 1.40%, and 0.78%) and Campus (2.09%, 2.82%, and 2.35%) are notably absent in the Greenville samples.

The genus Frankia is predominant in nodules, with 99.55% abundance in Kaysville, 94.22% in the Campus, and 91.13% in Greenville (Figure 4D). It is statistically superior (p < 0.05) in all three locations compared to other genera. Other genera present in the nodule samples are Streptomyces, Pseudonocardia, Amycolatopsis_D_380830, Bradyrhizobium, Promicromonospora, Sphingomonas, Sphingobacterium, Pseudomonas_E_647464, and Agrobacterium. Streptomyces_G_ 399870 (0.16%) and Sphingomonas_L_486704 (0.12%) are the only two genera present in the Kaysville samples other than Frankia (99.55%). Agrobacterium (0.60%) and Pseudomonas_E_647464 (0.84%) exclusively appear in the samples from Greenville, whereas Pseudonocardia (0.58%) and Amycolatopsis_D_380830 (0.50%) are exclusive to the samples from USU Campus. Bradyrhizobium (1.03% in Greenville and 0.3% in Campus), Promicromonospora (0.11%in Greenville and 0.20% in Campus), and Sphingobacterium (0.63% in Greenville and 0.02% in Campus) are absent in the Kaysville samples. Still, they are in traces in the samples from the other two locations.

We also performed Canonical Correspondence Analysis (CCA) to study the relationship between the bacterial community structure in the soil and root samples of hybrid buffaloberry across the three different locations. The bulk soil and rhizosphere samples from the three locations are separated in the CCA plot (Supplementary Figure 4A), indicating distinct differences in the microbiome composition in the bulk soil and rhizosphere among the locations. However, the root and nodule samples from the three locations are almost clustered in the CCA plot (Supplementary Figure 4B), indicating similar bacterial communities in the root and nodules of hybrid buffaloberry across the different locations. The results of CCA are similar to those obtained from PCoA. The taxonomic classification also suggests that the phylum Actinobacteriota is dominant in the root and nodule samples from all three locations, which might be the reason for root and nodule samples clustering in the CCA plot.



3.6 Fifty-nine isolates showing different plant growth promoting (PGP) traits were isolated

Fifty-nine bacterial strains (Supplementary Tables 1, 2) were isolated from different media and stored at −80°C as glycerol stocks. Among them, 18 were isolated from 1/4 Nutrient Agar medium, 13 from DF minimal medium with ACC as nitrogen source, nine from Yeast Mannitol Agar medium, eight from Actinomyces Isolation Agar medium, seven from Minimal medium, and four from Potato Dextrose Agar. Of 59 isolates, 25 (42%) were capable of phosphate solubilization, 30 (50%) were siderophore-producing bacteria, 29 (49%) had protease activity, and 45 (76%) showed catalase activity. Similarly, 31 (52%) isolates had ACC deaminase activity, and 22 (37%) were positive for nitrogen fixing capability. All 59 isolates showed IAA production in different concentrations ranging from 1.8 ± 0.12 to 23.6 ± 0.47 μg/ml (Figure 5A and Supplementary Table 2). Isolates SUWK9 and SUWK19 produced the highest amount of IAA, 23.6 ± 0.47 and 23.0 ± 0.43 respectively. Thirty-one isolates showed at least four plant growth-promoting traits (Table 3) and 8 of them were able to produce more than 10 μg/ml IAA (Table 4). 14 % (8/59) isolates showed at least four PGP traits, 12% (7/59) showed five PGP traits, 10% (6/59) showed at least six PGP traits and 17% (10/59) showed all seven PGP traits (Figure 5B and Supplementary Tables 2, 3). These ten isolates are SUWK1, SUWK7, SUWK16, SUWK24, SUWK29, SUWK34, SUWK47, SUWK49, SUWK50, and SUWK55 (Table 5). We sequenced nineteen isolates; however, only eleven exhibited homologies with entries in the 16S rRNA database, while the remaining eight did not find a match within the database (Table 3). The identified bacteria belonged to the genera Stenotrophomonas, Chryseobacterium, Massilia, Variovorax, and Pseudomonas. All of them exhibited four or more PGP traits except SUWK58, which is Stenotrophomonas and exhibits only three PGP traits (Supplementary Table 2).


[image: Graph A shows the percentage of isolates with PGP traits. Categories PS, SP, PA, Cat, ACC, NF, and IAA vary with IAA having the highest percentage. Graph B shows percentages of isolates with four or more traits. Categories four, five, six, and seven show increasing percentages, with seven being the highest.]

FIGURE 5
The bar chart (A) The percentage of isolates positive for each plant growth promotion trait (B) the number of isolates positive for four or more traits.



TABLE 3 List of Isolates showing four or more PGP traits.

[image: A table lists 31 samples with data on various biochemical activities. Columns include sample name, phosphate solubilization index, protease activity, siderophore production, ACC deaminase activity, catalase production, indole acetic acid production, nitrogen fixation, 16S rRNA identification, and accession numbers. Symbols like "-", "+", "++", and "+++" indicate levels of activity. Specific bacteria such as Pseudomonas, Massilia, Stenotrophomonas, and Chryseobacterium are mentioned. Indole acetic acid values are provided in micrograms per milliliter with associated standard deviations. Some samples have "No Match" or "ND" for certain fields.]


TABLE 4 List of isolates capable of producing > 10 μg/ml IAA.

[image: Table listing serial number, name, IAA concentration, and 16s rRNA results for eight samples. SUWK9 shows 23.6 IAA and Massilia. SUWK37 has 17.2 IAA and Chryseobacterium. SUWK34 has no match. Others are labeled ND (not done).]


TABLE 5 Isolates positive for all seven tested plant growth promotion traits.

[image: A table listing bacterial strains and their biochemical properties. Columns include serial number, name, PSI, PA, SP, ACC, Cat, IAA (micrograms per milliliter), NF, 16S rRNA, and accession number. Values are marked as negative, mild, moderate, or strong. Some strains are identified to species, such as Stenotrophomonas and Chryseobacterium, with specific accession numbers.]




4 Discussion

Plant microbiome plays a significant role in plant’s growth and development. Similarly, geography and management also affect the soil microbiome (Coller et al., 2019). Long-term land use significantly affects soil microbial communities (Goss-Souza et al., 2017). Our study found that the alpha diversity, i.e., the richness and evenness of the bulk soil, rhizosphere, and root bacteria, are similar in all three locations. Utah State University manages and takes care of all three locations well. They are well fertilized and well manured so that the soil is rich in organic matter and nutrient elements, which makes them suitable habitats for large numbers of bacteria.

Moreover, the soil type is also similar among the three locations, i.e., loam, which might be the reason for the similarity in the number and evenness of bacteria in the soil and root. Using external organic material in soil increased functional and genetic microbial diversity (Gryta et al., 2020). There was a significant increase in microbial diversity and community composition with the addition of pig manure and crop residue in the soil in different experiments (Li et al., 2020; Lundquist et al., 1999). Adding pig manure and rice straw to soil increased the microbial diversity and community, increasing the ratio of gram-positive to gram-negative bacteria (Liu et al., 2023). (Liu et al., 2023). However, the Chao1 index (i.e., richness) of bacteria in nodules is significantly lower in Kaysville samples than those from Greenville and USU logan Campus samples; this might be due to the high salt concentration in the bulk soil of Kaysville (Figure 1D, Table 2, and Supplementary Tables 12, 13). Numerous reports highlight the interaction of microbial endophytes in enhancing tolerance to both biotic and abiotic stresses in plants (Kuldau and Bacon, 2008; Waller et al., 2005).

The principal Co-ordinate Analysis (PCoA) and PERMANOVA test, the robust statistical methods, were used to analyze the bacterial community based on the Bray-Curtis dissimilarity matrix. These tests revealed significant differences (p < 0.05) in bulk soil and nodule bacterial composition among the three locations (Figures 2A, D and Supplementary Tables 5, 15). However, there was no significant difference (p < 0.05) in the rhizosphere and root bacterial composition among the three locations (Figures 2B, C and Supplementary Tables 8, 11). The composition of the rhizosphere microbiome is influenced by root exudates, plant genotype, and prevailing environmental factors (Kawasaki et al., 2016). Significant alterations in the composition of the root microbial community were reported, including changes in the composition of root exudates due to varying iron nutritional status (Yang and Crowley, 2000). A research investigation on rice, conducted in greenhouse and field conditions, revealed distinct patterns in the root microbiome composition. In the greenhouse setting, variations were observed based on genotype and soil source. Conversely, under field conditions, the root microbiome composition exhibited differences correlated with geographical location and cultivation practices, specifically whether the cultivation was organic or conventional (Edwards et al., 2015). The difference in the bulk soil and rhizosphere microbial community of Cinmaomum migao, a rare and endangered species exclusive in China, with changes in time and location, was reported (Chen et al., 2023).

Proteobacteria, Actinobacteriota, and Acidobacteriota emerge as the predominant phyla in bulk soil samples across all surveyed locations, grossing almost 72% of the total phyla; however, in different proportions (Figure 3A). This diversity in proportions across locations highlights the complexity of the microbial world. Regarding the bacterial community composition in the rhizosphere samples of hybrid buffaloberry from the three locations, Proteobacteria, Actinobacteriota, Bacteroidota, and Acidobacteriota are the top phyla contributing almost 89% in Greenville and nearly 85% in Kaysville and the Campus samples with different composition in each location (Figure 3B). The bacterial communities in terms of the genus in the bulk soil and rhizosphere are diverse (Figures 4A, B); however, Frankia is the dominant genus in the root and root nodule samples, although in different level of abundance (Figures 4C, D). Though Frankia dominates in the root and nodule samples of hybrid buffaloberry, the presence and dominance of other genera greatly vary among different locations. Similarly, a study reported that Actinobacteria was the dominant phylum with 97.73% relative abundance in the bulk soil samples of a Moroccan phosphate mine, while Proteobacteria (62.24%, 71.15% and 65.61%), Actinobacteria (22.53%, 15.24%, 22.30%), Bacteroidetes (7.57%; 4.23%; 7.63%), and Firmicutes (5.82%; 1.17%; 2.83%) were the dominant phyla in the rhizosphere of three native plants viz Alternanthera caracasana, Digitaria sanguinalis, and Dittrichia Viscosa in the same study. Another study on Poplar in Tennessee and North Carolina, identified variations in the rhizosphere and root microbiome (Shakya et al., 2013). Bulk soil samples from forests in China were collected and analyzed for microbial community composition and structure, which identified Bradyrhizobium and Methylobacterium as the major genera in the samples (Meng et al., 2019).

Metagenomic study of the rhizosphere of the three native plants in Kuwait revealed Rhizobium as the predominant genus in Rhanterium epapposum and Haloxylon salicornicum; however, Pseudomonas was the predominant genus in Farsetia aegyptia. Additionally, the study investigated the root nodule microbiome of another native plant, Vachellia pachyceras, identifying Agrobacterium as the dominant genus, alongside the notable presence of Cellulomonas, Bacillus, and Pseudomonas (Suleiman et al., 2019). In the case of actinorhizal plants Alnus spp. (alder), Frankia was the dominant genus in the root nodules of Alnus formosana (24.54%) and Alnus glutinosa (56.90%), whereas Pseudonocardia (26.21%) dominated in Alnus cremastogyne (Yuan et al., 2023). Root nodule microbiome study of Falcataria falcata, an exotic tree species in southern China, revealed Bradyrhizobium (13–37%) and Paucibacter (1–34%) as the dominant genera; however, Bradyrhizobium, Paucibacter, Rhizobium, and Mesorhizobium were consistently present in almost all the samples (Xiang et al., 2023).

A diverse group of Plant growth-promoting bacteria belonging to Pseudomonas, Chryseobacterium, Stenotrophomonas, Massilia, Serratia, and Variovorax was isolated from our study (Table 3 and Supplementary Table 2). Our results show that all our sequenced bacteria except SUWK58 have at least four plant growth-promoting (PGP) traits (Supplementary Table 2). The isolate SUWK16, identified as Stenotrophomonas isolates, showed all seven tested PGP traits. The two isolates, SUWK53 and SUWK54, identified as Stenotrophomonas (Table 3), are positive for five and six PGP traits respectively. Stenotrophomonas available in different environmental conditions have strong potential to be used as Plant growth-promoting bacteria; they can form a biofilm which helps them colonize effectively in the host plant along with phosphate solubilization, siderophore production, IAA production, and Cytokinin production activity (Zhao et al., 2024).

Two isolates, SUWK5 and SUWK36, which are Pseudomonas, were positive for six PGP traits. SUWK5 did not have protease activity, and SUWK 36 could not grow on ACC (Table 3). There are many reports of beneficial activities of plant-associated Pseudomonas, like suppression of Plant pathogenic microorganisms, synthesis of growth-stimulating phytohormones, and promotion of plant disease resistance (Preston, 2004; Sah et al., 2021). Moreover, they are also involved in the production of siderophores, hydrolytic enzymes like β-1,3-glucanase and chitinases, and other metabolites like phytoalexins (David et al., 2018). PGPR isolated from C. velutinus rhizosphere belonged to Pseudomonas and exhibited several plant growth-promoting activities like IAA production, Phosphate solubilization, siderophore and catalase production, protease activity, and ACC deaminase activities (Ganesh et al., 2022, 2024).

SUWK6 and SUWK9 sequenced as Massilia species, showed six and four PGP traits, respectively (Table 3). Massilia species promote the colonization of plant roots by some beneficial microbes like arbuscular mycorrhizal fungi (Peta et al., 2019) and also help in the solubilization of recalcitrant phosphate in soil, which promotes phosphate availability to plants (Zheng et al., 2017). The isolate SUWK56 was identified as Variovorax and exhibited five plant growth-promoting (PGP) traits. There are reports that the rhizobacteria Variovorax has beneficial plant-microbe interactions (Sun et al., 2018). Likewise, among the two sequenced Chryseobacterium isolates, SUWK47 was positive for all seven PGP traits, while SUWK37 showed four PGP traits. Chryseobacterium is reported to have beneficial characteristics involved in biocontrol and plant growth promotion (Jung et al., 2023). Out of nineteen sequenced bacteria, eight were unidentified. They did not match with the 16S rRNA database, which could be novel Plant growth-promoting Rhizobacteria (PGPR) as they possess at least four plant growth-promoting (PGP) traits.



5 Conclusion

The hybrid buffaloberry is a relatively new interspecific hybrid that has been developed, and our research is shedding light on its microbiological aspects. Despite the variation in location, the microbial ecosystem seems stable as there is consistent alpha diversity in bulk soil, rhizosphere, and root among the studied environments. All the plant samples collected from well-taken care and maintained farms might be the reason for a stable ecosystem in different locations. The influence of location-specific factors on shaping the microbial population is particularly noticed in bulk soil and nodule samples, which might be attributed to differences in soil properties or other environmental variables. The dominance of Proteobacteria and Actinobacteriota in bulk soil and rhizosphere highlights their importance in plant-microbe interactions; bacteria belonging to these phyla might be the key players in plant-microbe interaction. The sole dominance of Actinobacteriota in the root and nodule samples indicates their significance in root-associated functions as endophytes. Though there was considerable genus diversity in the bulk soil and rhizosphere, the dominance of Frankia in the root and nodule samples suggests a symbiotic relationship between S. utahensis and Frankia, potentially contributing to plant growth and resilience. Thirty-one bacterial isolates showed at least four plant growth-promoting traits, indicating microbial communities’ role in promoting plant health and resilience in adverse environments. This study obtained a list of 10 plant growth-promoting bacteria that exhibit all seven PGP traits tested in this study. Climate-resilient landscaping strategies could be developed efficiently by studying and understanding the dynamics of soil and root microbiomes associated with native plants like S. utahensis. The beneficial properties of the microbial communities associated with native hardy plant species can be harnessed to aid in mitigating the impacts of climate change, enhancing ecosystem resilience, preserving biodiversity, developing biofertilizers/ biostimulants, and sustainable agriculture. These potential applications of our research inspire us to continue our work in this field.
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Tunicate maize (Zea mays var. tunicata A. St. Hil) is a landrace that constitutes a fundamental aspect of the socio-cultural identity of Ixtenco, Tlaxcala (Mexico) and represents an exotic phenotype whose kernels are enclosed in leaflike glumes. Despite multiple studies conducted worldwide on plant growth-promoting-rhizobacteria (PGPR) in commercial maize varieties grown under monoculture systems, very little is known about bacteria inhabiting native maize landraces in agroecosystems, but for tunicate maize such knowledge is non-existent. This research described and profiled functional groups of culturable rhizobacteria from tunicate maize at two phenological stages (tasseling and maturity/senescence) in a polyculture system, highlighting potential PGPR for biotechnological purposes. Ninety-five rhizobacteria were isolated and molecularly identified, and their physiological activities such as plant growth promotion, production of exogenous lytic enzymes, and antagonism against fungal pathogens were determined. The culturable rhizobacterial community associated to tunicate maize comprised 42 genera, dominated by Bacillaceae, Comamonadaceae, Microbacteriaceae, Micrococcaceae, Oxalobacteraceae, Pseudomonadaceae, and Rhizobaceae families. At tasseling stage, the identified bacteria corresponded to Arthrobacter, Priestia, Herbaspirillum, Pseudomonas, and Rhizobium, and exhibited redundant capabilities for stimulating plant growth and nutrition, and inhibiting fungal phytopathogens. At maturity/senescence stage, the main genera Arthrobacter and Microbacterium displayed lytic capabilities to support mineralization process. We recorded potential novel rhizosphere functional bacteria such as Rhizobium, Sphingobium, and Arthrobacter which are not previously described associated to maize landraces, as well as their bioprospection as PGPR detected at plant phenological stages poorly explored (like maturity/senescence). This taxonomic and functional diversity was attributed to the application of agricultural practices as well as the rhizosphere effect during specific phenological stages. Results described the diversity and functionality of culturable rhizosphere bacteria from tunicate maize in polyculture systems that allowed us the detection of potential rhizobacteria for further developing of biofertilizers and biocontrollers directed as biotechnology for sustainable agriculture, and for generating strategies for conservation of native plants and their microbial genetic resources.
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 plant growth-promotion; biocontrol; functional microbial diversity; autochthonous microorganisms; native maize race


Introduction

Mexico is considered the center of origin and domestication of maize (Zea mays spp. mays). Fifty-nine native maize races and numerous landraces with high genetic diversity, perfectly adapted to various climates and soil conditions, have been documented (CONABIO, 2011; Perales and Golicher, 2014). Tunicate maize is a landrace exclusively cultivated in traditional agroecosystems in San Juan Ixtenco, located in the central Mexican highlands in Tlaxcala, Mexico, and holds significant cultural importance for the local community (Maria-Ramirez et al., 2017). It is characterized by an exotic phenotype in which each kernel, round-shaped with an extended pedicel, is completely enveloped by leaf-like glumes. Additionally, the male inflorescence of plants (tassel) is elongated and feminized, displaying the presence of grains. This maize is considered an endangered variety, and its current presence is the result of the resistance and conservation commitment of a few local farmers (Carranza et al., 2016; Sangermán-Jarquín et al., 2018). However, in recent years, there has been a prevailing trend of large-scale cultivation of hybrid maize varieties, which are chemically fertilized, leading to a significant reduction of native maize cultivars (Mclean-Rodríguez et al., 2019; Guzzon et al., 2021). If this trend continues, the biotechnological potential of autochthonous microorganisms associated to native maize varieties is also at risk of disappearing, without being able to be harnessed for sustainability objectives.

On the other hand, given the environmental challenges associated with current intensive food production systems (Wang et al., 2018), the application of plant growth-promoting rhizobacteria (PGPR) has emerged as a viable alternative, due to their ability to exert beneficial effects on plants and enhance agronomic yields in a sustainable manner (Upadhyay et al., 2022). These bacteria possess various direct and indirect mechanisms for promoting plant growth (Backer et al., 2018). Direct mechanisms include the solubilization of phosphorus and potassium, mobilization of organic phosphorus, siderophore production, and biological nitrogen fixation (BNF), which enhance the acquisition and mobilization of nutrients vital to the plant. Additionally, they can stimulate growth and modify plant architecture by producing phytohormones such as auxins, gibberellins, and cytokinins. Conversely, indirect mechanisms involve conferring resistance to phytopathogens via antagonistic capabilities, either through the production of exogenous lytic enzymes (such as chitinases, cellulases, and proteases), the synthesis of secondary metabolites (such as antibiotics, antifungal and hydrogen cyanide), or competition for essential soil nutrients (siderophores). Furthermore, PGPR improves tolerance to abiotic stresses by producing ACC deaminase, and synthesizing osmolytes and exopolysaccharides (Di-Benedetto et al., 2017; Backer et al., 2018; Gouda et al., 2018; Upadhyay et al., 2022).

Bacterial genera like Achromobacter, Arthrobacter, Azospirillum, Bacillus, Brevundimonas, Bradyrhizobium, Burkholderia, Klebsiella, Herbaspirillum, Pantoea, Pseudomonas, and Rhizobium are frequently described as PGPR to maize, especially on hybrid commercial varieties (Roesch et al., 2007; Arruda et al., 2013; Kifle and Laing, 2016; Alves et al., 2020; Ercole et al., 2021). In contrast, the understanding of the structure and function of soil bacterial biodiversity in traditional Mesoamerican agroecosystems, known as milpa, and the potential of PGPR isolated from native maize landraces cultivated in these environments has been relatively underexplored (Aguirre-von-Wobeser et al., 2018). Among the few studies that exist in Mexican agroecosystems, one focused on the recruiting of a diazotrophic community of a maize landrace from the Sierra Mixe, Oaxaca (Higdon et al., 2020), while another examined the rhizospheric and endophytic bacteria with growth-promoting potential in the giant native maize from Jala, Nayarit (Rios et al., 2021). Interestingly, despite the limited studies on PGPR cohabiting within native maize landraces, research based on metagenomic approaches suggests that the genomic variations inherent to these maize varieties are associated with differences in the diversity of bacterial communities (Lund et al., 2022). Furthermore, the composition and function of the rhizobiome in these native varieties exhibit better adaptive capacities to agroecosystems compared to modern maize (Schmidt et al., 2020). Likewise, milpas may preserve ancient plant-microorganism interactions that could have been lost in modern monocultures characterized by high tillage and large agrochemicals inputs (Aguirre-von-Wobeser et al., 2018). Additionally, the maize plant, throughout its various growth stages, continually influences the assembly and functionality of the microbiome, stimulating functional microbial groups capable of exerting physiological and ecological roles (Xiong et al., 2021).

Understanding the functional diversity of rhizobacteria associated with maize varieties growth in Ixtenco-milpa under a culturable-dependent approach could facilitate the development of customized bioformulations tailored to local agroecosystems, particularly for application in the sustainable intensification of production systems in the central Mexican highlands. We hypothesize that tunicate maize harbors a taxonomically and functionally diverse community of culturable indigenous rhizobacteria, shaped by edaphic and phenological conditions, with in vitro PGPR activities involved to the nutrition, health, and ecology of the plant. Thus, represents an unexplored source of viable microorganisms and an initial step toward their formulation as biofertilizers and biocontrollers for this cereal. In this study, we explored and described the culturable rhizobacterial populations identified during the tasseling and physiological maturity/senescence stages of tunicate maize, emphasizing their possible roles as PGPR, such as producing auxins (IAA, indole-3-acetic acid) or siderophores, solubilizing phosphate (PS), growing in nitrogen-free media (NFb), releasing lytic enzymes, and inhibit fungal phytopathogens.



Materials and methods


Site description and sample collection

Rhizosphere soil samples were collected on October 4, 2020, from two locations in San Juan Ixtenco, situated in the central Mexican highlands of the state of Tlaxcala (~2,500 masl), characterized by a temperate subhumid climate with summer rainfall. Maize production in Ixtenco region, is rainfed and agronomical practices involve the use of agroecosystems, called milpa, organically fertilized through the incorporation of crop residues and livestock manure into the soil, crop rotation, and reduced application of chemical inputs and pesticides. Similar farming practices are employed at both sampled locations. Sampling was conducted with the collaboration and permission of local farmers. Tunicate maize plants were identified based on the distinctive phenology of the tassel and cob formation (Figure 1A). A total of six rhizospheric soil samples were collected, with three samples per plot. Both locations are near each other (~840 m apart) and belong to the same edaphoclimatic zone.

[image: A) Comparison of corn samples showing three mold-infected corn cobs, a mature corn plant with sorghum disease, and three types of corn kernels on a surface. B) Two sets of corn plants: Ixtenco I (VT stage) and Ixtenco II (R6 stage), displaying variations in growth stages against a mountain backdrop. Sampling locations are provided with coordinates.]

FIGURE 1
 Phenotype of tunicate maize plant and sampled sites. (A) Phenotypic features of cob, tassel, and kernel (indicated by black arrow) from tunicate maize. (B) Location and phenological stages of the sampled plants. Plants from Ixtenco I were in the phenological tasseling stage (VT), while those from Ixtenco II were in the maturity/senescence stage (R6).


Location Ixtenco I (19°14′ 47.2″ N, 97°53′ 21.7″ W) is a small milpa (20 × 40 m) situated on the outskirts of the urban area. The tunicate maize plants were identified in the tasseling (VT) phenological stage within a polyculture system in where Curcubitaceae (Cucurbita ficifolia and Cucurbita pepo), Ayocote beans (Phaseolus coccineus), Acahual (Simsia amplexicaulis), Mozoquelite (Bidens pilosa), and native maize varieties coexist.

Location Ixtenco II (19°14′ 30.4″ N, 97°52′ 59.4″ W) is a larger milpa (60 × 200 m) located outside the urban area. This plot is also a polyculture system, primarily with Curcubitaceae and Ayocote beans, where the plants were found in the maturity/senescence stage (R6) (Figure 1B).

Rhizosphere soil samples were taken at 20 cm-depth around the root, manually shaken for 2 min to remove loose soil, and the remaining attached-soil to the roots was collected in polyethylene bags, and subsequently stored at 4°C for 2 days until processing them.



Physical and chemical analysis of soil samples

Soil samples were air-dried, homogenized, and sieved through a 2 mm mesh. The assessed physical and chemical properties included texture (hydrometer method) (Bouyoucos, 1962), pH (aqueous solution method), electrical conductivity (EC) (saturation extract method) (Kalra and Maynard, 1991), soil organic matter (SOM) (Walkley and Black, 1934), total nitrogen (TN) (micro-Kjeldahl method) (Bremner, 1996), available phosphorus (P) (Bray and Kurtz, 1945), cation exchange capacity (CEC) and exchangeable potassium (K) (ammonium acetate method) (FAO, 2022). These properties were determined at the Soil Genesis, Morphology and Classification Laboratory Edaphology Department (Colegio de Postgraduados, Mexico).



Isolation of culturable rhizobacteria

Serial dilutions (1 × 10−1 to 1 × 10−5) of rhizospheric soil were prepared in sterile distilled water, and 100 μL aliquots of each dilution were plated onto nutrient agar (Merck(R)) and yeast mannitol agar (YMA) with red Congo dye (Vincent, 1970). Plates were incubated for 2–5 days at 28°C. Based on the bacterial growth, colonies from each phenological maize stage were isolated according to their colonial morphology. Colonies with similar morphology were considered the same bacteria, while distinct colony morphologies indicated different microorganisms. Purity of bacterial isolates was confirmed using the quadrant streaking method (at least 5 times) on both nutrient agar and YMA plates, followed by microscopic examination. Subsequently, bacterial isolates were preserved in 20% glycerol and slant tubes of nutrient agar, and stored at 4°C.



Amplification of the 16S rRNA gene, sequencing, and molecular identification

Bacteria isolated at each phenological stage, displaying distinct colonial morphologies, were molecularly identified by sequencing the 16S rRNA gene.

Total bacterial genomic DNA was extracted by CTAB method (Doyle et al., 1990). The 260/280 nm ratio evaluated the concentration and quality of the extracted DNA. The 16S rRNA gene was amplified by PCR using universal primers 16S rRNA: 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-GGTTA CCTTGTTACGACTT-3′), under the following conditions: denaturation at 96°C for 1 min, followed by 35 cycles at 96°C for 30 s, 50°C for 1 min, 60°C for 1.5 min, and a final extension at 60°C for 4 min. The amplified product obtained (~1,400 bp) was verified on a 1% agarose gel and purified with EXO-SAP (Affymetrix, United States) following the instructions provided by the manufacturer. The fragment was sequenced using the services of Psomagen Inc. (United States).

The generated sequences were aligned and corrected using Geneious software to obtain consensus sequences, which were then compared to the National Center for Biotechnology Information database using BLAST (Basic Local Alignment Search Tool) (Altschul et al., 1990). The phylogenetic analysis was carried out by comparing each consensus sequence with its respective reference sequences compiled from the database available at http://www.ncbi.nlm.nih.gov/Genbank. The 16S rRNA gene sequences were aligned using the Muscle multiple alignment program incorporated into MEGA X software (Kumar et al., 2018). The phylogenetic tree was constructed with MEGA X using the Neighbor-Joining (NJ) method (Saitou and Nei, 1987) with 10,000 replicates employing the bootstrap analysis to obtain confidence values (Felsenstein, 1985). Evolutionary distances were calculated using the Kimura 2-parameter method (Kimura, 1980).



Nucleotide sequence accession numbers

The nucleotide sequences of 16S rRNA were deposited in GenBank. The accession numbers of the 16S rRNA nucleotide sequences of the 95 strains are PP111633 to PP111727 and are presented (Supplementary Table S1).



Functional characterization of bacterial isolates

The assessment of the biotechnological potential of bacterial isolates was conducted through qualitative in vitro assays focused on detecting PGP traits, production of exogenous lytic enzymes of biotechnological interest, and antagonistic capabilities against Fusarium oxysporum. For each bacterial isolate, three replicates were included for each assay. In those tests in where a halo was detectued around the bacterial colony; thus, a clearance index (CI) was estimated analogously to the solubilization index described below. Therefore, the presence of the evaluated capacity was correlated with CI values greater than 1.0, and qualified it as outstanding if CI was higher than 1.4.

For assessing auxin production, a colorimetric assessment was performed in 96-well microplates to detect the presence of indoles in liquid culture using the Salkowski reagent (Sarwar and Kremer, 1995).

Regarding phosphate solubilization, the ability of bacterial isolates for solubilizing phosphates was determined using Pikovskaya agar medium, containing tricalcium phosphate as P-source (Nautiyal, 1999). The solubilizing capacity is described by the solubilization index (SI), defined as the ratio of the total halo diameter to the colony diameter (Kumar and Narula, 1999).

The ability of bacteria to grow in a nitrogen-free medium serves as an indicator, revealing their potential for conducting biological nitrogen fixation (BNF). A screening to identify potential diazotrophic bacteria was performed using nitrogen-free semi-solid medium (NFb). The presence of putative diazotrophic bacteria was detected by observing the color change from green to blue and the formation of a pellicle in the subsurface of the medium, as described by Baldani et al. (2014).

The production of siderophores was carried out using the Chrome Azurol S (CAS) universal agar plate assay. Positive siderophore production was identified by detecting a yellow halo surrounding the bacterial colonies (Schwyn and Neilands, 1987).

The protease activity was assessed on skim milk agar medium and visualized by the development of a clear halo around the colonies (Naik et al., 2008).

The lipase production was observed using a lipase medium containing Tween 80 as substrate and Rhodamine B as indicator dye. Positive detection was assessed in strains exhibiting the presence of a halo around the bacterial colony (Smibert and Krieg, 1994).

The cellulolytic capacity was visualized by inoculating each bacterial isolate on nutrient agar plates added with carboxymethylcellulose. The positive detection of cellulase was assessed by detecting the presence of a halo around the bacterial colony as described by Slama et al. (2019).

The chitinase activity was assessed on 1% (w/v) colloidal chitin agar plates (Subramanian et al., 2020). The chitin hydrolysis was visualized by the formation of a clear zone around the bacterial colonies according to Saima and Roohi (2013).

The ability of bacterial isolates to inhibit the growth of Fusarium oxysporum was assessed through in vitro assays (Slama et al., 2019) on PDA plates incubated at 28°C for 14 days with periodic monitoring. The strain of F. oxysporum f. sp. cubense race 1 (CNRF-MIC17191) was obtained from the mycology laboratory of the Centro Nacional de Referencia Fitosanitaria (CNRF), belonging to the Servicio Nacional de Sanidad, Inocuidad y Calidad Agroalimentaria (SENASICA, México) (Hernández-Melchor et al., 2023). The following formula was employed to calculate the percentage of fungal growth inhibition (Mulk et al., 2022):

[image: Equation for calculating percentage inhibition: open bracket, C minus T, close bracket, divided by T, multiplied by one hundred.]

Where “C” represents the diameter of fungal growth in the negative control, and “T” is the diameter recorded from the fungal growth with bacterial confrontation. A minimum inhibition of 20% was considered to classify the bacterial isolate as a good candidate as biocontrol agent.



Data analysis of the in vitro functional assays

Data collected from in vitro assays, encompassing IAA biosynthesis, phosphate solubilization, growth in nitrogen-free medium, siderophore, cellulase, protease, and lipase production, were analyzed collectively.

The assignment of relative scores for assays ranged numerically from zero to two. A score of zero was assigned for the absence of the evaluated capacity, a score of one if it exhibited good capacity, and a score of two if the capacity was outstanding. For the biocontrol agent screening, the inhibition percentages obtained at the sixth day of the established periodic monitoring were considered.

The phylogenetic tree constructed in MEGA X was saved in Newick format and subsequently loaded onto the iTOL v5 (Interactive Tree Of Life) web server (Letunic and Bork, 2021) for visualization and annotation of assigned values in circular dendrograms with heatmaps.




Results


Physical and chemical properties of rhizosphere soil

Soil samples had pH and EC values ranging from 5.4 to 6.5, and 0.18 to 0.60 dS m−1, respectively, and were classified as slightly acidic soils with low salinity. Additionally, the soil organic matter (SOM) content ranged from 1.42 to 2.57%. A low total nitrogen (TN) content was detected and ranged from 0.113 to 0.021%; exchangeable potassium (K) content was low with values below 0.3 cmol(+)kg−1 in most of the samples. Regarding available phosphorus (P), the Ixtenco I sample exhibited a medium to high level (30–59 mg P kg−1), while the Ixtenco II sample had a low level of this nutrient (11–25 mg P kg−1). The CEC was very low (≤5 cmol(+)kg−1); finally, the texture of both soil samples was sandy-loam (Table 1). Therefore, the soil from tunicate maize of Ixtenco samples, presents nutrient deficiencies.



TABLE 1 Physical and chemical properties of tunicate maize rhizosphere soils.
[image: Table displaying soil analysis data for Ixtenco I and II locations, with columns for pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), available phosphorus (P), cation exchange capacity (CEC), exchangeable potassium (K), and soil texture. Each location has three samples, all with sandy loam texture. Values include pH ranging from 5.4 to 6.5, and phosphorus from 11.0 to 59.0 milligrams per kilogram.]



Molecular identification of 16S rRNA of culturable rhizobacteria

Initially, 186 rhizospheric bacteria were isolated. After being morphotypically differentiated, 95 of these bacteria were molecularly identified (Supplementary Table S1). The identified strains were classified into 42 genera belonging to 25 families across four main phyla: Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes (Figure 2A).
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FIGURE 2
 Phylogenetic tree based on the nucleotide sequence of 16S rRNA and relative abundance of rhizobacteria isolated from tunicate maize. (A) The phylogenetic tree was constructed using MEGA X software with the neighbor-joining (NJ) method and a bootstrap of 10,000 replicates. The consensus sequences of strains isolated from tunicate maize at the VT stage are marked in red, and those isolated at the R6 stage are marked in blue. Asterisks (*) indicate the reference sequences compiled from the GenBank database. Black, dark-gray, mild-gray, and light-gray branch colors correspond to Proteobacteria, Actinobacteria, Bacteroides, and Firmicutes phyla, respectively. Relative abundance of rhizobacterial isolated taxa at (B) phylum and (C) family levels. The bacterial phyla are depicted using distinct shades of gray-black in the upper graph of relative abundance. The bacterial families are delineated by different colors in the lower graph of relative abundance. General refers to the entire population of culturable rhizobacteria identified in this study (n = 95). VT stage (n = 53) and R6 stage (n = 42) are the phenological stages of the plant from which the rhizobacteria were isolated.


The 25 families identified were Rhizobiaceae, Caulobacteraceae, Sphingomonadaceae, Brucellaceae, Pseudomonadaceae, Xanthomonodaceae, Rhodanobacteraceae, Moraxellaceae, Budviciaceae, Comamonadaceae, Alcaligenaceae, Oxalobacteraceae, Burkholderiaceae, Micrococcaceae, Microbacteriaceae, Streptomycetaceae, Spirosomaceae, Sphingobacteriaceae, Flavobacteriaceae, Weeksellaceae, Chitinophagaceae, Bacillaceae, Paenibacillaceae, Staphylococcaceae, and Planococcaceae (Figure 2C).

Among the α-Proteobacteria, the identified genera were Rhizobium, Neorhizobium, Ochrobactrum, Brevundimonas, Novosphingobium, and Sphingobium. As part of the β-Proteobacteria, the recorded genera corresponded to Herbaspirillum, Rugamonas, Caballeronia, Paraburkholderia, Alcaligenes, Paracidovorax, Pseudacidovorax, Delftia, and Roseateles. For the γ-Proteobacteria, the identified genera were Stenotrophomonas, Xanthomonas, Rhodanobacter, Limnobaculum, Acinetobacter, Moraxella, and Pseudomonas.

Within the phylum Actinobacteria the identified genera were Streptomyces, Micrococcus, Arthrobacter, Pseudoarthrobacter, Agromyces, Leifsonia, and Microbacterium. In the Firmicutes phylum, the identified genera were Priestia, Peribacillus, Neobacillus, Sporosarcina, Staphylococcus, and Paenibacillus. Finally, in the Bacteroidetes phylum, genera like Chryseobacterium, Flavobacterium, Chitinophaga, Dyadobacter, Sphingobacterium, Pedobacter, and Mucilaginibacter were identified.



Taxonomic composition of the culturable rhizobacterial community

The culturable rhizobacterial community was predominantly composed of the phyla Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes, which exhibited relative abundance of 49.5, 28.4, 11.6, and 10.5%, respectively (Figure 2B). Although the enrichment patterns of the dominant phyla (Proteobacteria: Actinobacteria) were consistent across isolates from both locations (Ixtenco I and Ixtenco II), notable differences were observed in their relative proportions. Specifically, the Proteobacteria:Actinobacteria ratio was 3:1 for Ixtenco I and 1:1 for Ixtenco II (Figure 2B).

The bacterial community isolated from Ixtenco I soil samples (n = 53), where plants were at the tasseling phenological stage (VT), was characterized by the prevalence of families Oxalobacteraceae (15%), Micrococcaceae (13.2%), Comamonadaceae (11.3%), Bacillaceae (11.3%), Pseudomonadaceae (9.4%), and Rhizobiaceae (7.5%). In contrast, in Ixtenco II (n = 42), where plants were at the maturity/senescence stage (R6), the family Microbacteriaceae (33.3%) was predominant, followed by families Micrococcaceae (9.5%) and Burkholderiaceae (7.1%) (Figure 2C). Therefore, the phenological state of the plant directs the assembly of the culturable rhizospheric community.



Functional characterization of culturable rhizobacterial community

A total of 95 identified strains were qualitatively assessed for their PGP traits, exogenous lytic enzyme production, and antagonistic capabilities against phytopathogenic fungi.

Regarding PGP traits, 54 strains (57%) were found to produce indoles, 25 strains (26%) exhibited visual activity as P-solubilizers, 18 strains (19%) were putative diazotrophs due to the ability to grow in nitrogen-free medium along with a color change to blue and pellicle formation in NFb medium, and 24 strains produced siderophores (25%) (Figure 3A).
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FIGURE 3
 Detection of PGP traits, production of lytic enzymes, and antagonism against Fusarium oxysporum of rhizobacteria isolated from tunicate maize. (A) Qualitative in vitro assays focused on detecting PGP traits: biosynthetic capacity for auxin (IAA), phosphate solubilization (PS), ability to grow in nitrogen-free media (NFb), and siderophore production. C(−): negative control. (B) Production of exogenous lytic enzymes: cellulase, protease, and lipase. (C) In vitro antagonistic capabilities against Fusarium oxysporum f.sp. cubense race 1 (CNRF-MIC17191) at 6 days of confrontation, C(−): negative control. The negative control was F. oxysporum without bacteria. E1-4: Paracidovorax wautersii, E1-7: Neorhizobium huautlense, E1-11: Pseudomonas oryzihabitans, E1-16: Delftia acidovorans, E1-17: Rhizobium grahamii, 1A2: Micrococcus yunnanensis, E2-7: Roseateles sp., E2-9: Pseudomonas fluorescens, E2-10: Herbaspirillum lusitanum, E2-15: Pseudarthrobacter phenanthrenivorans, E3-1: Herbaspirillum seropedicae, E3-6: Pseudomonas oryzihabitans, E3-20: Rhizobium alamii, E3-21: Sphingobium sp., E3-22: Paracidovorax wautersii, E3-24: Rhizobium grahamii, E3-27: Pseudomonas fluorescens, E4-1: Chryseobacterium indoltheticum, E4-8: Microbacterium natoriense, E4-32: Rhizobium dioscoreae, E5-1: Sphingobium fuliginis, E5-5: Ochrobactrum intermedium, E5-14: Herbaspirillum seropedicae, and E5-18: Pseudomonas brassicacearum.


In terms of lytic capabilities, 52 strains (55%) were cellulase producers, 62 strains (65%) produced protease, 21 strains (22%) were lipase producers, and no chitinase production was detected in any evaluated strain (Figure 3B).

Finally, 38 strains (40%) exhibited antagonism against F. oxysporum (AFO) (Figure 3C) and as shown in Figure 4, these physiological activities are distributed across the different taxa.
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FIGURE 4
 Dendrograms with heatmaps depicting PGP traits, lytic enzymes, and antagonism of rhizobacteria isolated from tunicate maize during the phenological stages of tasseling (A) and maturity/senescence (B). Data from in vitro assays were presented as heatmaps alongside phylogenetic dendrograms, using phylogenetic trees constructed in MEGA X for each phenological stage and edited on the iTOL v5 (Interactive Tree of Life) web server. Black, dark-gray, mild-gray, and light-gray branch colors correspond to Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes phyla, respectively. The first concentric ring around the dendrogram represents taxonomic families. The second ring depicts PGP traits: biosynthetic capacity for auxin (IAA), phosphate solubilization (PS), ability to grow in nitrogen-free media (NFb), and siderophore production. The third ring shows the production of exogenous lytic enzymes. The fourth ring illustrates antagonism against Fusarium oxysporum f.sp. cubense race 1 (CNRF-MIC17191) (AFO). Relative scores for PGP traits and lytic enzyme assays ranged numerically from zero to two. For the antagonism tests, inhibition percentage values obtained on the sixth day of confrontation were considered.


Hence, the culturable rhizobacterial community associated with tunicate maize showed diverse and redundant physiological activities important for nutrition, ecology and health of the plant.



Functional contributions of rhizobacteria at tasseling (VT) stage

Members of Oxalobacteraceae family displayed auxin production, P-solubilizers, putative diazotrophy, and antagonism; most prominent strains were Herbaspirillum lusitanum CPO E2-10 and CPO E3-28, and Herbaspirillum seropedicae CPO E3-1. Similarly, members of Comamonadaceae family demonstrated abilities for auxin biosynthesis, exogenous lytic enzyme production, and antagonism to phytopathogens; prominent strains were Delftia acidovorans CPO E1-16 and Paracidovorax wauterssi CPO E3-3.

All members of Pseudomonadaceae family excelled in auxin production, P-solubilizers, putative diazotrophy, siderophore production, and lytic enzyme synthesis (cellulase and protease); remarkable strains were Pseudomonas fluorescens CPO E2-1, CPO E3-27, and CPO E2-9, as well as strains Pseudomonas oryzihabitans CPO E1-11 and CPO E3-6. In the same way, all members of Rhizobiaceae family produced auxins and exogenous cellulase, and strains Rhizobium grahamii CPO E1-17 and Rhizobium alamii CPO E3-20 showed antagonism against F. oxysporum (Figure 3C), and strains Rhizobium grahamii CPO E3-24 and Neorhizobium huautlense CPO E1-7 were siderophore producers.

Several members of Bacillaceae family had capabilities as P-solubilizers and auxin producers along with lytic activities (cellulase and protease); the strain Priestia megaterium CPO 24A2 also displayed putative diazotrophy and biocontrol capabilities. Likewise, Micrococcaceae family revealed antagonistic and exogenous protease synthesis abilities; additionally, the strain Pseudarthrobacter phenanthrenivorans CPO E2-15 produced auxins and showed putative diazotrophy.

Finally, within the Xanthomonadaceae family, the strains Stenotrophomonas indicatrix CPO 12A2 and CPO 13A2 exhibited significant PGPR traits and lytic capabilities (Figure 4A).

Therefore, rhizobacteria from the culturable fraction at the VT stage exhibited multiple PGPR in vitro traits related to phytostimulation (IAA-producer), nutrient acquisition and competition (P-solubilizers, putative BNF, and siderophore production), as well as protection against phytopathogens (AFO, siderophore production, and lytic enzymes) (Figure 4A).



Functional contributions of rhizobacteria at maturity/senescence (R6) stage

Actinobacteria belonging to the Microbacteriaceae and Micrococcaceae families, predominant in the rhizosphere isolates of mature/senescent plants, exhibited remarkable lytic activities (Figure 4B). Notably, the strains Microbacterium natoriense CPO E4-8, M. suwonense CPO 15A3 and CPO 16A3, M. hominis CPO E4-15, M. sp. CPO 40-2A3, Leifsonia xyli CPO 40A3 and CPO 13A3, Agromyces atrinae CPO E4-22, Arthrobacter oryzae CPO 12A3, Arthrobacter senegalensis CPO 5A3, and Arthrobacter sp. CPO 52A3 and CPO 1A3 demonstrated at least two of the analyzed proteolytic, lipolytic, or cellulolytic activities. Particularly, Microbacterium strains (family Microbacteriaceae) were found almost exclusively at this phenological stage. Within this collection of actinobacteria, the strains Microbacterium natoriense CPO E4-8 and M. hominis CPO E4-15 also exhibited important PGPR traits.

Likewise, Arthrobacter strains (family Micrococcaceae) were detected in both the VT and R6 stages. Despite exhibiting synthesis of lytic enzymes, mainly proteases, the Arthrobacter strains isolated at the R6 stage did not show inhibition against F. oxysporum, whereas such inhibition was observed in those isolates from the VT stage (Figure 4).

Finally, we also found Proteobacteria with notable PGPR capabilities and antagonism against pathogens. Most prominent isolates were Caballeronia arvi CPO E4-7, Stenotrophomonas sp. CPO E4-29, Sphingobium fuliginis CPO E5-1 and CPO E5-15, Ochrobactrum intermedium CPO E5-5 and CPO E5-24, Herbaspirillum seropedicae CPO E5-14, Pseudomonas brassicacearum CPO E5-18, and Paraburkholderia caledonica CPO E6-4 (Figure 4B).

Overall, rhizobacteria obtained from the culturable fraction at the R6 stage showed important lytic activities and notable PGPR traits.




Discussion

The soil of Ixtenco milpas consists of sandy-loam with slightly acidic pH, a moderate percentage of SOM content, and exhibits deficiencies in nitrogen (N), potassium (K), and phosphorus (P) in some plots. Additionally, the soil has a low cation exchange capacity (CEC), indicating a low nutrient reserve. Consequently, tunicate maize, like other maize landraces (Higdon et al., 2020; Guzzon et al., 2021) typically grow under suboptimal soil conditions in spite of the agricultural practices implemented in the Ixtenco milpas (Huato et al., 2013; Orozco-Bolaños et al., 2019). This suggests that organic compound recycling is still at an early stage, requiring the optimization of agroecosystems through the management of microbial agrobiodiversity to enhance carbon and nutrient cycles, thereby improving the availability and retention of N and P and impacting soil quality (Mosier et al., 2021).

The assembly patterns of the rhizosphere microbiome are influenced by abiotic factors (e.g., soil properties, agricultural practices and climate) and plant-specific biotic factors (e.g., nutritional status and requirements, physical and phenological stages) (Xiong et al., 2021; Xun et al., 2021). Predominant phyla of rhizosphere bacterial community isolated from tunicate maize were Proteobacteria and Actinobacteria, followed by Firmicutes and Bacteroidetes. This distribution aligns with findings from various metagenomic studies, which reveal the dominance of these phyla in the relative abundance within rhizosphere bacterial communities associated to maize (Peiffer et al., 2013; Walters et al., 2018; Brisson et al., 2019; Huang et al., 2022; Singh and Goodwin, 2022).

Since the rhizosphere soil samples originated from the same edaphoclimatic region, with similar agronomical practices, and both samples generally exhibited similarities in physical and chemical characteristics, the differences in the enrichment proportions of Proteobacteria and Actinobacteria phyla observed between bacteria isolated from Ixtenco I and Ixtenco II locations, could be attributed to variations in nutritional needs of plants at the studied phenological stages (VT and R6, respectively), as well as to eco-physiological functions of the recorded rhizobacteria. In this regard, the release of low molecular weight carbon compounds (easily degradable) from roots has been linked to the stimulation of a dominant bacterial community in the rhizosphere (primarily composed of copiotrophs belonging to Proteobacteria and Bacteroidetes) throughout plant growth (Ling et al., 2022). Conversely, the oligotrophic community tends to dominate the rhizosphere environment at post-harvest stages when only recalcitrant and complex carbon compounds (cellulose, hemicelluloses, lignin) are dominant (Zheng et al., 2021). Actinobacteria are associated to the degradation of plant residues and the recycling of SOM during later stages of wheat straw decomposition (Bastian et al., 2009), particularly due to their lytic capabilities of lignocellulose residues (Boukhatem et al., 2022).

The rhizosphere bacterial community isolated from tunicate maize grown in agroecosystem at the VT stage was dominated by the families Oxalobacteraceae, Micrococcaceae, Comamonadaceae, Bacillaceae, Pseudomonadaceae, and Rhizobiaceae. These exhibited in vitro physiological activities related to phytohormone stimulation, nutrient acquisition, and competition, and protection against phytopathogens. The prevalence of these taxa is attributed to that recruitment mediated by both plant rhizodepositions and agricultural practices implemented at Ixtenco agroecosystems. Supporting this, a metagenomic study of maize rhizobacterial communities at different growth stages, cultivated in soil under conventional and conservation agricultural practices, reported the enrichment of fast-growing copiotrophic bacteria belonging to Rhizobiales, Sphingomonadales, Xanthomonadales, and Burkholderiales, with rhizospheric functions primarily related to degradation, utilization, assimilation, and biosynthesis. This taxonomic and functional diversity was attributed primarily to conservation agricultural practices following the rhizosphere effect during specific phenological stages, such as flowering and grain filling (Navarro-Noya et al., 2022).

The rhizosphere soil from which bacteria were isolated showed a marked deficiency in TN and during tasseling stage, plants typically exhibit a high demand for N (Rhezali and Lahlali, 2017). About this, a previous study under N-limiting conditions observed that flavones derived from roots of certain maize varieties promoted the rhizosphere enrichment of the Oxalobacteraceae family to stimulate nutrient uptake and growth (Yu et al., 2021). While some members of Rhizobiaceae family are well-known symbiotic bacteria in legumes (Ramirez-Puebla et al., 2019), the species isolated in this study (Rhizobium grahamii, Rhizobium alamii, Neorhizobium huautlense and Rhizobium dioscoreae) have not been reported previously as symbionts of Ayocote bean (Phaseolus coccineus), a legume used in the Ixtenco milpas, or as rhizospheric associates of maize landraces. This study, therefore, represents the first report of these species associated with rhizosphere of native maize. However, species such as Rhizobium grahamii can nodulate various legumes (Peralta et al., 2016) and other rhizobia are common endophytes in certain maize cultivars, where they positively influence nitrogen acquisition and promote plant growth (Rosenblueth et al., 2018; Ramirez-Puebla et al., 2019).

Moreover, members of the Comamonadaceae and Pseudomonadaceae families present at VT stage may play roles in both growth promotion and the mitigation of abiotic stress in tunicate maize. This is supported by reports in which these two families are enriched in maize roots in response to chilling stress, exerting positive effects on the development of young maize plants under low-temperature conditions (Beirinckx et al., 2020). Additionally, a study on maize landraces from arid regions found that the Pseudomonas genus was the most abundant member of those culturable seed-endophytic bacterial communities, which are inducing drought tolerance during early developmental stages (Arellano-Wattenbarger et al., 2024).

Similarly, a comparative metagenomic study identified the Bacillaceae family as dominant in the rhizosphere of teosinte, landraces, and inbred lines of maize during flowering and maturity/senescence stages, but not at seedling stage (Huang et al., 2022).

On the other hand, at the R6 stage, when the plant has completed its life cycle and aerial plant residues fall to the soil surface, labile carbon compounds in the rhizosphere significantly decrease and are succeeded by recalcitrant carbon compounds in the rhizosphere environment (Zheng et al., 2021). In this context, where the rhizospheric effect is no longer decisive in microbial recruitment, the culturable rhizobacterial community exhibited a pronounced enrichment of the Microbacteriaceae family, particularly the genus Microbacterium, which displays profiles of lytic enzyme production targeting polymeric biomolecules. This suggests a potential ecological function in the degradation of complex carbon compounds, a critical initial step in the mineralization of organic matter and nutrient recycling. This aspect is further supported by findings by Chiba et al. (2021), who highlighted the correlation between the rates of litter decomposition during its early phases and the abundance of bacteria classified as Sphingomonadaceae, Microbacteriaceae, and Burkholderiaceae.

Additionally, the Micrococcaceae family (mainly the genus Arthrobacter) was registered at both VT and R6 stages and exhibited capabilities of producing auxins and lytic enzymes; therefore, the members of this family could play physiological roles at plant nutrition and ecological levels like nutrient cycling in soil. This suggestion is supported by: (i) bacterial descriptions from the genus Arthrobacter as plant growth promoters under stressful conditions and as degraders of polymeric compounds including xenobiotic compounds (Roy and Kumar, 2020); and (ii) information provided by Fu et al. (2022) regarding the versatile copiotrophic-oligotrophic behavior of some Arthrobacter species.

Interestingly, the antibiosis observed in certain Arthrobacter strains at the VT stage, but not in those recorded at R6 stage, may not be related to their lytic activities but rather to the production of one or more bioactive compounds effective against phytopathogens. For instance, Arthrobacter phenanthrenivorans Se32.02 has been reported to inhibit the growth of Rhizoctonia solani through the secretion of antifungal molecules (Santos et al., 2020). Additionally, A. kerguelensis VL-RK_09 inhibits the growth of fungi, bacteria, and yeasts by secreting the bioactive compound S,S-dipropyl carbondithioate (Munaganti et al., 2016). Recently, antifungal compounds such as arthropeptide A and B, derived from A. psychrophenolicus and A. humicola, respectively, have also been identified (Ramlawi et al., 2021; Gomez et al., 2023). Therefore, these strains could represent a potential source of bioactive compounds for biological control.

Likewise, the community of Proteobacteria recorded at R6 stage (with capabilities for producing auxin and lytic enzymes and exerting fungal pathogen suppression) could also play ecological roles in nutrient cycling and control of fungal pathogens. Although some Proteobacteria genera are associated with cellulolytic activity for degrading corn residues during the silage process (Ramírez-Vega et al., 2020), the present is study represents the first report about potential PGPR isolated at the maturity/senescence phenological stage (dry weight material) from tunicate maize landrace, including Sphingobium fuliginis, Ochrobactrum intermedium, Herbaspirillum seropedicae, Pseudomonas brassicacearum, and Paraburkholderia caledonica.

Notably, 57% of rhizobacteria produced IAA, a key phytohormone that regulates plant development, stimulates root formation, enhances exudation, and increases the availability of soil microbes interacting with roots (Backer et al., 2018). Several IAA-producing genera identified in tunicate maize, such as Arthrobacter (Angulo et al., 2014), Bacillus, Herbaspirillum (Yan et al., 2018), Ochrobactrum (Saini et al., 2017), Pseudomonas (Cantabella et al., 2021), Rhizobium (Zahir et al., 2010; Zhao et al., 2018), and Stenotrophomonas (Kumar et al., 2023), have previously been noted for their auxin biosynthetic capabilities.

Phosphate solubilization (PS), a PGPR trait exhibited by certain microorganisms, enables the conversion of insoluble soil phosphate into bioavailable soluble phosphate for plants (Gouda et al., 2018). The PS activity was observed in 26% of isolates, with Pseudomonas, followed by Herbaspirillum, Priestia, and Paraburkholderia strains exhibiting this trait. These findings align with previous reports, which indicate that while various bacterial genera possess phosphate-solubilizing capacities, strains of Pseudomonas are particularly efficient (Villegas and Fortin, 2001; Li et al., 2017a; Saeid et al., 2018). Similarly, biological nitrogen fixation (BNF) is a highly sought-after PGPR trait for developing bioinputs targeting cereals, as nitrogen is a critical and limiting nutrient for their growth, development, and productivity (Rosenblueth et al., 2018). In the present study, 19% of the isolates exhibited putative diazotrophy. Some species among the identified Herbaspirillum, Pseudomonas, Arthrobacter, Novosphingobium, and Microbacterium strains have been reported as nitrogen-fixing (Rangjaroen et al., 2017; Rilling et al., 2018; Boukhatem et al., 2022). Specifically, Herbaspirillum seropedicae, H. lusitanum, and Pseudomonas oryzihabitans have been recognized as efficient free-living diazotrophs in rice, maize, sorghum, sugarcane, and bananas crops (Baldani et al., 1992; Valverde et al., 2003; Ngamau et al., 2012; Rosenblueth et al., 2018).

Siderophores are iron-chelating compounds synthesized by microbes that play a crucial role in plant nutrition, microbial competition, and disease suppression. By sequestering iron, bacterial siderophores limit the availability of this essential element to phytopathogens, thereby inhibiting their growth and colonization of plant (Timofeeva et al., 2022). In the present study, 25% of the bacterial strains produced siderophores, with these strains belonging primarily to various genera, including Pseudomonas, Stenotrophomonas, Paraburkholderia, Sphingobium, Ochrobactrum, Rhizobium, and Neorhizobium. Pseudomonas species, commonly found in the rhizosphere, are reported to produce various classes of siderophores which include pyoverdines, pseudobactin, and pyochelins (Crowley, 2006), moreover, Stenotrophomonas, Paraburkholderia, and Rhizobium strains produced enterobactin (Hisatomi et al., 2021), gramibactin (Hermenau et al., 2018) and catechol siderophores (Datta and Chakrabartty, 2014), respectively.

Hydrolytic enzymes are widely distributed among the isolated taxa and may play relevant role in organic matter decomposition and nutrient mineralization in organically managed soils (Gao et al., 2024), such as those in Ixtenco, as well as in the suppression of diseases and damage caused by phytopathogenic fungi and insects (Riseh et al., 2024). In the present investigation, 65% of the bacterial strains produced protease, 55% produced cellulase, and 22% produced lipase, while none produced chitinase. Pseudomonas, Arthrobacter, Paracidovorax, Stenotrophomonas, Microbacterium, and Priestia strains stood out for their multiple lytic activities and have previously been noted for their production of cell-wall degrading enzymes related to antagonism (Pathma and Sakthivel, 2013; Fira et al., 2018; Bonaterra et al., 2022; Ebrahimi-Zarandi et al., 2022). In this context, 38 strains exhibited antagonism against F. oxysporum (AFO), with 79% presenting at least one lytic activity and 34% producing siderophores (Figure 3C), suggesting the importance of these mechanisms in the inhibition of phytopathogens (Riseh et al., 2024). Other suppression mechanisms not explored in this study such as the production of HCN and bioactive antifungal compounds could be involved (Choudhary et al., 2022).

In our study, the culturable rhizobacterial community associated with tunicate maize, comprised 42 genera, and exhibited diverse and redundant physiological activities related to phytostimulation, nutrient acquisition, pathogen protection, and nutrient cycling. This functional diversity may be attributed to agricultural practices utilized for cultivating tunicate maize. In this regard, it has been demonstrated that organically fertilized agroecosystems are particularly effective in sustaining soil health (Yang et al., 2024) by fostering microbial diversity and interactions, broadening microbial metabolic capacities, enhancing functional redundancy, suppressing phytopathogenic microbes, and facilitating the mineralization of organic compounds within the maize rhizosphere (Luo et al., 2018; Kebede, 2021; Gao et al., 2024).

Specifically, strains identified in this study as inoculant candidates included Priestia megaterium which has been utilized as bio-inoculant in maize (Moturu et al., 2023); Herbaspirillum seropedicae and H. lusitanum are recognized as efficient free-living diazotrophic bacteria in Poaceae plants such as maize, rice (Baldani et al., 2000), and sugarcane (Oliveira et al., 2009); Ochrobactrum intermedium has been reported to enhance the productivity of rice under salinity stress (Sultana et al., 2020), produce IAA and siderophores, and exhibit ACC deaminase activity in peanut under abiotic stresses (Paulucci et al., 2015), as well as display biopesticide activity in sugarcane (Hassan et al., 2014); Rhizobium grahamii is a newly discovered rhizobia species endemic to Mexico, capable of symbiotically fixing nitrogen in various legumes including Leucaena leucocephala and Phaseolus vulgaris (Althabegoiti et al., 2014; Ramirez-Puebla et al., 2019); Rhizobium alamii has been described as an exopolysaccharide-producing rhizobia that enhances drought tolerance in non-leguminous species (e.g., rapeseed and sunflower) (Alami et al., 2000; Tulumello et al., 2021); Neorhizobium huautlense has been shown to improve the yield of rice and hot pepper while also functioning in the bioremediation of heavy metal-contaminated soil (Chen et al., 2016; Li et al., 2017b).

Furthermore, Pseudomonas fluorescens, P. oryzihabitans, and P. brassicacearum may act as biocontrol agents of phytopathogens and plant growth promoters (Horuz, 2021; Raio, 2024); however, in this study, only P. brassicacearum showed significant antagonistic capability against F. oxysporum, potentially through the secretion of secondary bioactive metabolites (e.g., hydrogen cyanide and a complex mixture of phloroglucinol derivates) (Nelkner et al., 2019; Biessy and Filion, 2021). Delftia acidovorans is a PGPR utilized as part of inocula for canola and soybean (Suchan et al., 2020). Stenotrophomonas indicatrix has been isolated and evaluated in sunflower plants as promising PGPR due to its abilities as PS, and as producer of siderophores, auxins and multiple hydrolytic enzymes (Adeleke et al., 2021). Microbacterium natoriense has been described as diazotrophic from phylloplane of wheat varieties (Batool et al., 2016).

Finally, Sphingobium fuliginis and Pseudarthrobacter phenanthrenivorans are understudied in agricultural sciences and these species have not been previously described as PGPR; however, they are reported as degraders of several recalcitrant aromatic compounds such as alkylphenols, biphenols (Kuroda et al., 2017), phenol (Asimakoula et al., 2023), 4-hydroxybenzoic acid (Tsagogiannis et al., 2024), and phenanthrene (Li et al., 2024), thus, highlighting a perspective for future research for biotechnological applications.

Consequently, this bioprospection effort focused on identifying PGP traits under in vitro conditions within the culturable rhizobacterial community associated with tunicate maize during tasseling and maturity/senescence plant stages. This experimental approach facilitated the detection and acquisition of a valuable functional bacterial germplasm in an unexplored agroecosystem, which holds significant potential for the development of future bioinoculants aimed at enhancing the sustainable productivity and economic viability of milpa systems in the central Mexican highlands.



Conclusion

This research marks the first exploration of culturable bacteria associated with the rhizosphere of tunicate maize landrace grown in an agroecosystem, representing a unique ecological niche shaped by the agricultural practices and soil nutrient deficiencies under which it is cultivated.

Tunicate maize harbors functional groups of culturable indigenous rhizobacteria with physiological activities related to plant nutrition, health, and ecology. The nutritional requirements associated with the phenology of plant and agricultural practices implemented, influence the diversity and redundance functionality of culturable rhizosphere populations.

The culturable population during tasseling stage exhibited capabilities for stimulating plant growth and nutrition, as well as inhibiting fungal phytopathogens, while the culturable population in maturity/senescence stage showed lytic activities relevant to the mineralization of organic matter and nutrient recycling. Additionally, we detected possible novel rhizospheric functional bacterial species such as Rhizobium, Sphingobium, and Arthrobacter which are not previously described in maize landraces, as well as the bioprospection of potential PGPR detected at plant phenological stages poorly explored (like maturity/senescence).

Several indigenous bacterial strains exhibited multiple plant growth-promoting activities, suggesting their potential as biofertilizers and/or biocontrol agents to promote sustainable agriculture. However, further complementary studies are needed to assess their biological effectiveness in plants. Furthermore, this study contributes to the development of a knowledge framework that may provide the importance of the conservation of endangered maize landraces through the recognition and promotion of their associated microbial genetic resources. This culturable approach facilitates the development of customized bioformulations tailored to local agroecosystems, particularly for application in the sustainable intensification of production systems in the central Mexican highlands.
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The rhizosphere is enriched with diverse microflora, allowing for delving prospective microorganisms to enhance crop growth and yield for varied soil conditions. Demand for millet growth-promoting microorganisms is a contemporary need for dryland agriculture. Therefore, a detailed survey was conducted in northern Karnataka, India, to identify the millet growing areas, particularly sorghum. The rhizobacteria from the sorghum (Sorghum bicolor L.) were assessed for promoting seed germination using the paper towel method and classified based on their efficiency. The elite isolates were positive for indole-3-acetic acid (IAA), gibberellic acid (GA), phosphate, zinc oxide solubilization, and hydrogen cyanide (HCN) production. The test isolates were antagonistic to Macrophomina phaseolina and Fusarium sp. and inhibited completely. Further evaluation of the cultures on sorghum growth-promoting attributes under pot culture conditions showed that the plants inoculated with PG-152 (Bacillus subtilis) recorded the highest plant height, chlorophyll content, root dry weight, shoot dry weight, and total dry weight under ideal conditions of fertilization. Two isolates, namely, PG-152 and PG-197, performing superior under pot culture conditions, were identified as Bacillus subtilis and PG-197 as Enterobacter sp., respectively, using 16S rDNA analysis. The sequences were allowed to screen open reading frames (ORF) and found several ORFs in Enterobacter cloacae and Bacillus subtilis, respectively. This study found that the rhizosphere is vital for identifying prospective isolates for biocontrol and plant growth-improving microorganisms.
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Introduction

Diversifying the cultivation of high-nutritive-value crops is in demand due to the global focus on nourishment and security (Carlson et al., 2020). Millets give product consumers various choices, including sustenance, food, and fodder. Of many millet crops, sorghum (Sorghum bicolor L. Moench), a resilient and climate-smart grain, is cultivated in arid and semi-arid areas of Africa and Asia and boosts agricultural productivity. It is a staple food that serves as a significant source of energy, protein, minerals, and vitamins for the world’s poorest people (FAO, 1995; Kumara et al., 2014) and serves as a feedstock for the manufacturing of ethanol (Wang et al., 2016). It was thus referred to as a “powerhouse of nutrition.” Millets are produced annually on 9.76 million hectares of land, with a total production of 13.21 million tons (USDA, 2019). India ranks third globally for sorghum production, however, experiencing a − 3.89% compound annual growth rate (CAGR) due to several abiotic and biotic factors (Chapke and Tonapi, 2019). Karnataka, Maharashtra, and Andhra Pradesh are the three states in India where sorghum is primarily grown; together, these three states produce 80% of the nation’s sorghum. Because of its wider adaptability to diverse habitats and its ability to grow in harsh conditions, sorghum is one of the essential commodities required for human existence (De Wet et al., 1976; Balakrishna et al., 2019). Sorghum is grown on 0.11 lakh hectares in Karnataka, where it produces 1.17 million tons and yields 3428 kg/hectare (Advanced estimates of food grains production 2021–2022, n.d.). Due to rainfed cultivation in India, the yield and productivity are comparatively poor to the rest of the globe (FAO, 2020). Food laws and subsidies impact India’s seed supply, output, and millet consumption, primarily encouraging rice and wheat consumption (Pandravada et al., 2013). However, recent initiatives from India, pushing the world for millet production and consumption, have tremendously impacted sorghum production and consumption.

Meanwhile, attention has been paid to the long-term viability of natural resources for future generations (Finkel et al., 2017). However, production constraints, such as abiotic and biotic stress, must be overcome to meet the current demand. The commercial practices of cultivation is intessive but exhaustive and environmentally harmful. Microorganisms naturally maintain the sustainability of resources, and the life that has historically existed on the earth either directly or tangentially nourishes them (Singh et al., 2017). Plant growth-promoting bacteria (PGPR), which impact the earth’s structural and functional health, is a broad name for the bio-stimulating organisms of soil. The community’s percentage of microbes that promote plant development ranges between 2 and 5% (Kloepper, 1978; Qessaoui et al., 2019). By supplying the plant with a bacterium-produced compound, such as plant growth regulators, facilitating the uptake of specific nutrients from the environment, or fixing the unavailable forms of nutrients, the PGPR microorganisms have a positive impact on seed germination, seed vigor, crop development, and improvement (Rahmoune et al., 2017). In addition to promoting rapid growth through the modulation of auxin phytohormones and reducing crop ethylene concentrations (Glick, 2012), or root-related nitrogen fixation (Döbereiner, 1992; Zarei et al., 2020), PGPR also promotes indirect plant growth when it acts on one or more phytopathogenic organisms and has detrimental effects on the pathogen through the production of antagonistic substances or the induction of pathogen resistance (Meena et al., 2020). To align the products with plant metabolism, they are triggered, controlled, and released at the expense of self-metabolism (Wortel et al., 2018). Commercial uses of the PGPR and how they work with plants offer tremendous hope for developing sustainable agriculture in the future.

Plant growth-promoting rhizobacteria (PGPR), such as Bacillus sp. and Pseudomonas sp., are helpful as agricultural biofertilizers because they can generate indole acetic acid (IAA) and gibberellins, which may improve plant development (Broughton et al., 2003). Veerubommu and Kanoujia (2011) claim that PGPR inoculations inhibit most pathogenic fungi-produced plant disease-causing organisms, protecting the plant from soil-borne illnesses (Lugtenberg and Kamilova, 2009). The increased use of biofertilizers, PGPR, and organic inputs reduces the dependence on synthetic inputs, such as insecticides and other additives. Overusing synthetic fertilizers has raised the cost of farming inputs, especially for small-scale farmers, and has had a detrimental effect on soil health and other critical environmental issues such as water and soil pollution and other health-related issues (Gupta et al., 2015). This situation highlighted the need for developing alternative production techniques that are less harmful to the ecosystem and more accountable for maintaining soil health. There is a knowledge deficit regarding the PGPR for sorghum products, focusing on promoting development and yield under organic cultivation. Therefore, this research aims to identify and extract helpful microorganisms for the growth of sorghum crops.



Materials and methods


Soil sampling and isolation of strains

In three northern Karnataka districts, namely, Bagalkote, Kalaburagi, and Vijayapura, during rabi in 2017–18, rhizosphere soil samples (n = 50) were obtained from crops including chickpea, pigeon pea, and maize. A total of 10 g of rhizosphere soil was transferred to a 250 mL conical flask containing 90 mL of sterile distilled water and vortexed for approximately 5 min. After that, 0.1 mL of the 10−5 and 10−6 dilutions were added to the respective media plate (Nutrient agar). The plates were placed in a BOD incubator and kept at 28°C for 48 h (Nagaraju et al., 2021), and the typical bacterial colonies were selected and purified by four-way streaking.



Rapid screening of the native isolates by the seed germination test (the paper towel method)

The sorghum seeds (M-35-1, 70% germination percentage) were tested for germination using the paper towel technique indicated by ISTA guidelines (Anonymous, 1999). The test was performed using 100 seeds per blotting paper with three replications. In a nutshell, 100 sorghum seeds weighing on average 3.9 g were surface-sterilized with 0.1% HgCl2 (mercuric chloride, w/v) for 2 min, followed by three washes with sterile distilled water. The seeds were treated with test cultures of 24 h old with less than 109 cfu/mL for 10 min. A reference strain (Pseudomonas fluorescens) was employed as a control. In the cabinet seed germinator, germination paper with treated seeds was incubated in the slanting position. The germination test was conducted at a constant temperature of 25 ± 2°C and a relative humidity of 95 ± 1% (%). The percentage (%) was calculated based on the number of germinated seeds. As a control, seeds were treated with sterile distilled water. After 7 days of seeding, the root length, shoot length, and germination percentage were measured (Dasgupta et al., 2015). Refer to Supplementary Table 1 for further information.

[image: Formula for germination percentage: Germination (%) equals the number of seeds germinated divided by the number of seeds put for germination, multiplied by one hundred.]



Root, shoot lengths (cm), and vigor index (VI)

After the seventh day of incubation, five seedlings were randomly chosen from each treatment. Root and shoot lengths were measured using a gradient scale from the tip of the primary root to the base of the hypocotyl, and the shoot length was measured from the tip of the primary leaf to the base of the hypocotyl (cm). For measures of root and shoot length, five healthy seedlings were chosen at random. The vigor index was determined by multiplying the germination percentage by the average root and shoot lengths (Abdul and Anderson, 1973).

[image: Formula for Vigor Index (VI) is shown: VI equals the sum of mean root length and mean shoot length, multiplied by the percentage of germination.]



Functional characterization

Based on the profile of the potential to enhance seed germination, the five best test isolates were chosen for further research. The colonies were moved to nutrient agar slants and were morphologically and biochemically characterized (Cappuccino and Sherman, 1992); the details may be found in Supplementary Tables 2, 3. Under in vitro circumstances, the properties of the five rhizosphere microorganisms, namely, PG-145, PG-148, PG-152, PG-178, and PG-197 that promote plant development were assessed. The production of indole acetic acid (Gordon, 1951), gibberellic acid (Paleg, 1965), P-solubilization, potassium release, Zn solubilization (Nagaraju et al., 2017, 2021), and HCN production (Castric and Castric, 1983) are all included in the functional characterization.



The indole-3-acetic acid production test

The IAA generation of test isolates was assessed using active cultures that had existed for 24 h. The test isolates were grown separately in tubes filled with 5 mL of nutrient broth and incubated for the specified time and temperature. These cultures underwent a 10-time, 10,000 rpm centrifugation procedure after incubation. A 2 mL of Salkowski reagent was added to the supernatant, and the development of color was regarded as positive for IAA generation after 30 min of incubation.



Estimation of gibberellic acid

A test tube containing 2 mL of zinc acetate and 25 mL of the fresh culture supernatant was used. After 2 min, 2 mL of potassium ferrocyanide was added, followed by a 15-min centrifugation at 10,000 rpm. Then, 5 mL of this supernatant was mixed with 5 mL of 30% hydrochloric acid, and the mixture was then incubated at 20°C for 75 min. Next, 5% HCl was used to treat the control sample. In a UV–Vis spectrophotometer, the absorbance of the samples and the control was measured at 254 nm (Paleg, 1965). The gibberellic acid concentration was determined using a standard curve and was expressed in g/ml of medium.



The phosphate solubilization test

The broth culture was centrifuged in a centrifuge tube at 10,000 rpm for 10 min to separate the supernatant from the cell mass and insoluble phosphate (tricalcium phosphate) (Pikovskaya, 1948). The phosphomolybdic blue color technique (Jackson, 1973) assessed the amount of soluble P in the supernatant by measuring the blue color using a spectrophotometer at 610 nm after 15 min. After 5 days of inoculation, the quantity of Pi released in the broth was calculated compared to a control group that had not been inoculated.



The potassium releasing test

The isolates were tested for their capacity to release potassium from insoluble potassium sources, such as mica (alumino silicate), added to Aleksandrov’s medium. A 10 μL spot of overnight-grown culture was added to each plate, and it was then incubated at 28 ± 2°C for 2 to 3 days (Nagaraju et al., 2017). The isolates with a distinct solubilization zone surrounding the colony were identified as potassium solubilizers. The observations were made up to 7 days after inoculation.



The zinc solubilization test

The test isolates were examined using the Tris minimum medium supplemented with 0.1% zinc oxide to determine their capacity to solubilize the inorganic zinc from the zinc oxide. (ZnO, calamine, or zinc white). Then, 10 μL of the test isolates’ overnight-grown culture were spotted onto the solid medium. Zinc was considered soluble in the isolates, with a clear zone surrounding the colony on the medium (Nagaraju et al., 2017). We measured and indicated the diameter of the solubilization zone in mm.



Nitrogen estimation from a bacteria

The N2-free malate broth was used to test the strains’ ability to fix nitrogen. A total of 1 mL of culture that had been grown for 24 h was added to the broth, and it was then incubated at 37°C for 7 days. The culture was homogenized, and 10 mL of it was digested using 5 mL of concentrated H2SO4 and 0.2 g of a K2SO4: CuSO4: selenium (100, 10:1) digestion catalyst combination. After cooling, distilled water was added to bring the level to 10 mL. Later, 20 mL of 40% NaOH was added to an aliquot of 10 mL, then transferred to a micro-Kjeldhal distillation unit, and distilled. Then, 0.066 g of bromocresol green and 0.033 g of methyl red were added to 100 mL of methanol, and a 4% boric acid mixed indicator was used to trap ammonia until the solution changed pink to green. To assess the total nitrogen content of the culture, it was titrated against 0.01 N H2SO4; the findings were represented as mg N2 fixed per g of malate (Ashraf et al., 2011).

[image: Formula for calculating percent nitrogen: Percent N equals the titer value multiplied by 0.014, multiplied by the normality of sulfuric acid, multiplied by the volume made, divided by the volume of sample used, all multiplied by 100.]



The HCN production test

The hydrogen cyanide (HCN) test was carried out using nutritional agar plates with 3% NaCl. Each test isolate’s pure culture was injected in 1 mL portions on individual media plates. A disk of Whatman filter paper No. 1 impregnated with an alkaline picric acid solution (0.5% picric acid (w/v) in 1% sodium carbonate) and sized to fit a Petri plate was placed in the upper lid of the inoculated while maintaining aseptic conditions. The plates were wrapped with parafilm to avoid the losses of HCN, and the control plate did not receive the inoculum. The plates were incubated at 28 ± 2°C for 48–72 h in a BOD incubator. HCN production was assumed to be indicated by a change in color from yellow to light brown, moderate, or reddish solid brown (Castric and Castric, 1983). Each experiment was repeated three times, and controls were kept.



The siderophore test

Following the instructions provided by Schwyn and Neilands (1987) and Wei et al. (1991), respectively, siderophore production was determined. The overnight-grown cultures were inoculated into the chrome azurol S (CAS) agar media, and 10 μL of each culture was spotted on the media plates. The corresponding plates were incubated at 28 ± 2°C for 48 h. The formation of an orange-colored zone around the colony was considered positive for siderophore production. The orange zone’s diameter was measured for the qualitative evaluation.



Antagonistic activity of the isolates

The PGPR strains were evaluated in vitro using a dual culture approach described by Sakthivel and Gnanamanickam (1987) against two specific sorghum crop diseases, namely, Macrophomina phaseolina and Fusarium sp. The fungi were first cultivated on potato dextrose agar (PDA) plates until they completely covered the medium surface. Using a sterile cork borer, the fungal cultures (10 mm diameter) were transferred on fresh PDA plates and developed for up to 48 h. The test isolate was then parallel streaked over both sides of the fungal disk, leaving a 1.5 cm space from the plate’s border. The PDA dishes that had only been inoculated with pathogens served as the appropriate controls. The dishes underwent an additional 96-h incubation period at 30°C. The fungal growth diameter was measured on the control and test culture inoculated plates. The zone of inhibition (ZOI) of each fungal pathogen by different isolates was calculated using the following formula:

[image: ZOI equals colony diameter of control plate minus colony diameter in dual inoculated plates.]

[image: Mathematical formula depicting a percentage calculation. The formula is I equals the fraction of C minus T over C, multiplied by one hundred.]

where,

I is the percent inhibition, C is the radial growth of the fungal pathogen in control, and T is the radial growth of the pathogen in treatment.



Pot culture evaluation of elite rhizobacterial isolates on Sorghum

The efficacy of five effective plant growth-promoting bacterial isolates, namely, PG-145, PG-148, PG-152, PG-178, and PG-197, on the growth and yield of sorghum was examined in a pot culture experiment carried out during rabi in 2019–20. For the pot experiment, the University of Agricultural Sciences, Dharwad’s College of Agriculture, provided the black cotton soil (regur), which was then taken from there. The soil was placed in plastic containers and autoclaved at 121°C for 1 h at a weight of 15 lbs. (9 kg) (30 cm top diameter). The sorghum seedlings (var. M-35-1, duration: 125–135 days) were treated with the appropriate strains; more information on the treatment is provided in Supplementary Table 4. The inoculum production for seed bacterization was performed in a nutrient broth medium, and the broth was inoculated with the appropriate strains and incubated for 3 days at 28 ± 2°C. After being properly combined with talc powder in a 1:3 ratio, the cultures were air-dried for an entire night in a laminar airflow chamber before being utilized to treat the seeds (Weller and Cook, 1983).

Five treated seeds were planted in each pot when the treated seeds were planted. Following germination, trimming was done to keep just one plant in each pot, and constant watering was done throughout the experiment to keep the soil at the ideal moisture level. After 30, 60, and 90 days of planting, measurements, such as plant height, root and shoot dry weights, chlorophyll index (using a SPAD meter), and total dry weight, were recorded. Following the crop’s harvest, the grain yield was measured. The recommended dose of fertilizers for sorghum is 50:25:00 kg NPK per hectare, which was applied as urea and single superphosphate (SSP) to each treatment. The required quantity of fertilizer per pot was calculated, and 0.33 g of urea and 0.12 g of SSP were added to each pot to supply 50:25 Kg of N:P2O5 (per ha) on a soil weight basis as per the package of practices.



Molecular characterization of the isolate

The isolates with growth-promoting attributes under pot culture conditions were further characterized using the 16S rDNA analysis. For this, the strains were grown 24 h in nutrient broth at 30°C in a BOD incubator. The genomic DNA of the rhizobacterial isolates and reference strains was isolated by following Sambrook and Russell (2001), and the 16S rRNA gene was amplified with a set of universal primers 27F (5’AGAGTTTGATCCTGGCTCAG3`) and 1492R (5’TACGGYTACCTTGTTACGACTT3’). The reaction mixture details are given in Supplementary Table 6. The quality of the DNA was evaluated using agarose gel electrophoresis. Later, polymerase chain reaction (PCR) was performed with 100 ng template DNA, 5 U Taq DNA polymerase, 1 mM dNTP, 10 pM primer each, and 25 mM MgCl2 to make up a final volume of 20 μL (The reaction mixture details are given in Supplementary Table 5). Amplification was done in an Eppendorf Thermal Cycler (Supplementary Table 6). PCR-amplified DNA fragments of 1.3 kb products were analyzed for 16S rDNA sequencing using the Sanger sequencing method. The resulting contiguous DNA sequences were compared with the other sequences in the NCBI database using the Basic Local Alignment Search Tool (BLAST). The strains’ closest 16S rDNA gene sequences were retrieved from the www.ncbi.nlm.nih.gov database and aligned using Clustal_W, and the phylogenetic tree was constructed using the UPGMA method with MEGA X. The nucleotide sequences were deposited in the GenBank, and the accession numbers were obtained.



Statistical analysis

The data were analyzed in Minitab v.19.2, and the results were interpreted by following the guidelines of Pansey and Sukhatme (1985). The level of significance used in the F- and t-tests was p = 0.01. Critical difference values were calculated wherever the F-test values were significant. The molecular data were analyzed using MEGA-XI and Split Plot software.



Accession numbers of the isolates

Based on the BLAST similarity percentage, the isolates were identified as Bacillus subtilis (PG-152) and Enterobacter sp. (PG-197). The sequences were submitted to the NCBI GenBank with accession numbers CP0211231.1 and KY930712.1.




Results


Isolation of rhizosphere microorganisms

In northern Karnataka, specifically Bagalkote, Kalaburagi, and Vijayapura, a comprehensive and detailed study was carried out during rabi in 2017–18, and 50 samples of chickpea, pigeon pea, and maize rhizospheres were gathered (Figure 1). In total, 209 strains were isolated based on the variations in colony morphology. Following three additional purifications to validate strains, careful choices of various colonies were made based on the colony’s color, structure, and surface. According to purity, the strains were further identified into 197 isolates, each tested in vitro for its ability to improve sorghum seed germination under controlled conditions.

[image: Map of Karnataka, India, showing districts in various colors. Major cities are labeled, including Bengaluru, Mysuru, and Mangaluru. A compass rose indicates directions, with distances in kilometers marked at the bottom left.]

FIGURE 1
 Soil sampling site: map depicting the soil sampling sites in Northern Karnataka, a total of three districts were covered during the survey and sampling (borders of Maharashtra and Karnataka, India, were also included for sampling).




Seed bio-priming and germination tests

One of the main criteria for classifying the isolates as plant growth-promoting isolates is improving seed germination. Therefore, screening for isolates with improved seed germination abilities gained significance among the screening techniques. The current study employed 197 isolates, one reference, and one control for seed bio-priming (water treatment). Pseudomonas fluorescens treatment improved the germination percentage, which was 3.5% higher than the seeds treated with the PG-152 and PG-145 test isolates, which had encouraging germination rates of 82.5%. For the remaining isolates, the seeds germinated at a rate ranging from 85 to 50%, with a median of 70.50%. The examination of root length revealed that the longest root measured 8.32 cm, 5% shorter than the plants immunized with the reference strain (8.75 cm). The average shoot length in plants inoculated with PG-152 was 6% (or 13 cm) shorter than in plants inoculated with the reference strain (13.82 cm). Later, the seed vigor analysis was 5.6% lower than the plants vaccinated with the reference strain (1873.31). The control treatment results showed that, in comparison with effective culture treatments, the water treatment had little impact on improving seed germination. Based on the seed germination percentage and seed vigor index, five strains were selected for further studies, such as PG-145, PG-148, PG-152, PG-178, and PG-197. The results are presented in Figures 2, 3 and Supplementary Table 1.

[image: Heatmap showing the relationship between germination percentage and vigour index. The x-axis represents germination percentage from fifty to ninety, and the y-axis represents vigour index from five hundred to two thousand. Colors range from blue to red, indicating varying densities, with red representing higher densities.]

FIGURE 2
 Binned plot depicting sorghum seed germination and vigor index: the sorghum seed was treated with the inoculum of bacterial isolates and evaluated for the seed germination and vigor index (N = number of treatments).


[image: Violin plot comparing shoot length and root length. The shoot length range is from 7.7 to 10.13, while root length ranges from 5.6 to 7.3. Median and interquartile range are indicated.]

FIGURE 3
 Violin plot representing the shoot length and root lengths: the germinated seeds were measured for their shoot and root lengths. The violin plot represents the number of samples, and the box and whisker represent the maximum and minimum values.




Morphological and biochemical characteristics

The colony morphology of three isolates—PG-145, PG-148, and PG-152—and the reference strain (Pseudomonas fluorescens) was found to be round, whereas other strains produced colonies with irregular shapes. All colony features were examined and documented. In instances PG-145 and PG-152, the colony was milky white, whereas, in cases PG-178 and PG-197, it was yellowish. Both the Pseudomonas fluorescens reference strain and PG-148’s colonies were white. PG-145 had elevated colonies, PG-148, PG-152, and the reference strain had flat colonies, and PG-178 and PG-197 had convex colonies, according to reports on colony elevation. For PG-148, PG-178, and PG-197, the colony consistency was smooth; however, for PG-145 and PG-152, it was dry. Undulated colony margins were seen in the strains PG-145 and PG-152 but not in the reference strains PG-148, PG-178, or PG-197 (Pseudomonas fluorescens). Except for PG-152, all of the cells showed Gram negative responses and were rod-shaped, according to the measurements of cell morphology at the microscopic level. Endospore production was observed only in PG-152 (Supplementary Table 2).

The outcomes of the biochemical tests revealed heterogeneity. All isolates and reference strains passed the ammonia synthesis, citrate utilization, and oxidase tests but failed the indole production and lactose fermentation tests. Other isolates, including the reference strain (Pseudomonas fluorescens) other than PG-145, demonstrated positive starch hydrolysis. Except for PG-178, other isolates and reference strains (Pseudomonas fluorescens) were positive for casein hydrolysis and nitrate reduction. Except for two isolates (PG-178 and PG-197), other isolates and reference strains showed positive for gelatin hydrolysis, catalase, and urease tests. The information is given in Supplementary Table 3.



Plant invigorating attributes

Most rhizosphere microbes create phyto-regulatory substances, which aid plants in coping with challenging situations and sustaining a healthy life cycle. These include screening for the elite isolates with indole acetic acid (IAA), gibberellic acid (GA), hydrogen cyanide (HCN), siderophores, phosphorous, zinc, and potassium solubilization. Tryptophan-fortified broth to estimate indole-3-acetic acid is produced by the test isolates, ranging from 12.00 to 20.17 g/mL. IAA production is present in all isolates, with Pseudomonas fluorescens (the reference strain) and PG-152 reporting the highest levels of IAA production (Bacillus subtilis).

All the strains, including the reference strain, produced gibberellic acid under in vitro conditions ranging from 0.42 to 2.69 μg/mL of broth. The phytohormone production was reportedly high in the isolate PG-152 (B. subtilis) strain with 2.14 μg/mL of broth under optimal growth conditions. In the phosphate solubilization test, all the isolates showed solubilization zones of phosphate on Pikovskaya’s agar medium. The zone of solubilization ranged from 3 to 7.5 mm, which falls under the FCO 1985 commercial biofertilizers requirements. The isolate PG-197 (Enterobacter sp.) showed the maximum zone of P solubilization (7.5 mm) and released the highest amount of Pi (4.45%) from TCP broth. The amount of inorganic phosphate (Pi) released from tricalcium phosphate in Pikovskaya’s broth after 5 days of inoculation (DAI) was quantified (Table 1). The percent Pi released by test isolates ranged from 0.91 to 4.45%. Among the isolates, PG-197 (4.45%) released the highest amount of inorganic phosphate (p < 0.01), followed by isolate PG-178 (4.3%). The amount of Pi released by the reference strain (Pseudomonas fluorescens) was 4.05%, and the lowest amount of Pi was released by the PG-145 (0.91).



TABLE 1 Functional characterization of native rhizobacterial isolates.
[image: Table showing characteristics of different bacterial isolates, including PG-145 to PG-197 and a reference strain. Columns detail IAA and GA concentrations, zones of phosphorus and zinc solubilization, percent phosphorus released, HCN, and siderophore production. Values vary per isolate, with notes indicating solubilization and production levels.]

In the zinc oxide solubilization test, strains showed Zn solubilization zones ranging from 2 to 6 mm, wherein strain PG-152 exhibited a maximum zone of solubilization (6 mm). The strains were also positive for HCN production but were limited to three. Among them, reference strain produced intense (+++) HCN, PG-152 was scaled as moderate (++), and PG-148 and PG-178 were scored as weak HCN producers based on the brown color production (Table 1). All the rhizobacterial isolates were tested for the production of siderophores, which was identified by the production of brown to orange color on chrome azurol S (CAS) agar media. All the isolates showed positive test results, including the reference strain (P. fluorescens). In the potassium-releasing test, none of the isolates tested positive.



Antagonistic activity of rhizobacteria against phyto fungal pathogens

The dual culture method was used to test the strains’ hostile behavior. The five top rhizobacterial strains were evaluated against the Macrophomina phaseolina and Fusarium sp. fungi. The screening findings revealed that the isolates tested positively for the test with varying levels of pathogen percent inhibition above control. From 58.56 to 85.13%, less M. phaseolina mycelial growth was inhibited compared to the control. The Bacillus subtilis strains PG-148 and PG-152 showed the inhibition of Fusarium Sp. culture under invitro conditions, the inhibition percentages were 85.56 and 93.33% respectively. One native isolate, PG-152 (B. subtilis), showed competitive inhibition of 85.56, 8.7% less than the reference strain (93.33%).



Sorghum pot experiment

Under pot culture, the five top isolates and one reference strain were examined for the traits that encourage plant development. During the growth of the crop, several points were used to record features such as shoot and root length (Plant height). With the reference strain (P. fluorescens) treatment, the shoot length was at its maximum after 30, 60, and 90 days of seeding. The longest shoot measured in plants treated with the reference strain after 90 days of germination was 161.20 cm. The strain PG-152 (B. subtilis) treatment showed a commensurate shoot length during 30, 60, and 90 DAS, and the shoot lengths of 32.90, 83.00, and 143.20 cm were reported, respectively. The control has the most diminutive plant height throughout the experiment (p > 0.01). Correspondingly, the dry shoot weights were maximum with P. fluorescens treatment at 60 and 90 DAS; meanwhile, B. subtilis treatment showed an effect during initial (30 DAS) dry weights. The maximum dry weights were reported as 3.19, 8.76, and 33.3 g/plant at 30, 60, and 90 days after sowing. The root dry weights were significantly (p < 0.01) higher in reference-treated plants than in the other treatments. The highest root dry weight of 1.38 g/plant was recorded in P. fluorescens treatment at 30, 60, and 90 days after sowing, followed by PG-152-treated plants (1.02 g/plant) at 30 DAS. The dry root weights reported at 60 and 90 days after sowing were 4.02 and 5.02 g/plant with the reference strain. The strain PG-152 also showed statistically significant (p < 0.01) root dry weights after 60 and 90 days, which were recorded as 3.54 and 4.7 g/plant, respectively (Figure 4). The total dry weight of 38.03 g/plant (90 DAS) was recorded as the highest with the treatment of P. fluorescens (the results are presented in Table 2).

[image: Box plots illustrating the dry weight of shoots (A), roots (B), and total (C) at 30, 60, and 90 days after sowing (DAS). Each plot depicts the median, interquartile range, and any outliers. The colors differentiate data for each DAS stage, with legends indicating quartile ranges and outliers.]

FIGURE 4
 Box and whisker plots representing (A) dry shoot weights, (B) root dry weights, and (C) total dry weights of sorghum at 30, 60, and 90 days after sowing under pot culture conditions.




TABLE 2 Biometric and yield observations of sorghum pot experiment.
[image: A table comparing various treatments on plant growth factors. It includes columns for treatments, plant height at 30, 60, and 90 days after sowing (DAS), chlorophyll content at 30, 45, and 60 DAS, shoot and root dry weight at 30, 60, and 90 DAS, total dry weight, grain yield per plant, and nitrogen and phosphorus uptake. Treatments include different PG strains, a reference strain, RDF, and control. Data is presented in numerical values with standard error and confidence intervals provided.]

The rhizobacterial isolate-infused treatments considerably increased the chlorophyll content compared to the absolute control. The plants’ chlorophyll concentration was noted at 30, 45, and 60 DAS. Interestingly, even with 60 DAS after bacterial inoculation, the chlorophyll content in the plants was still at its highest, reaching a maximum of 47.56 SPAD in the PG-152-treated plants. The treatment of P. fluorescens at 30 DAS revealed a chlorophyll concentration of 26.42 SPAD value, indicating that the original chlorophyll content was constant. The exemplary control had the lowest level of chlorophyll (18.00 SPAD value). At 45 DAS, the highest chlorophyll content of 36.58 SPAD value was recorded with PG-152, and on-par results were observed in the P. fluorescens-treated plants with 35.72 SPAD value. The highest grain yield of sorghum observed was 41.62 g plant−1 in P. fluorescens-treated plants, which were significantly superior over all other treatments. The subsequent highest grain yield of 39.72 g plant−1 was recorded with the PG-152-treated plants. Plant phosphorus (Pi) and nitrogen (N2) absorption were measured at harvest time. The plants treated with PG-152 absorbed most nitrogen (0.64 g plant−1), followed by those treated with PG-197 (0.63 g plant−1). The reference strain (P. fluorescens)-treated plants showed 0.57 g plant−1 N uptake, and the control plants showed negligible N uptake (0.21 g plant−1). The P absorption peaked in the PG-147-treated plants and was measured at 0.43 g plant−1. The PG-152-treated plants and 0.41 g plant−1 and 0.40 g plant−1 were reported as having on-par P uptake. Comparing treatments, absolute control had the lowest P uptake (0.15 g plant−1).



Sequence alignment, identification, and ORF finding

The rhizobacterial isolates PG-152 and PG-197 were subjected to molecular identification using 16SrDNA sequence analysis. Genomic DNA was isolated from both isolates. PCR-amplified DNA fragments of 1.3 kb products were analyzed for 16SrDNA sequencing. The sequences obtained from the Sanger sequence were blasted in NCBI-BLAST1 and BLAST tool in EzBioCloud2 for identifying the true identity of the isolates. The second tool was used to confirm the results obtained from the NCBI-BLAST. In the NCBI-BLAST, the B. subtilis sequence had an identity of 99.93% with a query cover of 99% with B. subtilis and B. tequilensis type strains (Table 3). In EzBioCloud, the same sequence had an identity of 99.72% with a query cover of 95.9% with Bacillus tequilensis. In the case of Enterobacter sp. sequence, when blasted in NCBI, it has a similarity of 98.81% with a query cover of 100% to E. cloacae type strains, whereas in EzBioCloud, it has 98.81% similarity with 51.8% coverage only. The nucleotide sequences were deposited in the NCBI GenBank, and the accession numbers obtained for the isolates PG-152 and PG-197 were OR828236 and OR699974, respectively. The phylogenetic tree was constructed using the Mega-XI software (Figure 5).



TABLE 3 Potential native PGPR isolates and their phylogenetic relationship.
[image: Table listing isolate codes, places, habitats, degree of similarity with nearest phylogenetic neighbors, and GenBank accession numbers. PG-152 from Vijayapura, Karnataka, is found in pigeon pea rhizosphere soil, similar to Bacillus subtilis at 99%, with accession number OR699974. PG-197 from Bagalkote, Karnataka, is from sorghum rhizosphere soil, similar to Enterobacter sp. at 99%, with accession number OR828236.]

[image: Phylogenetic tree with color-coded branches representing various strains of Enterobacter and Bacillus. Two specific strains, Enterobacter cloacae and Bacillus subtilis, are highlighted. The tree shows evolutionary relationships, with a scale bar indicating genetic distance.]

FIGURE 5
 Phylogenetic tree depicting the analogy between the test isolates and type strains: the sequences were pairwise aligned with the type strains using the Clustal W method (with 1,000 bootstraps), and the resulting phylogenetic tree results were presented.


Later, using the same sequences, mining was done for the open reading frames (ORF) embedded in the sequences using the open-source ORF founder.3 Parameters were selected with ATG or any other sense codon as a start codon, and the results were blasted in the protein BLAST. When the Enterobacter sp. sequence was used for the ORF finding, 26 ORFs were reported: 14 were positive strands, and 12 were negative strands. When blasted, most sequences were similar to the Enterobacteriaceae family’s hypothetical proteins. In the case of B. subtilis, ORF blast results had similarities with the 21 hypothetical proteins of Firmicutes (Bacillus amyloliquefaciens, Streptococcus pneumoniae, B. subtilis, Lacticaseibacillus paracasei, Alkalihalophilus pseudofirmus, Rossellomorea aquimaris, Bacillus cereus, Pullulaniacillus purei, Staphylococcus aureus (3), Paenibacillus bouchesdurhonensis, and Coprobacillus sp.), enterobacteria (Klebsiella pneumoniae and Campylobacter jejuni), high G + C bacteria (Mycobacteroides abscessus), fungus (Glomus cerebriform), and mayflies (Ephemera danica).




Discussion

Due to topographical and forest demographic anomalies, northern Karnataka receives less rainfall, leading to poor crop yields and pressing the farmers economically. Though the area is water-enriched through dams and canal systems, the soil is plagued by salinity and alkalinity in the command areas. These abnormal environmental and edaphic conditions are escalating poverty and debriefing the sustainability of resources. Therefore, the people of northern Karnataka depend on climate–adaptive crops for their dietary and fodder requirements. The major crops include millets, and, to some extent, pulses were grown. The millets receive less or no fertilizer and water amendments throughout the crop growth period but still perform satisfactorily. It was long speculated that the crops were enriched with highly selective rhizosphere microflora attributed to their yield output. The microbial importance in the crop growth and yield of millets, especially sorghum, was largely unexplored and desperately needed at the moment. The selection and evaluation of test isolates assumed immense importance in agriculture and allied sectors for their potential applications. In light of microorganisms’ significant role in crop development and protection, the current study sought to identify potential growth-promoting microflora for the sorghum crop.

The rhizosphere is a hidden potential ecosystem for several beneficial microorganisms, which actively colonize the plant roots. They interact with plants, defend against soil-borne diseases, and play a crucial role in the soil nutrient pool’s transformation, mobilization, and solubilization, ensuring that plants balanced nutrition. Sorghum is a staple crop that is widely grown in semi-arid parts of the world, particularly in Africa and India. Since these rhizosphere microorganisms vary in terms of their existence and activities and have a variety of agricultural consequences, they are referred to as plant growth-promoting rhizobacteria (PGPR; Kloepper, 1978). Because of their great diversity, a thorough sampling was thus done in three districts in northern Karnataka. The preliminary selection of strains was performed based on the colony morphology, where different colony types were selected to maintain the diversity. They are inexpensive and environmentally benign and do not require non-renewable energy sources (Ahmad et al., 2008). The isolates are inherently present around the roots, but the number of isolates depends on the type of plant, soil conditions, and populations of other microbes. The scientific community commonly acknowledged and understood that replenishing the desired test isolate population in the rhizosphere is necessary to obtain the intended yields. The preliminary selection of strains was performed based on the colony variations, where different colony types were selected to maintain the diversity. These isolates improved seed germination by 3.5 times after inoculating the sorghum seeds. This improvement in germination was statistically significant (p < 0.01) and was attributed to increased water absorption. According to the current study, up to 85.5% of seeds can germinate when treated with P. fluorescens. Based on these test results, efficient cultures were allowed for further in vitro qualitative analysis.

Most rhizosphere-competent microorganisms have the critical ability to solubilize phosphorus, which is accomplished by generating organic acids or enzymes that begin interacting with the phosphorous minerals and salts in the soil (Brigido et al., 2017). The biosynthesis of organic acids is the key mechanism for solubilizing any insoluble mineral, including phosphorus (Nagaraju et al., 2017, 2020). Many studies contend that isolates processing phosphate solubilization-like properties are also capable of releasing zinc (Nagaraju et al., 2017), silicon, potassium (Flatian et al., 2021), and boron (Mandal et al., 2018) from minerals or complexes. On the other hand, the current study demonstrates that the isolates consistently showing strong phosphate solubilization were erratic in their potassium release. The test isolates’ phosphate solubilization complies with the requirements for commercial biofertilizers established by the Fertilizer Control Order (FCO) 1985, under Organic and Biological Inputs. The FCO 1985 standards recommend a minimum solubilization thickness of 5 mm in Pikovskaya’s medium layer of 3 mm for producing a phosphate-solubilizing biofertilizer. According to this investigation, the PG-197 test isolate had the greatest average phosphate solubilization, measuring 7.5 mm.

The test isolates B. subtilis (PG-152) could solubilize 2.69 g of inorganic phosphorous per ml of broth, according to the p solubilization broth assay results, which provide additional refinement of the evidence. The results were consistent with studies from various other countries. Li et al. (2021) studied phosphate solubilization by B. subtilis and E. cloacae in China and found that E. cloacae inoculation had higher solubilization than inoculation as a mixed culture. In addition to facilitating the biogeochemical cycling of nutrients, the rhizosphere isolates have been demonstrated to be able to produce chemicals that support plant growth (Priyanka et al., 2017; Geeta et al., 2018; Harshitha and Goudar, 2021). Leite et al. (2013) examined the ability of endophytic bacterial cultures from Bahia to promote the healthy development of cocoa, including Enterobacter cloacae and B. subtilis. The rationale was designated to the biosynthesis of phytohormones such as cytokinins, auxins, and ethylene. It was discovered that early colonization by Enterobacter sp. and B. subtilis improved the root architecture and produced indole acetic acid (Ansuman Senapati et al., 2021). The auxins that rhizobacteria produce support the growth of the root system, make it easier to absorb nutrients, and encourage more biomass formation (Vikram, 2007). Indole acetic acid and gibberellic acid are the two main phytohormones that affect plant growth. It has been shown that various rhizosphere bacteria create phytohormones by interfering with biosynthetic routes or by using inbuilt biosynthetic pathways. The production of IAA by bacteria uses tryptophan as a precursor. In three steps, the indole-3-pyruvate route (IPyA) in Enterobacter cloacae produces indole acetic acid (Goudar, 2021).

Furthermore, Kalam et al. (2020) isolated seven bacteria from the tomato rhizosphere that were known to have plant growth-promoting (PGP) characteristics, such as the ability to solubilize phosphate and zinc, and produce hydrogen cyanide (HCN), IAA, phytase, siderophore, and ACC deaminase. The seven isolates were recognized as Bacillus sp. by examining the 16S rDNA sequence. The solubilization effectiveness of isolates/strains is influenced by the soil’s physiochemical characteristics (Alori et al., 2017; Maaloum et al., 2020), strain population (Bagyalakshmi et al., 2017), plant and microbial physiology (Chen et al., 2021), soil nutrient status, and the niche’s current ecology (Liang et al., 2020). Our findings suggest that most isolates possess multiple PGPR activities rather than a single character. In addition, most native isolates may be significantly more hostile than commercial bioinoculants, necessitating thorough screening for prospective strains. The syntheses of siderophore and HCN, which cause systemic resistance, are traits of certain isolates that make them effective biocontrol agents. Numerous studies have shown how the generation of HCN, siderophores, and antibiotics by Pseudomonas strains inhibits plant diseases such as F. oxysporum and R. solani (Stijn et al., 2007; Ahmad et al., 2008). Pseudomonas fluorescens produce numerous antibiotics with various effects against certain pathogenic fungi strains CHA0 and Pf5 (Raaijmakers and Weller, 1998). Rhizobacteria can biocontrol a variety of fungal phytopathogens, according to Ali et al. (2020). The significance of B. subtilis as a possible biocontrol agent against F. oxysporum and M. phaseolina was emphasized by Singh et al. (2008). These fungi impede mycelial development by producing chitinase and − 1,3-glucanase, which results in the rupture of the fungal cell wall (Skujins et al., 1965).

This study found a significant coefficient of variation (CV) for measures of the shoot length, root length, and seed vigor index for the PGPR-inoculated plants. When tomato seedlings were bacterized with the top five rhizosphere isolates, Qessaoui et al. (2019) discovered that the germination percentage was increased many times. This may be linked to the type IV pili of Pseudomonad, which regulates the balance of seed hormones, such as gibberellic acid (GA) and indole acetic acid (IAA), and aids adherence to the host plant (Bharathi et al., 2004). Significantly, the lowest germination rate (51.0%) was reported in plants treated with the PG-114 strain. A recent study on Arabidopsis plants demonstrated seeds’ likelihood of germinating less frequently when other living things are present. Pseudomonad species, including P. aeruginosa, are well recognized for limiting seed germination in Arabidopsis by producing the chemical L-2-amino-4-methoxy-trans-3-butenoic acid (AMB), whose synthesis is governed by quorum sensing (Chahtane et al., 2018).

The PGPR has been linked to synthesizing phytohormones and other direct modes of action for promoting plant development. While B. cereus generates IAA (Nagaraju et al., 2021), solubilizes phosphate (Lifshitz et al., 1986), and also makes ACC deaminase, which aids in reducing ethylene concentration (Glick, 1995; Nagaraju et al., 2021), it is never easy to determine whether PGPR supports plant development by employing only one mechanism of action. The results obtained with isolate PG-152 demonstrate the formation of siderophores, phosphate, Zn solubilization, and IAA and GA. The experiment did not subject the plants to iron restriction; hence, the impact of siderophores on promoting plant development was not considered. The other methods, individually or in combination, may be responsible for the isolate’s ability to promote sorghum development. The biosynthesis of IAA by rhizobacteria may mediate response to light and gravity, impacting photosynthesis via increased chlorophyll and biosynthesis of different metabolites and resilience to stress conditions. IAA and GA lengthen roots, increase plant growth, and lengthen shoots (Wang et al., 2012).

At 30, 60, and 90 DAS, plants inoculated with the reference strain (P. fluorescens) and PG-152 (B. subtilis) recorded their maximum shoot dry weight, dry root weight, and total dry weight. Competent isolates that produce growth hormones such as IAA, gibberellins, and auxins were sought to be the root cause of the increase (Li et al., 2021). The auxin generated by rhizobacteria can enhance the root system’s growth and the absorption of vital nutrients for plant growth, which increases the amount of biomass produced (Vikram, 2007). PGPR-inoculated maize had a much higher biomass than the control (Agbodjato et al., 2015). The plants inoculated with a mixture of P. fluorescens and P. putida showed the largest increases in shoot and root biomass, respectively, at 53.72 and 108.71% (Gholami et al., 2009). Similar findings were made by Dobbelaere et al. (2001), who claimed that wheat plants inoculated with Azospirillum brasilense enhanced the dry weight of the root and shoot systems.

Rhizobacteria inoculation improved the yield of sorghum in comparison with the uninoculated control. The reference strain (P. fluorescens) recorded the highest grain yield of 41.62 g/plant, followed by the PG-152 (36.13 g/plant). The same plants also showed proportional nitrogen and phosphorus absorption, indicating that these strains supply the nutrients that increased production. According to several pieces of research, PGPR improves growth, seed emergence, and crop production (Dey et al., 2004; Kloepper et al., 2004). According to Agbodjato et al. (2015), PGPR-treated maize increased its dry weight the most compared to uninoculated treatment. In plants inoculated with a mixture of P. fluorescens and P. putida, the shoot and root biomass increased by the greatest percentages of 53.72 and 108.71%, respectively (Gholami et al., 2009). Similarly, Dobbelaere et al. (2001) noted that wheat plants inoculated with A. brasilense had enhanced the dry weight of the root system and overall dry weight.



Conclusion

Globally, chemical and pesticide use has become common in modern agricultural practices, seriously impacting the soil and ecology. A deep knowledge gap between the microbial role in sustaining the resources and their deep roots in the ecological balance has been created due to the preferential bias. In the current study, the rhizosphere isolates were found to enhance the germination capacity of the sorghum seeds. They were also found to inhibit the pathogen attack, such as Macrophomina sp. and Fusarium sp., and enhance the nitrogen and phosphorous nutrient uptake. In the pot culture experiment, the isolates increased plant height, chlorophyll content, and biomass accumulation over a period. The isolate’s identity was revealed using biochemical, morphological, and molecular techniques. However, there is a lot of scope to understand the inoculant’s potential through field evaluation, assuming their immense importance in agriculture and biotechnology as a commercial inoculant.
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Introduction: The biological activities of osthole have been widely reported in recent years. However, few studies have been conducted on osthole in agriculture, and its effects on plant growth have little been reported.
Methods: Three experimental treatments were set up in this experiment: blank control (CK), osthole (CLS), and B. amyloliquefaciens (LKWS). In this study, the effects of osthole and Bacillus amyloliquefaciens on the growth parameters, photosynthesis, antioxidant enzyme activities, disease incidence, and microbiome of forested P. quinquefolius were tested.
Results: This study demonstrates that the use of osthole and B. amyloliquefaciens significantly improved the growth of Panax quinquefolius in a forest compared to that in the control treatment, increased the total chlorophyll and carotenoid content of P. quinquefolius, significantly increased its net photosynthetic rate, and decreased the stomatal conductance and intercellular CO2 levels. In addition, the use of osthole and B. amyloliquefaciens significantly improved ascorbate peroxidase and peroxidase (POD) activities, enhanced antioxidant activities of the P. quinquefolius POD, and reduced the disease incidence and index of American ginseng anthracnose. Based on the American ginseng microbiome analysis, the use of osthole and B. amyloliquefaciens could change the structure of the American ginseng microbial community, significantly increase the diversity of American ginseng bacteria, significantly decrease the diversity of American ginseng fungi, stimulate the recruitment of more growth-promoting microorganisms to American ginseng, and build a more stable microbial network in American ginseng.
Discussion: In conclusion, we found that the application of osthole had a positive effect on the growth of American ginseng, providing a theoretical basis for its subsequent application in agriculture.
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 osthole; Bacillus amyloliquefaciens; Panax quinquefolius; microbiome; resistance


1 Introduction

Osthole, also known as osthol (7-methoxy-8-(3-methyl-2-butenyl)-2H-1-benzopyran-2-one; C15H16O3), is a natural coumarin first derived from Cnidium plant. The mature fruits of Cnidium contain high levels of osthole, which is commonly used in the clinical practice of traditional Chinese medicine, and osthole is also widely found in other medicinal plants (Zhang et al., 2015). Previous studies have shown that osthole has many pharmacological properties, including anti-inflammatory (Liao et al., 2010) and anti-osteoporosis (Kuo et al., 2005) effects, and can inhibit systolic blood pressure (Ogawa et al., 2007), Alzheimer’s disease (Kuo et al., 2005) and cancer (Shokoohinia et al., 2018). Osthole has long been used as an antifungal agent and insecticide against plant diseases and pests in China due to it exhibiting less harmful effects on humans and the environment (Ren Z. et al., 2020; Zhang et al., 2016). In addition, Bacillus amyloliquefaciens, as a biofertilizer, provides significant help in increasing agricultural yields and plant resistance.

Bacillus amyloliquefaciens is a gram-positive spore-forming bacterium found in the soil that can colonize the inter-roots of plants and grow under stressful conditions. It has been defined as a non-toxic and environmentally friendly plant growth-promoting agent (Chen et al., 2007; Qiao et al., 2014). As a plant growth-promoting inter-root bacterium, B. amyloliquefaciens is considered an excellent agent for exploring biofertilizers and biocontrols in agriculture, and is used to improve plant tolerance to biotic and abiotic stresses (Dimopoulou et al., 2021; Gamez et al., 2019; Kazerooni et al., 2021).

Panax quinquefolius is native to the eastern temperate forest regions of North America and was first discovered in Quebec, Canada. American ginseng has been cultivated in China since the 1980s (McGraw et al., 2013). After more than 40 years of development, China has become the third largest country for P. quinquefolius cultivation (Huang et al., 2013). American ginseng is a well-known medicinal plant with a high market demand as dietary supplements and functional foods (Pang et al., 2023). American ginseng is known for its wide range of pharmacological effects, including anticancer, antioxidant, anti-aging, anti-fatigue, memory-enhancing, and immune-enhancing effects (Cheong et al., 2014; Hwang et al., 2014; Kim et al., 2018; Riaz et al., 2019; Tan et al., 2013). Various chemical components, including ginsenosides, lipids, polysaccharides, organic acids, amino acids, phenolic acids, and vitamins, have been identified in P. quinquefolius that exert various effects (Guo et al., 2015; Lin et al., 2019; Wang et al., 2015). In addition to specific advantages over field farming, such as lower costs and often higher prices, American ginseng forest plantations can improve forest health and increase biodiversity (Sheban et al., 2022).

In order to better utilize the growth-promoting effects of osthole and Bacillus amyloliquefaciens in the cultivation of Panax quinquefolius, the present study aimed to (1) investigate the effects of osthole and Bacillus amyloliquefaciens on the growth, photosynthesis, and antioxidant systems of Panax quinquefolius in the understory, and (2) to determine the regulatory effects of osthole and Bacillus amyloliquefaciens on the endophytic bacterial communities in Panax quinquefolius, and to explore the potential mechanisms of its role in the promotion of plant growth. The results of this study are expected to provide an important scientific basis for further application of osthole in agriculture and practical suggestions for optimizing the cultivation and management of American ginseng.



2 Materials and methods


2.1 Materials

Osthole was purchased from Chengdu New Sunrise Crop Science Co., Ltd. (Chengdu, China), with the main ingredient of 0.4% osthole used in subsequent tests. A B. amyloliquefaciens strain was purchased from Zhongnong Lukang (Beijing) Biotechnology Co. (Beijing, China).



2.2 Plant growth conditions

The experiment was conducted in 2022 at a forested American ginseng base in Luquan County, Kunming, Yunnan Province, China. The site is located at 25°38′ N latitude and 102°80′ E longitude, covering an area of approximately 50,000 m2, with an elevation of 2,700 m. The average annual temperature is approximately 7.0–10.9°C, ≥10°C effective cumulative temperature is 3,300°C, and annual precipitation is 1,000 mm. Precipitation in the months of June–August accounts for approximately 70% of the annual precipitation. The test material comprised 2-year-old understory western ginseng, with a plant spacing of 7 × 20 cm in a north–south direction.



2.3 Experimental design

The randomized group method was used, and three treatments set up: blank control (CK), osthole (CLS), and B. amyloliquefaciens (LKWS). Three replications and 2-year-old American ginseng seedlings were used, isolation boards set up between the treatments to prevent mutual influences, and the treatments initiated from June 1. Treatments were performed every 15 days for a total of five treatments and processed up until July 30; all treatment concentrations used were in accordance with instructions and product manuals of the corresponding companies. CLS (7.720 mL) was diluted 400 times, and LKWS (21.45 g) diluted 700 times.



2.4 Plant morphological indicators

The agronomic traits of American ginseng were measured at the leaf spreading stage. The main metrics measured were plant height, stem thickness, root thickness, and root dry weight. Plant height was measured by placing a tape measure from the bottom of the ginseng to the top of the first leaf. Stem and root thicknesses were measured at the thickest point using a vernier caliper. At harvest, the roots were uprooted and washed with distilled water, where after they were dried at 70°C for 1 week. When the weight was almost unchanged, the dry weight of the roots was weighed with an electronic balance of one ten-thousandth of a millimeter.



2.5 Plant physiological indicators


2.5.1 Measurement of photosynthesis

Stomatal conductance (Gs), intercellular CO2 concentration (Ci), net photosynthetic rate (Pn), and transpiration rate (Tr) of P. quinquefolius were measured during its flowering period using an LI-6400 portable photosynthesis assay and photosynthesizer under sunny and cloudless weather conditions and between 10:00 and 12:00 Beijing time.



2.5.2 Determination of chlorophyll content

Leaves were collected on the same day, immediately placed into liquid nitrogen, and returned to the laboratory to be stored in a − 80°C refrigerator until the chlorophyll content was measured. The chlorophyll content of P. quinquefolius was determined in strict accordance with the instructions of a chlorophyll kit (G0601F) supplied by Suzhou Grace Biotechnology Co. (Suzhou, China). The absorbance value A was read at wavelengths of 665, 649, and 470 nm, and the chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (Chl), and carotenoid (Car) contents determined according to Equations (1–5) below:

[image: Formula for calculating chlorophyll a content in milligrams per gram fresh weight: [(13.95 times Delta A665) minus (6.88 times Delta A649)] times (V times D) divided by (1,000 times W).]

[image: Formula for chlorophyll b content in milligrams per gram fresh weight: {[24.96 times delta A649 minus 7.32 times delta A665] times (V times D) divided by (1,000 times W)}.]

[image: Chlorophyll content in milligrams per gram of fresh weight is calculated using the formula: \(\left[(6.63 \times \Delta A665) + (18.08 \times \Delta A649)\right] \times \frac{V \times D}{1,000 \times W}\), where \(V\) is volume, \(D\) is dilution, and \(W\) is weight.]

[image: Car content in milligrams per fresh weight is calculated by the formula: Cx multiplied by (V times D) divided by (1,000 times W). Equation numbered as four.]

[image: Formula for calculating Car \( C_x \): \([(-2.05 \times C_a) - (114.8 \times C_b)] / 245\).]



2.5.3 Determination of plant defense enzyme activities

The collected leaves of American ginseng were immediately transported back to the laboratory with liquid nitrogen preservation and stored in a refrigerator at −80°C before the determination of peroxidase (POD) and ascorbate peroxidase (APX) activities in the leaves. POD and APX activities in the ginseng leaves were measured via visible spectrophotometry using the corresponding enzyme activity kits, including the POD assay (G0107F) and APX activity assay (G0203F) kits (Suzhou Grace Biotechnology Co.).



2.5.4 Disease severity index

Each treatment was performed with three replicates, and the average distribution randomly taken for each replicate of 100 plants (a total of 300 plants). The number of diseased plants were counted for every 10 days of the investigation until the wilting stage, and the incidence rate, disease index, and other indices also observed. The disease grade was divided into six levels, and the specific grading standards used are shown in Table 1. The incidence rate, disease index, and effect of the control were calculated according to Equations (6–8) below, respectively:

[image: Formula for calculating the incidence of a disease as a percentage: Incidence equals the number of incidence plants divided by the number of plants surveyed, multiplied by one hundred.]

[image: Formula for calculating the disease index: the sum of the number of diseased plants multiplied by the disease level value, divided by the total number of plants surveyed multiplied by the highest disease level value, then multiplied by one hundred. Equation labeled as (7).]

[image: Formula for control effect percentage: Control effect equals the control of disease index minus treatment condition index, divided by control of disease index, multiplied by one hundred.]



TABLE 1 Classification standards of surface diseases.
[image: Table listing grades with corresponding disease symptoms in leaf areas. Grade 0: Health. Grade 1: Diseased area ≤ 5% of leaf area. Grade 2: 5% < Diseased area ≤ 10%. Grade 3: 10% < Diseased area ≤ 20%. Grade 4: 20% < Diseased area ≤ 50%. Grade 5: Diseased area > 50%.]




2.6 Analysis of the plant microbiome

Fifteen days after the final treatment, P. quinquefolius was collected using a five-point sampling method with three replications. The ginseng was then divided into roots and above-ground parts, and all samples surface-sterilized with 75% alcohol for 2 min, washed twice with distilled water, and then quickly frozen in liquid nitrogen, followed by storage at −80°C prior to detecting its microbial diversity. High-throughput Illumina sequencing was used to characterize the microbial community structure in the plant samples (Majorbio Bio-Pharm Technology Co., Shanghai, China). Using primers 799F (5′-AACMGGATTAGTACCCKG-3′) and 1193R (5′-ACGTCATCC CCACCTTCC-3′) (Bulgarelli et al., 2015), the V3–V4 region of the bacterial 16S rRNA gene from American ginseng was amplified. Using primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCT) (GCGTTCTTCATCGATGC-3′) (Sun et al., 2018), the ITS1F–ITS2R region of the fungal gene from American ginseng was amplified. Specific primers with barcodes were synthesized according to the indicated sequencing regions, and the samples then amplified using a thermal cycler (GeneAmp 9700; ABI, USA).



2.7 Bioinformatics analysis

16S rRNA and ITS gene sequencing reads were demultiplexed using Fastp (version 0.19.6), merged with FLASH (version 1.2.11), and operational taxonomic units with 97% similarity clustered using UPARSE (version 11). Taxonomic assignments were made using the bacterial SILVA reference (version 138) and fungal UNITE (version 8.0) databases. Alpha diversity was determined using Mothur v.1.30.2. The basic R package “stats” (version 3.3.1.) was used to perform a two-tailed Wilcoxon rank-sum test (wilcox.test function). For high-throughput Illumina sequencing data analysis, the Majorbio Cloud online platform was used.



2.8 Data processing and statistical analysis

Data for this trial were organized using Microsoft Excel 2019. SPSS 19.0 was used to test for significant differences in the means (p < 0.05) and for correlation analysis. Origin 2021 was used for graphing.




3 Results


3.1 Morphological indicators

To determine the effects of osthole and B. amyloliquefaciens on P. quinquefolius, plant height, stem thickness, root dry weight, and root thickness were measured (Table 2). Treatment with CLS and LKWS significantly increased the plant height, stem thickness, root dry weight, and root thickness of P. quinquefolius compared to those after treatment with CK. Specifically, CLS significantly (p < 0.05) increased the plant height, stem thickness, root dry weight, and root thickness of P. quinquefolius by 9.03, 10.63, 61.67, and 25.57%, respectively, and LKWS significantly (p < 0.05) increased these by 4.51, 12.94, 62.81, and 22.57%, respectively.



TABLE 2 Effect of Osthole and Bacillus amyloliquefaciens on morphological indexes of American ginseng.
[image: Table comparing plant growth attributes under three treatments: CK, CLS, and LKWS. Plant height in centimeters is highest in CLS (12.08 ± 1.1989a). Stem thickness in millimeters and root dry heavy in grams are greatest in LKWS (0.1937 ± 0.0133a and 0.8813 ± 0.0616a, respectively). Root thickness in centimeters is largest in CLS (10.51 ± 0.9899a). Mean values include standard deviations, with differing lowercase letters indicating statistical significance at P < 0.05.]



3.2 Effectiveness of anthrax control

As shown in Table 3, the control treatment (CK) had the highest disease incidence of P. quinquefolius anthracnose (16.67%), whereas CLS and LKWS treatment significantly (p < 0.05) reduced this, showing lower disease incidence (3.67 and 2.13%, respectively). Consequently, both CLS and LKWS showed good control of western ginseng anthracnose, with CLS showing better control by 76.52%.



TABLE 3 Preventive effect of Osthole and Bacillus amyloliquefaciens against the occurrence of American ginseng anthrax.
[image: Table comparing treatments: CK, CLS, and LKWS. CK shows 16.67% disease incidence, 9.07% severity, no control efficacy. CLS indicates 3.67% incidence, 2.13% severity, 76.52% efficacy. LKWS presents 9.00% incidence, 3.67% severity, 59.54% efficacy. Statistically significant differences are marked with letters.]



3.3 Chlorophyll content

The CLS and LKWS treatments had significant effects on the chlorophyll content of P. quinquefolius in the forest (Figure 1). CLS significantly (p < 0.05) increased the content of Chla and Chlb in P. quinquefolius by 43.13 and 35.33%, respectively, compared to that of CK. LKWS did not significantly (p < 0.05) increase the content of Chla and Chlb in P. quinquefolius; however, they were increased by 15.63 and 6.45%, respectively, compared to that of CK (Figures 1A,B). CLS and LKWS significantly (p < 0.05) increased the Chl content of P. quinquefolius by 40.57 and 12.61%, respectively, compared to that of CK (Figure 1C). Compared to that of CK, CLS and LKWS significantly (p < 0.05) increased the Car content of P. quinquefolius by 31.04 and 24.61%, respectively (Figure 1D).

[image: Four bar graphs labeled A to D compare chlorophyll and carotenoid levels. Graph A shows chlorophyll a (Chla) levels, with CLS highest and CK, LKWS lower and marked 'b'. Graph B shows similar trends for chlorophyll b (Chlb), with CLS highest. Graph C presents total chlorophyll, highlighting CLS as highest, CK lowest. Graph D illustrates carotenoid levels, with CLS and LKWS similar, both marked 'a', and CK lower. Each graph compares CK, CLS, and LKWS.]

FIGURE 1
 Effect of osthole and Bacillus amyloliquefaciens chlorophyll content. Effect of osthole and Bacillus amyloliquefaciens on (A) Chlorophyll A, (B) Chlorophyll B, (C) Total chlorophyll and (D) Carotenoid. Different lowercase letters indicate significant difference (p < 0.05).




3.4 Photosynthesis parameters

Compared to those of CK, treatment with CLS significantly (p < 0.05) increased the Pn by 67.96% and significantly decreased the Gs, Ci, and Tr by 28.57, 9.83, and 18.18%, respectively (Table 4). Compared to those of CK, LKWS significantly (p < 0.05) increased the Pn and Tr by 13.02 and 14.97%, respectively, and significantly (p < 0.05) decreased the Gs by 14.29%.



TABLE 4 Effect of Osthole and Bacillus amyloliquefaciens on photosynthetic parameters of American ginseng.
[image: Table showing data for three treatment groups: CK, CLS, and LKWS. Measurements include Pₙ, Gₛ, Cᵢ, and Tₜ with units in micromole per square meter per second. Values are means with standard deviations. Different lowercase letters denote statistically significant differences between groups (P < 0.05).]



3.5 Antioxidant enzyme activity

The application of CLS and LKWS significantly (p < 0.05) increased the activity of antioxidant enzymes in P. quinquefolius (Figure 2). Compared to that of CK, CLS and LKWS significantly (p < 0.05) increased the activity of APX enzymes in P. quinquefolius by 151.79 and 115.41%, respectively. Moreover, the use of CLS and LKWS significantly (p < 0.05) increased POD activity in P. quinquefolius by 36.78 and 102.93%, respectively, compared to that of CK.

[image: Bar chart displaying enzyme activity levels. Chart A shows APX activity with CK at 120 U/g, CLS at 450 U/g, and LKWS at 350 U/g. Chart B shows POD activity with CK at 180 U/g, CLS at 320 U/g, and LKWS at 480 U/g. Label differences are marked by letters a, b, and c.]

FIGURE 2
 Effects of osthole and Bacillus amyloliquefaciens against oxidase activity. Effect of Osthole and Bacillus on (A) APX and (B) POD enzymes. Different lowercase letters indicate significant difference (p < 0.05).




3.6 Microbiome analysis of aboveground parts and the roots of Panax quinquefolius

Shannon’s index was used to assess microbial diversity of the aboveground and root parts of P. quinquefolius under the different treatment conditions (Figure 3). Compared with that of CK, CLS increased the bacterial diversity in aboveground and root parts of P. quinquefolius by 52.29 and 29.11%, respectively, and LKWS increased these by 61.25 and 19.92%, respectively. Compared with that of CK, CLS significantly decreased fungal diversity in the aboveground and root parts of P. quinquefolius by 25.07 and 40.34%, respectively, and LKWS significantly decreased these by 32.70 and 28.04%, respectively.

[image: Four bar graphs labeled A, B, C, and D. Graphs A and B show the Shannon diversity index of bacterial communities, with CK having lower values than CLS and LKWS. Graphs C and D display the Shannon diversity index of fungal communities, with CK having higher values than CLS and LKWS. Each graph uses different fill patterns for the bars, with significant differences indicated by letters a, b, and c.]

FIGURE 3
 Shannon diversity index of the bacterial community structure of the (A) aboveground and (B) root of American ginseng and Shannon diversity index of the fungal community structure of the (C) aboveground and (D) root of American ginseng. Different lowercase letters indicate significant difference (p < 0.05).


Symbiotic networks of bacterial and fungal communities varied among the different parts of P. quinquefolius and among treatments (Figure 4, Tables 5, 6). With the exception of the CLS treatment, the structure of the bacterial network in the roots of P. quinquefolius was typically more complex than that in the aboveground parts, based on the number of edges and nodes, as well as the average extent. Among all the bacterial networks, that of the CLS treatment was the simplest in the roots of P. quinquefolius (nodes: 352; edges: 10721: average degree: 60.915). In the aboveground parts and roots of P. quinquefolius, both CLS and LKWS treatments had higher positive and lower negative correlations than those of CK.

[image: Network diagrams show microbial interactions in different conditions: CK, CLS, and LKWS. The diagrams, divided by bacteria and fungi, depict connections in root and aboveground environments. Nodes are colored by taxonomic groups, with legends indicating classifications. Lines represent relationships among microbial taxa.]

FIGURE 4
 Network analysis under different treatments of American ginseng. The size of the nodes in the figure indicates the abundance of the species, different colors indicate different species; the color of the line indicates positive and negative correlation, red indicates positive correlation, green indicates negative correlation; the thickness of the line indicates the size of the correlation coefficient, the thicker the line, the higher the correlation between species; the more lines, the closer the connection between the species and other species.




TABLE 5 Key topological characteristics of bacterial networks in ground and roots of American ginseng.
[image: Table comparing network metrics for aboveground and root systems across three categories (CK, CLS, LKWS). Metrics include nodes, edges, positive and negative edge ratios, and average degree. Values vary between categories and system types.]



TABLE 6 Key topological characteristics of fungal networks in ground and roots of American ginseng.
[image: Table comparing network properties for Aboveground and Root categories across CK, CLS, and LKWS conditions. It includes nodes, edges, positive and negative edge ratios, and average degree. Aboveground: CK (Nodes: 500, Edges: 25,204), CLS (Nodes: 499, Edges: 22,046), LKWS (Nodes: 500, Edges: 24,386). Root: CK (Nodes: 147, Edges: 1,993), CLS (Nodes: 85, Edges: 934), LKWS (Nodes: 92, Edges: 736). Positive and negative edge ratios and average degree are also detailed for each condition.]

The structure of fungal networks in the aboveground parts of P. quinquefolius was generally more complex than that in the roots, based on the number of edges and nodes, as well as the average degree when compared to the bacterial networks (Figure 4, Tables 5, 6). Nodes, edges, and the average extent of fungal networks were lower in the aboveground parts and roots in the CLS treatment than in the CK. Edges and the average extent of fungal networks were lower in aboveground parts and roots of P. quinquefolius in LKWS treatments compared to those of CK, but no differences were observed in the nodes of the aboveground parts.

Microorganisms of the aboveground parts and roots of P. quinquefolius were observed and constructed using bacterial and fungal genera with relative abundances greater than 1%, respectively, to assess the relationship between microorganisms in different parts of P. quinquefolius and under different treatments (Figure 5). The relationship between bacteria and different treatments in the aboveground parts of P. quinquefolius is shown in Figure 5A. Pseudomonas (40.94%) and Bordetella (25.87%) were the main bacterial genera present in the CK treatment in the aboveground parts of P. quinquefolius. Similarly, the main bacterial genera in the aboveground parts of P. quinquefolius in the CLS treatment were Pseudomonas (36.99%) and Bordetella (22.48%), whereas those in the LKWS treatment were Bacillus (18.11%), Nocardioides (12.97%), and Pseudomonas (12.31%). The relationship between the bacteria in the roots of ginseng and the different treatments is shown in Figure 5B. Pseudomonas (27.65%), Variovorax (14.44%), and Bordetella (12.30%) were the dominant bacterial genera in the CK treatment in the roots of P. quinquefolius. The dominant bacterial genera in the CLS treatment in the roots of P. quinquefolius were Variovorax (17.91%), Pseudomonas (12.56%) and Tardiphaga (11.20%), whereas those in the LKWS treatment were Pseudomonas (33.79%) and Bordetella (16.52%). The relationship between fungi in the aboveground parts of P. quinquefolius and the different treatments is shown in Figure 5C. The main fungal genera present in aboveground parts of P. quinquefolius in the CK treatment were Devriesia (23.12%) and Capnodiales (13.65%). The main fungal genera in aboveground parts of P. quinquefolius in the CLS treatment were Vishniacozyma (31.82%) and Sporidiobolaceae (15.53%), whereas those of the LKWS treatment were Vishniacozyma (19.23%) and Bullera (17.64%). The relationship between fungi in the roots of P. quinquefolius and the different treatments is shown in Figure 5D. The main fungal genera in the roots of P. quinquefolius in the CK treatment were Cadophora (33.42%) and Cistella (11.21%). The main fungal genera in the roots of P. quinquefolius in the CLS treatment were Cadophora (46.57%), Ilyonectria (25.85%), and Fusidium (11.18%), whereas those of the LKWS were Cadophora (36.18%), Alatospora (30.44%), and Fusidium (12.96%).

[image: Grouped bar charts and ANOVA plots illustrate community abundance across different treatments, CK, CLS, and LJWS. Charts A-D show genus-level abundance percentages, while plots E-H depict mean proportions with significance indicators. Various genera and treatments are color-coded.]

FIGURE 5
 Microbial composition and difference analysis of aerial parts and roots of American ginseng. Relative abundance at the bacterial level of aerial parts (A) and root (B); relative abundance of aerial parts (C) and root (D). The abscissa is the treatment, the ordinate is the proportion of the genus in the sample, the columns of different colors represent different species, and the length of the pillars represents the size of the proportion of the species. One-way analysis of variance (ANOVA) was used to test differences between the bacterial levels of the ground (E) and root (F) and the ground (G) and root (H). The y-axis represents species names at the genus level, the x-axis represents the mean relative abundance of different species groups, and columns of different colors represent different groups. On the far right is the value of p, * p < 0.05 * * p < 0.01 * * * p < 0.001.


Microorganisms in American ginseng differed significantly among the different treatments. In the aboveground parts of P. quinquefolius, the bacterial genera, Pseudomonas and Bordetella, were significantly higher in the CK treatment than in the CLS and LKWS treatments (Figure 5E). In the roots of American ginseng, the bacterial genus, Prevotella, was significantly higher in the CK treatment than in the CLS and LKWS treatments, and the bacterial genera, Alphaproteobacteria and Uliginosibacterium, significantly more abundant in the CLS treatment than in the other treatments (Figure 5F). In the aboveground portion of C. occidentalis, the fungal genera, Devriesia and Capnodiales, were significantly more abundant in the CK treatment than in the other treatments (Figure 5G).




4 Discussion

The present study showed that the use of osthole and B. amyloliquefaciens significantly (p < 0.05) improved the growth of P. quinquefolius in a forest (Table 2), where their application significantly increased the plant height, stem thickness, root dry weight, and root thickness. The improvement of these growth indicators not only reflects the growth status of the plant, but also closely related to the physiological and ecological adaptations of the plant, which can directly affect the growth, development and yield of the plant. Studies have shown that plant height and stem thickness are important reflections of the competitive ability of plants, and higher plant height helps to obtain more light, thus promoting photosynthesis (Rebitanim et al., 2020). Root dry weight and root thickness are related to the water and nutrient uptake capacity of plants, and the enhancement of root development can improve the adaptability of plants to adverse environments (Comas et al., 2013). Our results are in line with those of previous studies on the promotion of coumarin production in faba beans (Saleh et al., 2015) and the growth promotion of Arabidopsis thaliana by B. amyloliquefaciens (Lu et al., 2021). The growth-promoting effect of osthole, a derivative of coumarin, on Codonopsis may affect plant growth by interfering with phytohormone metabolism (Cheynier et al., 2013). Plant growth can be affected by B. amyloliquefaciens via the secretion of IAA (Ji et al., 2021), which promotes nitrogen fixation by plant roots (Abdallah et al., 2018), solubilizes phosphates (Vinci et al., 2018) and (Jiang et al., 2015), generates iron carriers (Dimopoulou et al., 2021), among others, to promote plant growth. Together, these mechanisms of action promoted the growth of Panax quinquefolius, further validating the importance of growth indicators in assessing plant growth status and production potential.

Chlorophylls are the most abundant pigments in the photosynthetic system of land plants and algae and are indispensable for the absorption of light energy and transfer of electrons in photosynthesis (Hu et al., 2021). Carotenoids are necessary for leaf photosynthesis and photoprotection (Rodriguez-Concepcion and Daròs, 2022). In our study, the use of osthole and Bacillus amyloliquefaciens significantly increased chlorophyll and carotenoid content (Figure 1). Photosynthesis plays a crucial role in the synthesis and accumulation of organic matter, plant growth, nutrient uptake, and responses to abiotic and biotic stress (Bunce, 2008). Our results showed that the use of osthole significantly increased the Pn (Table 4), which may be due to the fact that osthole significantly increased the chlorophyll content of American ginseng. Compared with those of CK, the use of B. amyloliquefaciens also significantly increased the Pn and Tr, which is similar to the results of a previous study on alfalfa seedlings (Han et al., 2022). These results indicate the promising application of osthole and Bacillus amyloliquefaciens and its use in the optimization of photosynthesis efficiency. In the present study, the use of both osthole and B. amyloliquefaciens significantly reduced the Gs, which may be due to the ability of the plant to avoid excessive water loss by closing stomata (Novick et al., 2016). This further illustrates the potential of osthole and Bacillus amyloliquefaciens in water regulation.

Numerous studies have shown that antioxidant enzymes play a great role in alleviating the accumulation of reactive oxygen species (ROS) and reducing oxidative stress in plants (Han et al., 2022). APX and POD are the main antioxidant enzymes that convert H2O2 to H2O (Ren Y. et al., 2020; Rosa et al., 2010). The present study showed that the use of osthole and B. amyloliquefaciens significantly increased the activities of APX and POD in P. quinquefolius. This result suggests that they may be effective in enhancing the antioxidant defense system of Panax quinquefolius, thereby improving its tolerance to oxidative stress. Coumarin has the function of enhancing the antioxidant defense system (Wu et al., 2009), and osthole, a naturally occurring coumarin, has the potential to inhibit the production of active oxidants (Tsai et al., 2015), which may explain its ability to enhance the antioxidant enzyme activity of forest ginseng. The use of B. amyloliquefaciens has previously been shown to enhance APX and POD activities in tomatoes (Wang et al., 2019), which is consistent with our results.

In addition, we investigated the effects of osthole and B. amyloliquefaciens on the P. quinquefolius microbiome. The structure of the plant microbiome is influenced by complex interactions among the host, microorganisms, and other relevant environmental factors (Dastogeer et al., 2020). Our results showed that the use of osthole and B. amyloliquefaciens significantly increased the diversity of bacteria in the aboveground parts and roots of P. quinquefolius, while significantly decreasing the diversity of fungi (Figure 3). The significant decrease in fungal diversity of P. quinquefolius may be due to its strong antifungal activity (Guo et al., 2021). Previously, the use of B. amyloliquefaciens was shown to significantly increase ginseng bacterial diversity and decrease its fungal diversity (Tian et al., 2018), which is consistent with the results of our study. Interactions with microorganisms can affect community stability (Coyte et al., 2015). Our results showed that CLS was more complex than CK was in the bacterial network of the aboveground parts of sago ginseng; LKWS was more complex than CK was in the bacterial network of sago ginseng roots; and CK was more complex than CLS and LKWS were in the fungal network based on edges and nodes (Figure 4, Tables 5, 6). This suggests that the use of osthole and B. amyloliquefaciens can increase the complexity of bacterial communities while decreasing the complexity and improving the stability of fungal communities. The complexity of microbial networks may be related to the alpha diversity (Fan et al., 2018). Previous studies have shown that Pseudomonas and Bordetella are potential pathogens (Hamidou Soumana et al., 2017; Fernández et al., 2015), where our study showed that the use of CLS and LKWS significantly reduced their abundance when compared to that of CK (Figure 5E), which may also explain the reduction observed in disease incidence and severity in C. occidentalis after the use of osthole and deconjugated B. amyloliquefaciens. Previous studies have identified Variovorax as a class of plant growth-promoting inter-root bacteria (Han et al., 2011) that enhances host plant resilience and disease resistance (Belimov et al., 2009; Belimov et al., 2005). Tardiphaga plays an important role in the N cycle (Alves et al., 2014). Our results suggest that Variovorax and Tardiphaga are the main bacterial genera of CLS in the roots of P. quinquefolius (Figure 5B), which may explain why the use of osthole promotes the growth of P. quinquefolius while enhancing stress and disease resistance. Previous studies have shown the potential growth-promoting effects of Alphaproteobacteria (Pini et al., 2011), and that Uliginosibacterium contributes to biofilm formation (Jiao et al., 2021). The bacterial genera, Alphaproteobacteria and Uliginosibacterium, were significantly higher in CLS than in other treatments tested in our study (Figure 5F). Some potential pathogenic bacteria, such as Devriesia and Capnodiales, were significantly lower than those in CK after both CLS and LKWS treatments (Abdollahzadeh et al., 2020; Li et al., 2013) (Figure 5G). The relative abundance of some potential plant growth-promoting microorganisms, such as Vishniacozyma, Cadophora, and Alatospora, was higher than that of CK in the CLS and LKWS treatments (Figures 5C,D) (Artigas et al., 2017; Bizabani and Dames, 2015; Lutz et al., 2020). Therefore, we hypothesized that the application of osthole and B. amyloliquefaciens may recruit plant growth-promoting microorganisms by stimulating C. occidentalis and providing more nutrients for plant growth while inhibiting the invasion and proliferation of potential pathogens (Wang et al., 2022).



5 Conclusion

In this study, the application of osthole and B. amyloliquefaciens to understory ginseng revealed that their use improved the growth of understory American ginseng by enhancing photosynthetic capacity, stimulating the activity of antioxidant enzymes to increase the tolerance of P. quinquefolius, and promoting the accumulation of plant biomass. In addition, the use of osthole and B. amyloliquefaciens altered the structure of the microbial community of P. quinquefolius, significantly increased the diversity of P. quinquefolius bacteria, significantly decreased the diversity of P. quinquefolius fungi, and stimulated the recruitment of more growth-promoting microorganisms into the American ginseng to build a more stable microbial network, which resulted in a significant decrease in the incidence of P. quinquefolius anthracnose and the index of the disease. Therefore, based on the above results, it was shown that the use of osthole is an effective way to improve the growth of P. quinquefolius in the forest and, at the same time, provides a theoretical basis for its effective application in agriculture. In order to further deepen the research and promote the agricultural dissemination of osthole, future work could focus on (1) analyzing in depth the specific mechanisms by which osthole affects the microbial community of American ginseng and further verifying the relationship between these community changes and disease resistance; (2) evaluating the potential for the application of osthole in other cash crops, especially in terms of reduction of chemical pesticides and enhancement of crop resistance to disease, in order to explore its broader applicability.
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Introduction: Rice, particularly Basmati rice, holds significant global importance as a staple food. The indiscriminate use of phosphate-based fertilizers during rice production has led to high residual levels of these chemicals in soil, impacting soil health and fertility. This study aimed to address this challenge by investigating the potential of phosphate solubilizing bacteria (PSB) in improving soil fertility and boosting the growth of Basmati rice.
Methods: Using amplicon-based 16S rDNA sequencing, bacterial isolation and cultivation, conducting greenhouse and field experiments, and PSB localization, we optimized the search for PSB inoculants to enhance Basmati rice growth.
Results and discussion: Rice rhizosphere prokaryote communities showed significant differences in microbial diversity and composition between between basmati and non-basmati rice cultivated areas. Dominant bacterial phyla included Proteobacteria, Acidobacteria, Actinobacteria, and Firmicutes, with Actinobacteria and Proteobacteria playing a crucial role in nutrient recycling. Isolation and optimization of PSB strains, including Acinetobacter sp. MR5 and Pseudomonas sp. R7, were carried out and soil microcosm studies confirmed their efficacy in increasing soil available phosphorus concentration. Response surface methodology revealed the relative importance of factors such as pH, inoculum density and incubation temperature in maximising phosphate solubilization. Microplot experiments demonstrated the effectiveness of optimized PSB inoculants in promoting Basmati rice growth, with significant increases in plant height, tiller number, biomass, and grain yield compared to uninoculated controls. A consortium of PSB proved superior to single-strain inoculants, even with reduced chemical fertilizer application. Field trials at several rice growing sites confirmed the positive impact of the PSB consortium on grain yield, soil phosphorus availability, and plant phosphorus uptake. The competence and persistence of the inoculated strains in the rhizosphere was confirmed by FISH and BOX Polymerase Chain Reaction (BOX-PCR). This work highlights the potential of PSB-based biofertilizers to improve soil fertility, promote sustainable rice production and reduce the negative environmental impacts of chemical fertilizers. Future research would focus on scaling up these findings for widespread adoption in agriculture and exploring their applicability to other crops and agroecosystems.
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Introduction

Rice (Oryza sativa L.) is the most important food crop in the world and sustains the diets of over 3 billion people, or about half of the global population. Pakistan is one of the world’s top 10 producers of rice. Based on current trends, 4.6 billion people may consume rice by 2025; therefore, the output of grain needs to increase by 20% to keep up with demand (Albahri et al., 2023).

Phosphorus (P) plays an integral role in regulating the metabolism and concomitantly health of plants. Indiscriminate use of phosphate-based chemical fertilizers to meet the plant P requirements in agricultural lands enhanced the residual level of these chemicals in soil and water due to high water solubility and mobility. Aquatic and terrestrial ecosystems’ contamination drastically affects the biogeochemical cycles and different microbiota (microbial population). Excessive and prolonged application of chemical fertilizers has been documented to disrupt the beneficial soil microflora, leading to nutrient deficiency and disease severity due to weakened plant defensive systems. So, one appropriate choice is to use the microbes (Ducousso-Détrez et al., 2024).

The soil dwelling microbial population plays a crucial role in nutrient recycling and, ultimately, enhances soil health and fertility (Jeffries et al., 2018). Plant growth-promoting rhizobacteria (PGPR) may exert beneficial effects by enhancing the bioavailability of nutrients, possibly by nitrogen fixation, phosphate solubilization, etc. (Glick, 1995; Vejan et al., 2016). Phosphate solubilizing bacteria (PSB) solubilize the insoluble phosphate phosphate complexes in the soil and enhance the amount of available P for plant uptake under P deficit conditions (Tripura et al., 2007). Among bacteria, various genera, that is, Acinetobacter, Acromobacter, Agrobacterium, Aerobacter, Bacillus, Burkholderia, Enterobacter, Enterococcus, Erwinia, Flavobactrerium, Pantoea, Pseudomonas, and Rhizobium are involved in P solubilization (Kaur and Sudhakara Reddy, 2014). Nowadays, PSB-based biofertilizers are considered a crucial constituent to contribute sustainable production in agro-ecosystems (Mitter et al., 2021; Yahya et al., 2022; Wang et al., 2023; Ducousso-Détrez et al., 2024). The persistence of these PSB is the most important underlying factor of a successful bioinoculant, indicating its ability to compete with indigenous microbes and cope with other abiotic stresses (Finkel et al., 2017). Despite the great potential, the survival or persistence of PSB in biofertilizers is the major bottleneck toward their field scale efficacy under variable environments (Mitter et al., 2021). This is why different commercial biofertilizers did not perform as well in the field as in a greenhouse or a laboratory (Santos et al., 2019; Vassilev et al., 2020).

The population of soil microbes significantly influences the interactions between plants and the soil environment. These interactions may pave the way for the development of new horizons that will help understand the rhizosphere’s complexity and make use of the propagation of beneficial native microbes that aid in nutrient acquisition and promote plant growth (Mahmud et al., 2021). The next-generation sequencing (NGS) based techniques are robust and versatile tools for evaluating the ecology of microorganisms in their native habitat, making it possible to link environmental ecological processes to particular microbe populations (Urszula, 2022). Undestanding soil microbial community can help isolate soil or site-specific microbes for augmentation in the soil. However, unfortunately, the emphasis on deciphering microbial populations from fields and then targeted isolation of required bacterial genera for enhanced nutrient availability of plants is completely missing. To the best of our knowledge, a comprehensive study to delineate rice-associated core microbial communities and microbial drivers under diverse field conditions and geographies is completely lacking, as wheat microbiome studies are either limited to controlled greenhouse conditions (Schlatter et al., 2020) or specific microbial group or a particular plant compartment (Marghoob et al., 2022).

To fill this knowledge gap, we explored the microbiome of the field soil to investigate the microbes that already exist or prevail in native soil and then isolate them, optimize the culture conditions to maximize bacterial efficiency in phosphate solubilization, and augment the soil with these bacteria as biofertilizer. It was thus hypothesized (H1) that soil microbiome data obtained from field soils enable targeted isolations of beneficial PSB for the development of soil-specific biofertilizers. Optimization (H2) of conditions for large-scale, cost-effective inoculum production that will ensure maximum P-solubilization activity of PSB at the field level. Additionally, we anticipated (H3) correlation between improved soil available P and P solubilization by PSB, which consequently would enhance rice growth and grain yield. The findings of this study would be of great significance as they explore the potential of native PSB to enhance phosphorus availability, reduce reliance on chemical fertilizers, and contribute to sustainable agriculture by developing biofertilizers tailored to specific soils, ultimately improving nutrient efficiency and crop yields.



Materials and methods


Soil sample collection

Rice rhizosphere soil samples were obtained from experimental locations of adaptive research station Sheikhupura (31°42′42.6”N 73°59′07.5″E), adaptive research station Gujranwala (32°13′21.5”N 74°13′02.7″E) and NIBGE field, Faisalabad (31°23′44.0”N 73°01′37.3″E), for bacterial community analysis and isolation of PSB. Site 1 (Sheikhupura) and site 2 (Gujranwala) are two significant areas of the Basmati rice growing belt, while site 3 (Faisalabad) is out of the traditional rice growing belt (Figure 1A). Ten plants were uprooted from various fields at each site for rhizosphere soil sampling. The loosely attached soil was removed from all plants, and the soil adhering to the roots was collected and combined to create a composite sample. The physicochemical properties of a sub-sample of soil (0.5 kg) were determined (Supplementary Table S1).

[image: Map and data visualization of soil analysis from three sites in Punjab. The map in panel A shows the locations, with inset photos of each site. Table displays soil characteristics like pH and organic matter. Panels B and C present box plots for species richness and Shannon diversity index. Panel D features a Venn diagram showing shared and distinct microbial species. Panels E and F display bar charts of taxonomic and functional group relative abundances, respectively.]

FIGURE 1
 The map shows the positions of the study sites within the chosen region. Each marker indicates where samples were collected for microbiological analysis, covering a range of environmental conditions to ensure thorough data collection (A). Evenness, diversity, and richness of rhizosphere soil sample of Basmati rice (B). Venn diagram showing the bacterial genera shared among the rhizosphere soil samples of Basmati rice collected from different areas of the rice belt and Faisalabad (C). Relative abundance of taxonomic groups (D) and functional groups (E) detected by Illumina Sequencing of 16S rRNA gene in the rhizosphere soil sample of Basmati rice collected from different areas of rice belt and Faisalabad. Site 1 = Sheikhupura, Site 2 = Gujranwala, and Site 3 = Faisalabad.




DNA extraction, amplicon library preparation, and sequencing

For genomic DNA extraction from rhizosphere soil, 0.5-g air-dried soil samples were processed using a mechanical lysis, and a DNA isolation kit (MP Biomedicals, Santa Ana, CA, USA) was used according to the manufacturer’s instructions. The variable region (V3–V4) of the 16S ribosomal RNA (rRNA) gene was amplified and sequenced using Illumina MiSeq pair-end DNA sequencing at Utah State University Center for Integrated Biosystems (CIB), Logan, USA.



Bioinformatics analysis

The data were statistically analyzed using ANOVA, and differences across treatments were assessed with the least significant difference (LSD) test at a 5% confidence level, using STATISTIX 10.0 software (Tallahassee, FL, USA). The phyloseq software1 imported the corresponding bacterial OUT matrices, taxonomy tables, and representative sequences into R version 4.0.2 (McMurdie and Holmes, 2013). Coordinate analysis (CA) was performed to investigate the relationship between bacterial phyla at three sites through R software (R version 4.0.2)2. 16S rRNA gene sequences were submitted as Fastq files to the NCBI Sequence Read Archive (SRA) with the BioProject ID PRJNA574892.3



Isolation of phosphate solubilizing bacteria

Potential PSB strains were isolated from all three sites of the province Punjab, Pakistan rice growing area based on metagenomic results of dominant genera on selective media for Bacillus, Acinetobacter, and Pseudomonas.

The two most efficient bacteria Acinetobacter sp. MR5 (Gen Bank accession number LT629134) and Pseudomonas sp. MR7 (GenBank accession number LT629136) was isolated, sequenced based on 16S rRNA sequencing, and screened P solubilizing activity from rice growing area of province Punjab, Pakistan (Rasul et al., 2019). Before applying the bacteria in field trials, in vitro studies were conducted to verify their efficiency under various physical parameters under submerged and natural soil conditions.



Microcosm studies of PSB for P solubilization efficiency in sterilized soil

The experiment aimed to investigate the ability of inoculated Acinetobacter sp. MR5 and Pseudomonas sp. MR7 to survive and solubilize insoluble phosphate in soil (under controlled circumstances). Tricalcium phosphate (TCP; 0.5 g 50 g−1 soil) and glucose (1 g 50 g−1 soil) were added to 50-g soil (loamy, pH 7.9, electrical conductivity (EC) 2.1 mS, organic matter 0.85%, soil total P 40 mg kg−1, available P 1 mg kg−1, total soil N 0.07%, available NH4 0.04%, NO3 0.01%) in 200-ml Pyrex glass bottles (Pyrex, manufactured by Corning Inc., Corning, NY, USA) of microcosm. The 5 mL (109 CFU ml−1) culture of each cultivated bacterium was harvested at 28 ± 2°C and 100 rpm in a nutrient broth medium to create the bacterial inocula. The treatments applied were as follows: (1) soil inoculated with Acinetobacter sp. MR5, (2) soil supplemented with TCP and inoculated with Acinetobacter sp. MR5, (3) soil supplemented with TCP, glucose, and inoculated with Acinetobacter sp. MR5, (4) soil inoculated with Pseudomonas sp. MR7, (5) soil supplemented with TCP and inoculated with Pseudomonas sp. MR7, (6) soil supplemented with TCP, glucose, and inoculated with Pseudomonas sp. MR7, (7) soil without inoculation, (8) soil supplemented with TCP (control), and (9) soil supplemented with TCP and glucose (control). For every treatment, three duplicates were set up in a fully randomized design (totaling 81 microcosms). For 60 days, the microcosms were cultured at 28 ± 2°C. Throughout the experiment, the weight of a microcosmic unit was measured every 5 days to ensure that the soil’s moisture content remained at 70% water-holding capacity using sterilized water (up to 60 days). Data were collected on the 15th, 30th, and 60th days following vaccination (DPI). To create a homogenized matrix for additional analysis, obtained soil samples were thoroughly mixed at each step. Using the plate dilution method, the bacterial population was determined from 1 g of soil from each treatment (Somasegaran and Hoben, 2012). The bicarbonate approach was used to calculate the available P in the soil (Olsen, 1954). Using p-nitrophenyl as a substrate to produce a light pink color, phosphatase activity was examined and measured using a spectrophotometer (Malcolm, 1983; Zhu et al., 2017).



Optimization of the cultural conditions

The significant impact of bacteria on P release in a soil microcosm system facilitated the examination of environmental stressors affecting bacterial efficiency in phosphate solubilization for practical field applications. The study investigated how temperature, initial pH, and culture volume influence P solubilization by specific PSB strains, Acinetobacter sp. MR5 and Pseudomonas sp. MR7, using Response Surface Methodology (RMS). This was conducted through 23 full factorial Central Composite Designs (CCD) with 20 runs, where variables (a) pH, (b) temperature, and (c) inoculum density (Supplementary Table S2) were manipulated and analyzed. A Central Composite Design with three variable factors and six central points validated the model predictions for P solubilization. The response, P solubilization, was assessed after 3 days of incubation with the two phosphate solubilizing strains.

For experimentation, bacterial strains Acinetobacter sp. MR5 and Pseudomonas sp. MR7 was grown in nutrient broth for 24 h. Overnight-grown cultures were harvested and centrifuged for 10 min at 8,000 rpm. The supernatant was discarded, and cell pallets were washed 2 times with normal saline solution (0.9% NaCl), re-dissolved in the saline solution, and diluted to adjust the optical density for inoculation.

Various inoculum concentrations recommended by the model were added to 50 mL of Pikovskaya broth medium in triplicate to quantify P. The medium’s initial pH (ranging from 5 to 9) was adjusted according to the model’s specifications. Pikovskaya’s broth cultures containing PSB strains were incubated at temperatures ranging from 25 ± 2°C to 50 ± 2°C on a shaker (Kottermann 4,020, Arnsberg, Germany) at 90 rpm. After 3 days of incubation, the cultures were centrifuged at 4,000 rpm for 10 min at 4°C, and the pH of the supernatant was measured. The quantitative estimation of P released from inorganic phosphates was performed using the vando molybdate method (Murphy and Riley, 1962). The soluble phosphate was measured using a KH2PO4 standard curve. To determine the amount of solubilized phosphate, a graph of concentration (μg ml−1) was plotted against the standard solution (Soltanpour and Workman, 1979).



Kinetics of phosphate solubilization by PSB

Additional research was done on Acinetobacter sp. MR5 and Pseudomonas sp. MR7 to determine the best growth kinetic parameters. Furthermore, the effect of inoculum density on growth medium, pH, and P kinetics of P solubilization over a 36-h period was investigated. An equivalent volume of inoculum (108 CFU ml−1) cultured in Luria Bertani (LB) broth: Procured from (specific manufacturer, e.g., Sigma-Aldrich, USA) for 36 h was added to the growth medium. To calculate the wet cell weight or packed cell mass of the inoculum, duplicate samples were extracted aseptically, centrifuged for 5 min, and the wet cell mass was subtracted from the weight of the empty eppendorf tube (Eppendorf SE, Hamburg, Germany). Inoculum densities for Acinetobacter sp. MR5 were 0.022 and 0.038% (w/v), and 0.008 and 0.014% (w/v).

Time course aliquots in triplicate were aseptically removed at various time intervals (4, 10, 24, and 36 h), and three flasks of each treatment were utilized to measure the degree of phosphate solubilization in relation to cell mass. The influence of pH on the growing media was also investigated. The phosphorus solubility under submerged conditions was evaluated on the same day as stated in the preceding experiment (TCP solubilization in liquid media). Aiba et al. (1973) and Pirt (1975) presented numerous growth kinetics characteristics. The slope of the plot of ln(x) vs. time (t) was used to calculate the specific growth rate (μ), also known as the rate of growth per unit cell mass.



Evaluation of PSB for rice yield parameters


Microplot experiment

Acinetobacter sp. MR5 and Pseudomonas sp. MR7 was further evaluated in microplots for plant inoculation studies. These PSB were tested on the rice variety, Super Basmati, at the National Institute for Biotechnology and Genetic Engineering (NIBGE) under net house condition in 2015–2016. A total of 2.25 m2, six replicate microplots were used for each treatment. The experiment was arranged in a randomized complete block design with five treatments, including two strains of inoculum separately, their consortia, and uninoculated controls with 100% Diammonium Phosphate (DAP) recommended dose, 80% DAP recommended dose. Approximately 80% of DAP dose was used in inoculation treatments. The recommended dose of sterilized filter mud 1 Kg per 50 Kg of seeds was used as carrier material. PSB strains were inoculated along with carrier material at transplantation by root dip method (Tariq et al., 2007; Yasmin et al., 2017). N as urea and P as DAP were applied at 140 and approximately 60 kg acre−1 (full and 80% of the recommended dose, respectively). At harvest, data for various plant yield parameters were recorded.



Multilocational field trials

A consortium of PSB MR5 and MR7 was further evaluated for its effect on plant growth and P-uptake at three rice cultivation sites: Site 1 in Sheikhupura, Site 2 in Gujranwala, and Site 3 in Faisalabad. Root inoculation of rice seedlings with PSB was performed as described previously. Inoculated and un-inoculated treatments were transplanted into designated plots. The sizes of plots were 3.5 m × 6.5 m at site 1, 5 m × 6.5 m at site 2, and 4 m × 6 m at site 3, with spacing of 23 cm between rows. Flooded conditions were maintained in plots. Treatments contained both recommended levels of N and P (100:70 kg NP ha−1), which served as positive controls and controls with no PSB inoculation but 100 and 80% of the recommended NP fertilizer doses. These treatments were distributed in three repetitions using a randomized complete block design (RCBD). DAP was employed in two doses, while urea was applied in three doses: first, before planting during plot preparation, then 25 days after transplantation, and finally 50 days after transplantation.

At harvest, rice plants from each plot were carefully uprooted and cleaned to remove soil. The number of tillers per plant and plant height were recorded. Shoots and roots are separated and weighed after oven drying for 72 h at 70°C. Both grain and straw weights were measured after threshing the entire plant.



Detection of inoculated PSB from rice rhizosphere

Several techniques, such as viable cell count (Somasegaran and Hoben, 2012), fluorescent in situ hybridization (FISH) with confocal laser-scanning microscopy (CLSM) (Amann et al., 1995), BOX-PCR fingerprinting (Basheer et al., 2016), and plant growth promoting attributes (Suleman et al., 2018; Rasul et al., 2019) were employed to determine the survival of the inoculated PSB.




Data analysis

Using STATISTIX 10.0 software (Tallahassee, FL, USA), the data were statistically analyzed using ANOVA and the least significant difference (LSD) test at a 5% confidence level to examine the differences between the treatments. Using Design Expert software (State Ease, USA), regression and response surface analysis were used to assess the impact of several parameters (pH, temperature, and inoculum density) on phosphorus solubilization. Principal component analysis (PCA) and categorical-principal component analysis (CAT-PCA) were performed using SPSS software package version 23.0 (SPSS, Inc., Chicago, IL, USA).




Results


Bacterial diversity in rhizosphere of Basmati rice

Bacterial diversity from the rhizosphere of two rice-growing sites (sites 1 and 2) was investigated and compared with the bacterial community of a non-Basmati rice-growing site (site 3, Faisalabad) using 16S rRNA gene sequence analysis. A total of 20,069 sequences of the 16S rRNA gene were retrieved, of these, 6,485 sequences were from site 3 (Faisalabad), 5,174 from site 2 (Gujranwala), and 8,410 from site 1 (Sheikhupura). The Operational Taxonomic Unit (OTU) matrices were rarefied to reduce the noise, and the spurious taxa were removed from the 3% of the sample in whole bacterial datasets (Supplementary Figure S1). The bacterial richness and Shannon diversity index for site 1 (Sheikhupura) were significantly higher than for sites 2 and 3. Evenness in the rhizosphere soil samples from sites 1 and 2 was also higher than in site 3 (Supplementary Table S3).

The dominant taxonomic group retrieved from all three sites were Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, and Firmicutes. The dominant species at all three sites was Proteobacteria, encompassing 24% of the total sequences from site 3, 22% from site 1, and 19% from site 2. Following Proteobacteria, Firmicutes (17%), Actinobacteria (12%), and Chloroflexi (18%) were dominant species in sites 1–3, respectively. Chloroflexi was found to be less abundant phyla at sites 1 and 2 (10 and 7.6%, respectively) than at site 3 (18%). In contrast, Actinobacteria, Acidobacteria, and Firmicutes were more abundant at sites 2 and 3 than at site 1 (Figure 1).



Relative distribution of bacteria in rhizosphere at genus level

A total of 159 genera were identified in the rhizosphere soil of site 3, 131 in site 2, and 146 in site 1. At the genus level, the highest number of shared genera (101) was found between sites 1 and 2. Additionally, 50 genera were unique to site 3, while 27 and 21 genera were unique to sites 1 and 2, respectively (Figure 1D).



Relative abundance of plant growth promoting genera

The total number of sequences retrieved from three different soils (Figure 1F) showed that among the 227 genera identified, 15 were recognized as potential phosphate solubilizers, nitrogen fixers, and Indole-3-Acetic Acid (IAA) producers. Among P solubilizing bacteria, Bacillus was the dominant genus in the rhizosphere soil from Site 3, followed by Promicromonospora and Agromyces. In site 2, Bacillus was found to be the dominant genera, followed by Paenibacillus and Mycobacterium. However, in site 1, both Bacillus and Thiobacillus were the predominant genera (Figure 1E).

For nitrogen-fixing bacteria, the dominant genera in soil from site 3 were Promicromonospora, Ramlibacter, Paenibacillus, and Ensifer. In soils from sites 2 and 1, the dominant nitrogen-fixing genera were Nitrospira, Clostridium, and Bradyrhizobium.

Potential IAA-producing genera identified in the soil from site 3 included Agromyces, Bacillus, Paenibacillus, Promicromonospora, Pseudonocardia, and Mesorhizobium. In site 2, the dominant IAA-producing genera were Bacillus, Paenibacillus, Pseudonocardia, and Streptomyces. In site 1, the dominant genera were Bacillus, Agromyces, Aeromicrobium, and Paenibacillus (Figure 1E). Seven common bacterial genera with potential for IAA production, P solubilization, and nitrogen fixation were identified: Azospirillum, Bacillus, Brevibacillus, Mesorhizobiuiaam, Paenibacillus, Streptomyces, and Sphingomonas.



Bacterial strains

Bacterial strains Acinetobacter sp. strain MR5 (GenBank accession number LT629134; DSMZ accession number 106631) and Pseudomonas sp. strain MR7 (GenBank accession number LT629136; DSMZ accession number 106634), were isolated from rice-growing areas in Punjab, Pakistan, and selected based on their phosphate-solubilizing potential (Rasul et al., 2019). Before applying these bacterial strains in field trials, an in vitro studies were conducted to ensure their efficacy in submerged and natural soil conditions under variable physical conditions.



Microcosm studies for evaluation of PSB in sterilized soil

Acinetobacter sp. MR5 and Pseudomonas sp. MR7 was investigated for P solubilization in sterilized soil at different time intervals under controlled conditions. Acinetobacter sp. MR5 solubilized the maximum available phosphorus (34.45 mg kg−1) while Pseudomonas sp. MR7 showed 22 mg kg−1 available P in soil enriched with TCP and glucose at 60 DPI. Available phosphorus was 12 mg kg−1 at 60 DPI in their respective un-inoculated control treatment (Figure 2A). Phosphatase activity showed by Acinetobacter sp. MR5 and Pseudomonas sp. MR7 was124 μg g−1 and 110 μg g−1, respectively, in soil enriched with TCP and glucose at 60 DPI (Figure 2B). An increase in the population of beneficial bacteria in soil showed bacterial competency, and enhanced soil fertility by increasing essential nutrient availability (N, P, K, etc.). Bacterial count of Acinetobacter sp. MR5 inoculation was found to be maximum (8.86 log10 CFU g−1) after 30 Days Post Inoculation (DPI) in soil supplemented with TCP and glucose, while the bacterial count of Pseudomonas sp. MR7 inoculation was found to be maximum (8.08 log10 CFU g−1) after 60 DPI in the soil was supplemented with TCP and glucose (Figure 2C). Un-inoculated control treatments showed no bacterial growth.

[image: Panel A shows available phosphorus levels; Panel B illustrates phosphatase activity; and Panel C displays logarithmic CFU counts in soil under different treatments with Acinetobacter sp. MR5 and Pseudomonas sp. MR7. Measurements are taken at 15, 30, and 60 DPI, with various treatments including soil, soil with TCP, and soil with TCP plus glucose. Each graph compares the results between treatments and control.]

FIGURE 2
 Soil microcosm to study the effect of Acinetobacter sp. MR5 and Pseudomonas sp. MR7 at 15 DPI, 30 DPI, and 60 DPI on (A) soil available P (B) bacterial phosphatase activity and (C) total bacterial population. Means are an average of three biological replicates and means followed by the same letter differ non-significantly at p = 0.01 according to LSD using 3-way ANOVA.




Optimization of culture conditions using RSM

Response Surface Methodology was used with 20 experimental runs to evaluate the interaction effects of pH, temperature, and inoculum density on phosphate solubilization, in contrast to the conventional “one factor at a time” approach. Eight factorial points, six axial points, and six central point’s made up the experimental configuration based on a CCD. The following equations demonstrated the phosphate solubilization activity of both bacterial strains:

[image: Mathematical equation with multiple variables: MR5.Y equals positive 4.51 minus 0.22 times A minus 0.94 times B plus 0.16 times C minus 0.21 times AB plus 0.022 times AC minus 0.072 times BC minus 0.36 times A squared minus 0.19 times B squared minus 0.33 times C squared.]

[image: Mathematical expression showing a polynomial equation: MR7.Y = +119.29 - 5.09A - 16.94B + 11.6C - 18.63AB + 0.13AC - 0.88BC - 24.64A2 - 9.79B2 - 11.38C2.]

Where the factors A, B, and C are coded, and Y denotes the expected response. According to multiple linear regression, the investigated factors had linear, intrinsic, and quadratic impacts. Each variable’s synergistic and antagonistic effects are indicated by the positive and negative signs, respectively.

The “Lack of Fit F-value” (0.60) with a p-value of 0.71 suggested a non-significant lack of fit for Acinetobacter sp. MR5, but the Model F-value (80.14) indicated significance. The ANOVA findings validated the model’s significance, which also supported the model fit with adjusted R2 (0.99) and projected R2 (0.97). The three variables (temperature, pH, and inoculum size) had very significant interactive effects on P solubilization activity, with all three variables having p-values less than 0.01. Bacterial activity may be decreased by deviations from the optimal conditions (Supplementary Tables S4, S5).

Regarding Pseudomonas sp. MR7, the quadratic source model displayed an insignificant lack of fit (F-value: 3.91), whereas the Model F-value (373.7) indicated relevance. The R2 value (0.99) and expected R2 (0.98) further confirmed the model fit. Key terms in the model were A, B, C, AB, A2, B2, and C2. These were limiting constraints, and even little changes in these parameters could impact the solubility of phosphate by the bacteria.



Response surface plots for solubilization of phosphate

The 3D surface graphs illustrated the interactive effects of different variables for Acinetobacter sp. MR5. Phosphate solubilization increased up to a point when the inoculum size was maintained at an intermediate level while temperature (30–45°C) and pH (6–8) changed. Below that point, a drop was seen. The circular contour plots between pH and temperature demonstrated a substantial interaction impact on phosphate solubilization. The effects of inoculum size and temperature were statistically significant when pH was maintained at an intermediate level with varying inoculum size (0.5–0.7) and temperature. Furthermore, there were notable interactions between pH and inoculum size. At pH 7, phosphate solubilization reached 160 μg L−1 with 0.6 g L−1 inoculum, increasing with inoculum size (up to 0.68) and optimal temperature (Figure 3).

[image: Six 3D surface plots illustrate the effects of different variables on phosphate solubilization for Acinetobacter sp. MR5 and Pseudomonas sp. MR7. Plots A, B, C pertain to Acinetobacter, showing relationships with pH, temperature, and inoculum size. Plots D, E, F pertain to Pseudomonas, with similar variables. Color gradients indicate solubilization levels, with axes labeled accordingly.]

FIGURE 3
 The interaction of different variables in response to inoculation of Acinetobacter sp. MR5 and Pseudomonas sp. MR7 on solubilized phosphate. 3D surface curves were plotted against two independent variables and keeping other variable at their central (0) level. The 3D curves and contour plots from the interactions between variables of the calculated response are (A,D): relative effect of pH and temperature on phosphate solubilization while keeping inoculum concentration at its central level. (B,E) relative effect of temperature and inoculum size on phosphate solubilization while keeping temperature at its central level. (C,F) relative effect of pH and inoculum size on phosphate solubilization while keeping pH at its central level.


In Pseudomonas sp. MR7, phosphate solubilization increased (up to 120 μgL−1) to an ideal point, declining beyond 37.2°C, when the inoculum size was retained at an intermediate level and temperature and pH changed. Significant interaction effects were shown by the contour plots between pH and temperature, which were elliptical. There were notable interactions between inoculum size and pH (6.5–7.5) and substantial effects of temperature and inoculum density. At pH 7, 118 μgL−1 of phosphate solubilization was achieved using an inoculum of 0.6 gL−1 at 25–37.5°C.

Experiments employing the optimized predicted values from RSM were used to confirm the validity of the applied model. Maximum solubilization was achieved near the anticipated values, indicating the model’s suitability for the particular activity (Figure 3).



Growth kinetics of phosphate solubilizing bacteria

When grown under submerged conditions, Acinetobacter sp. MR5 and Pseudomonas sp. MR7 exhibited reduced doubling times (td) with increased inoculum density. Pseudomonas sp. MR7 had a lower generation time (7.8 h) compared to Acinetobacter sp. MR5 (19.6 h). Acinetobacter sp. MR5 showed higher phosphorus solubilization (10.86 mg dL−1) and a higher specific rate of phosphorus solubilization (qp; 1.12 mg g−1 cells h−1) than Pseudomonas sp. MR7 (Figure 4).

[image: Graphical representation comparing the growth, phosphorus solubilization, and pH over time for four bacterial strains: Acinetobacter sp. MR5 with two concentrations (0.022% and 0.038%), and Pseudomonas sp. MR7 with two concentrations (0.008% and 0.014%). Panel (a) shows the natural logarithm of wet cells against time, panel (b) depicts phosphorus solubilization, and panel (c) displays pH changes over time. Each strain is represented by distinct colored lines and symbols.]

FIGURE 4
 Biokinetics to study the phosphate solubilization activity of two Acinetobacter sp. MR5 and Pseudomonas sp. MR7. Effect of inoculum on (A) Specific growth rate. (B) P solubilization (C) effect of inoculum on pH. Acinetobacter sp. MR5 (0.022 and 0.038% inoculum w/v wet cells) and Pseudomonas sp. MR7 (0.008 and 0.014% inoculum w/v wet cells) were used for inoculation in Pikovskaya broth and kept at 36 ± 2°C. The supernatant was collected at different time intervals (4, 12, 18, 22, and 34 h) and plotted against the time for activity. Means are an average of three biological replicates, ± represents standard deviation.




Evaluation of PSB for P uptake and rice yield


Microplot experiment

In a microplot experiment, rice yield parameters were significantly improved by inoculating rice plants with Acinetobacter sp. MR5, Pseudomonas sp. MR7, and their consortia under net house conditions at NIBGE, Faisalabad. In comparison to both 80 and 100% uninoculated controls, the inoculated plants showed higher plant height (134–136 cm), tillers (18.8–19.7), biomass (3.64–3.82 kg/plot), straw yield (2.84–3.0 kg/plot), and grain yield (0.38–0.39 kg/plot). Furthermore, compared to controls (added with 80 and 100% DAP), the phosphorus (P) content of plants increased in those inoculated with MR5 (0.198%), MR7 (0.20%), and the consortium (0.20%) (Supplementary Figure S2).



Multilocational field trials

Inoculating the rice with a consortium comprising MR5 and MR7 improved various plant growth parameters. An increase (11%) in grain yield was observed at Faisalabad, followed by 9% at site 1 and 6% at site 2, compared to the 80% uninoculated control. The highest straw yield increase was 13% at site 1 and 10% at site 3. Overall, the consortium application led to a 4–7% increase in both grain and straw yield compared to the 100% uninoculated control plots. Site 2 recorded the highest grain yield (5,450 kg ha−1) and straw weight (16,795 kg ha−1) with 20% reduced fertilizer application (Table 1).



TABLE 1 Effect of PSB consortia on various yield and soil parameters in multilocation field trials.
[image: Table comparing agricultural data across three sites with different treatments: 80% Control, Inoculated, and 100% Control. Metrics include number of tillers, plant height, grain weight, plant seed P, and soil available P. Sites are Sheikhupura, Gujranwala, and Faisalabad. Data shows variations in growth and phosphorus content across treatments and sites.]

Plant growth parameters were analyzed using PCA and CAT-PCA. The first two components, PC1 and PC2, captured over 82–94% of the total variance. The analysis highlighted significant treatment effects at Sites 1 and 2, with a pronounced effect of PSB inoculation at Sheikhupura soil (S2). PCA indicated that soil and inoculated treatments significantly influenced the majority of the rice growth parameters, showing strong correlations and positive loading on PC1 (Figure 5).

[image: Scatter plots showing principal component analysis (PCA) results. Panel A illustrates data from Sites 1, 2, and 3, differentiating 80% control, inoculated, and 100% control samples. Panel B categorizes data by 80% control, inoculated, and 100% control, identifying samples from Sites 1, 2, and 3. The x-axis represents PC 1 accounting for 68%, and the y-axis represents PC 2 accounting for 14% of the variance.]

FIGURE 5
 Principal component analysis (PCA) showing the response of bacterial inoculation treatments at three different soils: (A) Loaded as soil type (upper panel) and (B) treatments (lower panel) (total variance explained: 82%). T1 = 80% uninoculated control, T2 = 80% PSB inoculated treatments, and T3 = 100% uninoculated control. S1 = Sheikhupura, S2 = Gujranwala, and S3 = Faisalabad.




Effect of bacterial consortium on P contents of rice

The application of the bacterial consortium significantly increased plant P content (Table 1), with a progressive increase as P levels increased from 80 to 100% fertilizer levels. The most significant effect was observed at site 2 (1.23%), followed by sites 1 and 3, with a 20% reduced dose of P fertilizer. Compared to the 80% control, P content increased by 9–13% (0.93–1.23%), and compared to the 100% control, it increased by 4–6% (0.97–1.23%). Soil available-P ranged from 5.21–6.72 mg/kg, with the highest contents at site 2 (6.72 mg/kg), followed by site 3 (6.69 mg kg−1) and Site 1 (6.19 mg kg−1). Overall, soil P availability increased by 9–28% compared to the respective 80% controls (Table 1).




Detection of inoculated-PSB strains from rice rhizosphere

Inoculated PSB strains were detected in rice rhizosphere soil from microplot trials. Root colonization by inoculated phosphate solubilizing bacteria was studied using fluorescent in situ hybridization through FLUOS-labeled green probe EUB338. BOX-PCR and viable counts were observed 60 days after sowing (Figure 6). BOX fingerprinting amplification confirmed that the identities of the re-isolated PSB colonies matched those of pure PSB cultures. Re-isolated PSB was identified by comparing the morphological characteristics and plant growth-promoting attributes (phosphate solubilization, gluconic acid production, IAA production, and siderophores production) to those of the inoculated bacteria. Re-isolated PSB’s strain-specific fingerprints matched those of pure colonies.

[image: Petri dishes labeled with MR5, MR7, showcasing bacterial cultures, with fluorescent microscopy of plant root cells (RC) and bacteria indicated by arrows. A table outlines traits of Acinetobacter sp. MR5 and Pseudomonas sp. MR7, including phosphate solubilization and production of IAA, gluconic acid, and siderophores. Gel electrophoresis image shows DNA bands for MR5 and MR7 alongside a ladder indicating molecular sizes (1500, 1000, and 500 base pairs).]

FIGURE 6
 Re-isolation of inoculated PSB colonies (A). Plate showing re-isolated colonies of MR5 and MR7 (B, C). Confocal Laser Scanning Microscopy of rice roots at 35 days post inoculation of P solubilizing bacteria in the microplot experiment under net house conditions. Control treatments without inoculation (D) and from the PSB inoculation of MR5 (E) and MR7 (F). Plant growth-promoting attributes of re-isolated PSB strains for confirmation of inoculated PSB: P solubilization and IAA production were detected quantitatively by high-performance liquid chromatography (HPLC), gluconic acid production and siderophores production (G). Values are an average of six biological replicates. MR5: Acinetobacter sp.’ MR7 and Pseudomonas sp. The photograph of the gel indicates re-isolated colonies of PSB that are similar morphologically to the inoculated consortium (H).





Discussion

Rice is a highly valued cash crop and holds significant importance as a global staple food. Among rice, the premium quality cylindrical-grained aromatic “Basmati rice” is geographically exclusive to certain districts of India and Pakistan (Dash and Dangar, 2017).

Phosphorus plays an integral role in regulating the metabolism and health of plants but indiscriminate use of phosphate-based chemical fertilizers to meet the plant P requirements in agricultural lands enhanced the residual level of these chemicals in the soil to high solubility and mobility. To the best of our knowledge, a comprehensive study to delineate rice-associated core microbial communities and microbial drivers under diverse field conditions and geographies is completely lacking, as rice microbiome studies are limited to controlled conditions (Wu et al., 2024 Purwestri et al., 2024). To fill this knowledge gap, we explored the microbiome of the field soil to investigate the microbes that already exist or prevail in native soil and then isolate them, optimize the culture conditions for maximum bacterial efficiency in terms of phosphate solubilization, and augment the soil with these bacteria as biofertilizer.

Therefore, we employed a metagenomics technique based on next-generation sequencing to examine the ecology of microorganisms living in their natural habitat, allowing us to connect ecological processes in the environment to specific populations of microorganisms (Urszula, 2022). Understanding the soil microbial community can help in the isolation of soil or site-specific microbes for augmentation in the soil. Unfortunately, the emphasis on deciphering microbial populations from fields and then targeted isolation of required bacterial genera for enhanced nutrient availability of plants is completely missing.

The diversity and distribution of microflora in rice-growing regions differ from those outside this premium zone. This study utilized Illumina sequencing: Performed using the Illumina platform manufactured by (Illumina, Inc., San Diego, CA, USA) of the 16S rRNA gene from rhizospheric soil samples to estimate bacterial diversity at two sites within the rice belt (Sheikhupura and Gujranwala) and one site outside the belt (Faisalabad). Diversity indices, which compare dominance, relative abundance, species richness, and evenness of bacterial species, indicated differences among these sites. Dominant taxonomic groups included Proteobacteria, Acidobacteria, Actinobacteria, Choloflexi, and Firmicutes in all rhizosphere soil samples. Previous studies have also reported the dominance of these groups in the rhizospheric soil of various crops. Proteobacteria were the most abundant, playing a crucial role in nutrient recycling, while Actinobacteria were noted for their importance in nutrient cycling and disease suppression. The study found that bacterial populations in the rice belt were more similar to each other compared to the population at the non-rice belt site.

Previous studies indicated that a 98% relative abundance of Acinetobacter, Enterobacter, and Pseudomonas in leaves and roots of tomato plants (Narsian and Patel, 2009). We detected 15 common genera GpI, Bradyrhizobium, Microvirga, Sphingomonas, Brevundimonas, Pseudomonas, Thiobacillus, Ramlibacter, Syntrophobacter, Bacillus, Hydrogenispora, Sporacetigenium, Turicibacter, Gp6, and Flavobacterium in both compartments. Similarly, Massilia, Flavobacterium, Pseudomonas, and Rathayibacter are found to be a prevalent bacterial genus in the leaves and root zone of Arabidopsis thaliana [45]. In the current study, we observed a higher percentage of unclassified sequences in the rhizosphere. Previous results also indicated that the percentage of unknown taxa was higher in the rhizosphere than in the phyllosphere (Amardip Singh et al., 2012). We targeted the isolation of Pseudomonas, Bacillus, and Acinetobacter belonging to biosafety level 1 for soil/seed inoculation for enhanced growth of Basmati rice. Phosphate solubilizing bacteria Acinetobacter sp. strain MR5 (GenBank accession number LT629134, and DSMZ accession number DSM 106631) and Pseudomonas sp. strain MR7 (GenBank accession number LT629136 and DSMZ accession number DSM 106634) isolated from rice growing area of province Punjab, Pakistan were selected based on their P solubilizing potential.

In soil microcosm with two well-characterized strains Acinetobacter sp. MR 5 and Pseudomonas sp. MR7 is based on their potential to solubilize insoluble phosphate from soil complexes. Soil microcosm studies authenticate the role of PSB in increasing soil available P and evaluate the survival of PSB in soil. These PSB were found to be effective in enhancing available P concentration in soil, indicating their significant P release up to 60 days period. Maximum phosphatase activity was observed in treatment in which soil was amended with TCP and glucose. The addition of TCP and glucose helped the bacteria to proliferate and survive. As described previously, the addition of an insoluble phosphate source significantly increased the total PSB populations and enhanced the plant P uptake as more soluble P would be released into the soil by PSB for plant uptake (CharanaWalpola and Yoon, 2013). No drastic change was observed in the pH of the soil as observed in in vitro broth medium due to the buffering nature of the soil used in the experiment, as Gyaneshwar et al. (2002) reported.

Since an organism’s nutritional and physiological needs are genetically established, it is critical to create an environment that promotes the best possible bacterial activity (Verma et al., 2018). Response Surface Methodology (RSM) provides an alternative methodology to optimize a process by considering the interactions among the factors and giving an estimate of the combined effects of these factors on the final output, which leads to simplification of the optimization process and cheaper cost of production. Using RSM, the critical components’ effects were assessed concurrently for both effective PSB Acinetobacter sp. MR5 and Pseudomonas sp. MR7.

Results indicate that the tested strains can potentially solubilize phosphorus across a wide range of physical parameters. Researchers have suggested varying optimal temperatures for phosphate solubilization, ranging from 25 to 37°C (Shahab and Ahmed, 2008; Fasim et al., 2002; Kang et al., 2002). Our findings indicate that the optimal solubilization activity is shown by Acinetobacter and Pseudomonas species at 25°C and an initial pH of 7. Reduced growth occurs below pH 5 and above pH 8, according to FarhatMB and BejorW (2009), indicating that a medium pH of 5–7 is appropriate for solubilization. After optimizing these culture conditions, we used them to re-optimize maximum inoculum production within 36 h. Large-scale inoculum production is essential for field application. The right inoculum size is essential because high density can deplete nutrients or substrate due to excessive biomass synthesis, while low density can result in insufficient biomass and decreased product development (Sharma et al., 2008).

Using TCP as a P source, the in vitro biokinetics of two PSB strains, Acinetobacter sp. MR5 and Pseudomonas sp. MR7 showed that the maximum solubilization happened at 0.038 percent and 0.008% inoculum density, respectively. The Pseudomonas sp. MR7 strain grew faster due to its shorter doubling time (td), which was 7.8 h. The growth rate of MR5 was lower and it took 19.6 h to double its cells quantity. The rate of P solubilization by MR7 was slowed down by increasing the inoculum density, and at 0.008% (w/v) inoculum level, qp was more than 0.014%. Contrary to this, bacterial strain MR5 showed higher P solubilization at 0.038% inoculum level, the highest among the used inoculum concentrations. The biokinetics study assisted in minimizing the production period of PSB strains, lowering the expense of producing large amounts of inoculum in a short period.

In the current study, evaluation of these strains in microplots showed the effectiveness of optimized inoculum as indicated by a percent increase in plant growth parameters, that is, plant height number of tillers, total biomass, straw yield grain yield, and plant P in plants inoculated with a consortium of these PSB as compared uninoculated controls of 100 and 80% of the recommended dose of chemical P. Suleman et al. (2018) reported the injection of PSB on wheat plant resulted in an increase of 26% in grain yield and 15% in plant P. The optimum soil temperature reported for root development in rice is 25°C (Arai-Sanoh et al., 2010), the same temperature where our bacteria showed maximum P-solubilization activity. This encourages the use of these bacteria as rice inoculum in Pakistani soils. Furthermore, P solubilization activity in diverse conditions (pH and temperature) leads to the conclusion that these bacteria can also be effective for other crops.

The present study has demonstrated that the consortium of PSB is more effective for promoting growth, yield, and plant P uptake than single strain inoculum even with 20% reduced application of P-based chemical fertilizer.

Moreover, evaluation of the PSB consortium across multiple rice-growing sites under various field conditions demonstrated increases in grain yield, straw yield, and plant phosphorus uptake compared to un-inoculated controls. The majority of previous studies evaluated PSB in pot experiments, but few have assessed their impact on plant phosphorus content and yield in field conditions. In this study, selected strains enhanced plant phosphorus content by 13–21% and soil available P by 9–28% in natural environmental conditions. The PCA and CAT-PCA analysis revealed soil-specific responses to bacterial inoculation. This study additionally confirmed the inoculation strains using the gcd gene and other characteristics. Viable cell counts, BOX-PCR, and FISH confirmed the competency and significant effects of the PSB consortium on increasing plant P, soil available P, and grain yield.



Conclusion

This detailed research study validated the effectiveness of rice rhizosphere-associated phosphate solubilizing bacteria under control and natural soil systems. This study highlights the potential of phosphate-solubilizing bacteria in enhancing soil fertility and promoting Basmati rice growth. Utilizing next-generation sequencing to characterize microbial communities, targeted isolation, and optimization of PSB strains such as Acinetobacter sp. MR5 and Pseudomonas sp. MR7 demonstrated significant improvements in soil phosphorus availability and plant yield. Field trials confirmed the efficacy of PSB-based biofertilizers, suggesting a sustainable alternative to chemical fertilizers for rice cultivation.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

MR: Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. MY: Data curation, Formal analysis, Investigation, Software, Validation, Visualization, Writing – review & editing. MS: Conceptualization, Data curation, Writing – review & editing. SH: Formal analysis, Software, Supervision, Visualization, Writing – review & editing. BM: Data curation, Software, Validation, Visualization, Writing – review & editing. MM: Data curation, Investigation, Project administration, Resources, Visualization, Writing – review & editing. TR: Funding acquisition, Investigation, Resources, Validation, Writing – review & editing. MT: Funding acquisition, Investigation, Project administration, Resources, Writing – review & editing. SY: Conceptualization, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The research study was supported by NRPU Higher Education Commission (HEC) Projects 3813 and 14919.



Acknowledgments

We are thankful to Zahid Iqbal Sajid and Muhammad Sarwar for their assistance in net house and field experiments.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1470019/full#supplementary-material



Footnotes

1   https://joey711.github.io/phyloseq/

2   https://www.r-project.org/

3   https://www.ncbi.nlm.nih.gov/bioproject/574892



References
	 Aiba, C., Correa, R. C., and Gottlieb, O. R. (1973). Natural occurrence of Erdtman's dehydrodiisoeugenol. Phytochemistry 12, 1163–1164. doi: 10.1016/0031-9422(73)85034-4
	 Albahri, G., Alyamani, A. A., Badran, A., Hijazi, A., Nasser, M., Maresca, M., et al. (2023). Enhancing essential grains yield for sustainable food security and bio-safe agriculture through latest innovative approaches. Agronomy 13:1709. doi: 10.3390/agronomy13071709
	 Amann, R. I., Ludwig, W., and Schleifer, K. H. (1995). Phylogenetic identification and in situ detection of individual microbial cells without cultivation. Microbiol rev. 59, 143–169. doi: 10.1128/mr.59.1.143-169.1995
	 Amardip Singh, A. S., Poonam, P., and Ghosh, A. K. (2012). Screening and assessment of phosphate solubilising microbes as potential biofertilizer, isolated from selected wetland and rain-fed ecosystem of Bihar. Asian J. Exp. Biol. Sci. 3, 397–406.
	 Arai-Sanoh, Y., Tsutomu, I., Akihiro, O., and Motohiko, K. (2010). Effects of soil temperature on growth and root function in rice. Plant Production Science 13., 235–242.
	 Basheer, A., Zaheer, A., Qaisrani, M. M., Rasul, G., Yasmin, S., and Mirza, M. S. (2016). Development of DNA markers for detection of inoculated bacteria in the rhizosphere of wheat (Triticum aestivum L.). Pak. J. Agric. Sci. 53, 135–142. doi: 10.21162/PAKJAS/16.2324
	 CharanaWalpola, B., and Yoon, M. H. (2013). Phosphate solubilizing bacteria: assessment of their effect on growth promotion and phosphorous uptake of mung bean (Vigna Radiata [L.] R. Wilczek). Chil. J. Agri. Res. 73, 275–281. doi: 10.4067/S0718-58392013000300010
	 Dash, N., and Dangar, T. K. (2017). Perspectives of phosphate solubilizing microbes for plant growth promotion, especially rice: a review. Int. J. Biochem. Res. Rev. 18, 1–16. doi: 10.9734/IJBCRR/2017/34136
	 Ducousso-Détrez, A., Lahrach, Z., Fontaine, J., Lounès-Hadj Sahraoui, A., and Hijri, M. (2024). Cultural techniques capture diverse phosphate-solubilizing bacteria in rock phosphate-enriched habitats. Front. Microbiol. 15:1280848. doi: 10.3389/fmicb.2024.1280848 
	 FarhatMB, F. M., and BejorW, K. R. (2009). Characterization of the mineral phosphate solubilizing activity of Serratia marcescens CTM 50650 isolated from the phosphate mineral of Gafsan. Arch. Microbial. 191, 815–824. doi: 10.1007/s00203-009-0513-8
	 Fasim, F., Ahmed, N., Parsons, R., and Gadd, G. M. (2002). Solubilization of zinc salts by a bacterium isolated from the air environment of a tannery. FEMS Microbiol. Lett. 213, 1–6. doi: 10.1111/j.1574-6968.2002.tb11277.x 
	 Finkel, O. M., Castrillo, G., Herrera Paredes, S., Salas González, I., and Dangl, J. L. (2017). Understanding and exploiting plant beneficial microbes. Curr. Opin. Plant Biol. 38, 155–163. doi: 10.1016/j.pbi.2017.04.018 
	 Glick, B. R. (1995). The enhancement of plant growth by free living bacteria. Can. J. Microbiol. 4, 1109–1114.
	 Gyaneshwar, P., Naresh Kumar, G., Parekh, L. J., and Poole, P. S. (2002). Role of soil microorganisms in improving P nutrition of plants. Plant Soil 245, 83–93. doi: 10.1023/A:1020663916259
	 Jeffries, T. C., Rayu, S., Nielsen, U. N., Lai, K., Ijaz, A., Nazaries, L., et al. (2018). Metagenomic functional potential predicts degradation rates of a model organophosphorus xenobiotic in pesticide contaminated soils. Front. Microbiol. 9:147. doi: 10.3389/fmicb.2018.00147 
	 Kang, S. C., Hat, C. G., Lee, T. G., and Maheshwari, D. K. (2002). Solubilization of insoluble inorganic phosphates by a soil-inhabiting fungus Fomitopsis sp. PS 102. Curr. Sci. 82, 439–442.
	 Kaur, G., and Sudhakara Reddy, M. (2014). Role of phosphate-solubilizing bacteria in improving the soil fertility and crop productivity in organic farming. Arch. Agron. Soil Sci. 60, 549–564. doi: 10.1080/03650340.2013.817667
	 Mahmud, K., Missaoui, A., Lee, K., Ghimire, B., Presley, H. W., and Makaju, S. (2021). Rhizosphere microbiome manipulation for sustainable crop production. Curr. Plant Biol. 27:100210. doi: 10.1016/j.cpb.2021.100210
	 Malcolm, R. E. (1983). Assessment of phosphatase activity in soils. Soil Biol. Biochem. 15, 403–408. doi: 10.1016/0038-0717(83)90003-2
	 Marghoob, M. U., Rodriguez-Sanchez, A., Imran, A., Mubeen, F., and Hoagland, L. (2022). Diversity and functional traits of indigenous soil microbial flora associated with salinity and heavy metal concentrations in agricultural fields within the Indus Basin region, Pakistan. Front. Microbiol. 13:1020175. doi: 10.3389/fmicb.2022.1020175 
	 McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217.
	 Mitter, E. K., Tosi, M., Obregon, D., Dunfield, K. E., and Germida, J. J. (2021). Rethinking crop nutrition in times of modern microbiology: innovative biofertilizer technologies. Front. Sustain. Food Syst. 5:29. doi: 10.3389/fsufs.2021.606815
	 Murphy, J., and Riley, J. P. (1962). A modified single solution method for the determination of phosphate in natural waters. Anal. Chim. Acta. 27, 31–36. doi: 10.1016/S0003-2670(00)88444-5
	 Narsian, V. T., and Patel, H. H. (2009). Relationship of physicochemical properties of rhizosphere soils with native population of mineral phosphate solubilizing fungi. Indian J. Microbiol. 49, 60–67. doi: 10.1007/s12088-009-0001-5
	 Olsen, S. R. (1954). Estimation of available phosphorus in soils by extraction with sodium bicarbonate. Washington, DC: US Department of Agriculture.
	 Pirt, S. J. (1975). Principles of Microbe and Cell Cultivation : Blackwell Scientific Publications.
	 Purwestri, Y. A., Tri, R. N., Anjar, T. W., Husna, N., Yustina, C. F. S., Alfino, S., et al. (2019). Application of osmoprotectant enhance tolerance to drought stress in rice and trigger changes in root microbial composition. Journal of Plant Biochemistry and Biotechnology. 223, 1–13. 
	 Rasul, M., Yasmin, S., Suleman, M., Zaheer, A., Reitz, T., Tarkka, M. T., et al. (2019). Glucose dehydrogenase gene containing phosphobacteria for biofortification of phosphorus with growth promotion of rice. Microbiol. Res. 223, 1–12. doi: 10.1016/j.micres.2019.03.004 
	 Santos, M. S., Nogueira, M. A., and Hungria, M. (2019). Microbial inoculants: reviewing the past, discussing the present and previewing an outstanding future for the use of beneficial bacteria in agriculture. AMB Express 9, 205–222. doi: 10.1186/s13568-019-0932-0 
	 Schlatter, D. C., Yin, C., Hulbert, S., and Paulitz, T. C. (2020). Core rhizosphere microbiomes of dryland wheat are influenced by location and land use history. AEM 86, e02135–e02119. doi: 10.1128/AEM.02135-19
	 Shahab, S., and Ahmed, N. (2008). Effect of various parameters on the efficiency of zinc phosphate solubilization by indigenous bacterial isolates. Afr. J. Biotechnol. 7, 1543–1549.
	 Sharma, Y., Singh, B., and Upadhyay, S. (2008). Advancements in development and characterization of biodiesel: a review. Fuel 87, 2355–2373. doi: 10.1016/j.fuel.2008.01.014
	 Soltanpour, P., and Workman, S. (1979). Modification of the NH4 HCO3-DTPA soil test to omit carbon black 1. Commun. Soil Sci. Plant Anal. 10, 1411–1420. doi: 10.1080/00103627909366996
	 Somasegaran, P., and Hoben, H. J. (2012). Handbook for rhizobia: Methods in legume-Rhizobium technology. Cham: Springer Science and Business Media.
	 Suleman, M., Yasmin, S., Rasul, M., Yahya, M., Atta, B. M., and Mirza, M. S. (2018). Phosphate solubilizing bacteria with glucose dehydrogenase gene for phosphorus uptake and beneficial effects on wheat. PLoS One 13:e0204408. doi: 10.1371/journal.pone.0204408 
	 Tariq, M., Hameed, S., Malik, K. A., and Hafeez, F. Y. (2007). Plant root associated bacteria for zinc mobilization in rice. Pak. J. Bot. 39, 245–253.
	 Tripura, C., Sashidhar, B., and Podile, A. R. (2007). Ethyl methanesulfonate mutagenesis enhanced mineral phosphate solubization by groundnut-associated Serratia marscenes GPS-5. Curr. Microbiol. 54, 79–84. doi: 10.1007/s00284-005-0334-1
	 Urszula, W. (2022). Soil microbiome study based on DNA extraction: a review. Water 14:3999. doi: 10.3390/w14243999
	 Vassilev, N., Vassileva, M., Martos, V., Garcia Del Moral, L. F., Kowalska, J., Tylkowski, B., et al. (2020). Formulation of microbial inoculants by encapsulation in natural polysaccharides: focus on beneficial properties of carrier additives and derivatives. Front. Plant Sci. 11:270. doi: 10.3389/fpls.2020.00270
	 Vejan, P., Abdullah, R., Khadiran, T., Ismail, S., and Nasrulhaq Boyce, A. (2016). Role of plant growth promoting rhizobacteria in agricultural sustainability—a review. Molecules 21:573. doi: 10.3390/molecules21050573 
	 Verma, P. P., Sharma, P., and Kaur, M. (2018). Optimization of cultural conditions for high production of antifungal activity by fluorescent Pseudomonas sp. against Dematophora Necatrix and Phytophthora cactorum. Int. J. Curr. Microbiol. App. Sci. 7, 2813–2823. doi: 10.20546/ijcmas.2018.701.336
	 Wang, C., Pan, G., Lu, X., and Qi, W. (2023). Phosphorus solubilizing microorganisms: potential promoters of agricultural and environmental engineering. Front. Bioeng. Biotechnol. 11:1181078. doi: 10.3389/fbioe.2023.1181078 
	 Wu, C., Xiaoqin, Z., Yinxiu, L., Xu, T., Yan, L., Tao, S., et al. (2024). Drought Stress Increases the Complexity of the Bacterial Network in the Rhizosphere and Endosphere of Rice (Oryza sativa L.). Agronomy 14:1662.
	 Yahya, M., Rasul, M., Sarwar, Y., Suleman, M., Tariq, M., Hussain, S. Z., et al. (2022). Designing synergistic biostimulants formulation containing autochthonous phosphate-solubilizing Bacteria for sustainable wheat production. Front. Microbiol. 13:889073. doi: 10.3389/fmicb.2022.889073 
	 Yasmin, S., Hafeez, F. Y., Mirza, M. S., Rasul, M., Arshad, H. M., Zubair, M., et al. (2017). Biocontrol of bacterial leaf blight of Rice and profiling of secondary metabolites produced by Rhizospheric Pseudomonasaeruginosa BRp3. Front. Microbiol. 8:1895. doi: 10.3389/fmicb.2017.01895 
	 Zhu, J., Qu, B., and Li, M. (2017). Phosphorus mobilization in the Yeyahu wetland: phosphatase enzyme activities and organic phosphorus fractions in the rhizosphere soils. Int. Biodeterior. Biodegrad. 124, 304–313. doi: 10.1016/j.ibiod.2017.05.010


Copyright
 © 2024 Rasul, Yahya, Suleman, Hakim, Mirza, Mirza, Reitz, Tarkka and Yasmin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 07 January 2025
doi: 10.3389/fmicb.2024.1475485






[image: image2]

Effects of combined inoculation of arbuscular mycorrhizal fungi and plant growth-promoting rhizosphere bacteria on seedling growth and rhizosphere microecology

Wanli Zeng1†, Dan Xiang2†, Xuemei Li1, Qian Gao1, Yudong Chen1, Kunmiao Wang1, Yingying Qian1, Luoping Wang1, Jing Li1, Qili Mi1, Haitao Huang1, Li Xu1, Mingfang Zhao2, Yingzhen Zhang2 and Haiying Xiang1*


1Yunnan Academy of Tobacco Science, Kunming, China

2College of Resources and Environment, Qingdao Agricultural University, Qingdao, China

Edited by
George Newcombe, University of Idaho, United States

Reviewed by
Kailash Chand Kumawat, Sam Higginbottom University of Agriculture, Technology and Sciences, India
 Zhijun Chen, China Agricultural University, China

*Correspondence
 Haiying Xiang, casexhy@126.com

†These authors have contributed equally to this work

Received 04 August 2024
 Accepted 10 December 2024
 Published 07 January 2025

Citation
 Zeng W, Xiang D, Li X, Gao Q, Chen Y, Wang K, Qian Y, Wang L, Li J, Mi Q, Huang H, Xu L, Zhao M, Zhang Y and Xiang H (2025) Effects of combined inoculation of arbuscular mycorrhizal fungi and plant growth-promoting rhizosphere bacteria on seedling growth and rhizosphere microecology. Front. Microbiol. 15:1475485. doi: 10.3389/fmicb.2024.1475485



The effects of rhizosphere microorganisms on plant growth and the associated mechanisms are a focus of current research, but the effects of exogenous combined inoculation with arbuscular mycorrhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGPR) on seedling growth and the associated rhizosphere microecological mechanisms have been little reported. In this study, a greenhouse pot experiment was used to study the effects of single or double inoculation with AM fungi (Funneliformis mosseae) and two PGPR (Bacillus sp., Pseudomonas sp.) on the growth of tobacco seedlings, together with high-throughput sequencing technology to reveal associated rhizosphere microecological mechanisms. All inoculation treatments significantly increased the aboveground dry weight; root dry weight; seedling nitrogen, phosphorus, and potassium uptake; plant height; stem thickness; maximum leaf area; chlorophyll content; total root length, surface area, and volume; and average root diameter. The highest values for these indices were observed in the combined treatment of F. mosseae and Pseudomonas sp. SG29 (A_SG29). Furthermore, the A_SG29 treatment yielded the highest diversity indexes and largest percentages of significantly enriched bacterial taxa, and significantly promoted the colonization of AMF in tobacco roots and Pseudomonas in rhizosphere soil. Differential metabolic-pathway predictions using PICRUSt2 showed that the A_SG29 treatment significantly increased the metabolic pathway richness of tobacco rhizosphere microorganisms, and significantly up-regulated some metabolic pathways that may benefit plant growth. Co-inoculation with F. mosseae and Pseudomonas sp. SG29 promoted tobacco-seedling growth by significantly improving rhizosphere microbial communities' structure and function. In summary, the combined inoculation of AMF and SG29 promotes tobacco seedling growth, optimizes the rhizosphere microbial community's structure and function, and serves as a sustainable microbial co-cultivation method for tobacco seedling production.
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1 Introduction

Arbuscular mycorrhizal fungi (AMFs) are beneficial fungi that form reciprocal symbiotic relationships with the root systems of ~90% of vascular plants worldwide, promoting mineral nutrient uptake, improving plant stress tolerance, and enhancing plant growth. Their strong underground mycelial networks enable host-to-host signaling and mitigate tolerance to stressful environments; these are essential factors in plant growth and development (Del-Saz et al., 2017; Wang et al., 2021). Mycorrhizae formation between AMFs and tobacco roots significantly increases the root volume, root area, total root length, and root vigor of tobacco plants, while improving root morphological structure and plant nutritional status (Jiang et al., 2017). Mycorrhizae also activate nutrient elements around the root system, improve plant nutrient utilization, enhance disease resistance, improve stress tolerance, improve the rhizosphere microenvironment, effectively alleviate stress damage, and increase biomass accumulation (Subhashini, 2016; Naheeda et al., 2021). Moreover, they promote the biosynthesis of aromatic substances in tobacco leaves and improve the balance of sugar, nicotine, and chlorine elements in roasted tobacco leaves; overall, these effects improve tobacco quality (Naheeda et al., 2021; Ravnskov et al., 2019).

Plant growth-promoting rhizobacteria (PGPRs) are rhizosphere bacteria that promote crop nutrient uptake, inhibit pathogenic microorganisms, alleviate abiotic stresses, and secrete phytohormones, which constitute important factors that promote plant growth and maintain soil ecological health (Ahmad et al., 2008; Lugtenberg and Kamilova, 2009; Gao et al., 2022). By fixing nitrogen (N), dissolving phosphorus (P), releasing potassium (K), secreting iron carriers, and producing plant hormones, PGPRs improve soil fertility and the stress resistance and nutrient statuses of tobacco plants, directly or indirectly promoting the growth of those plants (Subhashini, 2016; Liu et al., 2020; He et al., 2022; Shang et al., 2023; Zhang et al., 2024; Jian et al., 2024).

There is increasing evidence that co-inoculation with AMF or PGPR can significantly promote plant growth and yield. For example, double inoculation with AMF and PGPR synergistically promotes the growth of tomato, maize, cereal, pigeon pea, rice, wheat, and other plants (Mathimaran et al., 2020; Sagar et al., 2021; Ji et al., 2022; Baniyaghob et al., 2024). However, antagonistic or neutral effects between AMFs and PGPRs have also been reported (Hidri et al., 2019; Nathalie et al., 2020). These findings suggest that differences among inoculum species, plant species, environmental conditions, and rhizosphere microbial communities lead to distinct AMF–PGPR interactions (John et al., 2020; Cai et al., 2021), highlighting the need for further research. Thus far, few studies have explored the synergistic effects of AMFs and PGPRs on tobacco growth (Mesbah et al., 2021). Nursery seedling establishment is the optimal stage for inoculating plants with beneficial microorganisms; this approach ensures that such microorganisms come into direct contact with the plants' root systems for early establishment of symbiotic relationships (Anith et al., 2015; Angúlo-Castro et al., 2021). The rhizosphere microbiome is a microdomain environment that links the plant and soil; therefore, it also responds to PGPR or AMF inoculation (Chen et al., 2022). The synergistic effects of rhizosphere microbial communities were often neglected in previous studies investigating potential mechanisms related to the effects of AMFs and PGPRs on plant growth.

Therefore, in this study, we examined the effects of co-inoculation of exogenous PGPRs and AMFs on tobacco growth, as well as the mechanism underlying the rhizosphere microbial growth promotion effects. We conducted single or combined inoculations using two PGPRs (Bacillus sp. SG42 and Pseudomonas sp. SG29) and one AMF (Funneliformis mosseae) on tobacco seedling growth. We performed high-throughput sequencing analysis to compare rhizosphere soil bacterial communities among various inoculation treatment conditions. The objective of this study was to provide a theoretical basis and technical support for research and development focused on tobacco composite microbial seedling fertilizers.



2 Materials and methods


2.1 Materials

We used F. mosseae as the AMF inoculant in this study. Regarding the two PGPRs used as inoculants, Pseudomonas sp. SG29 (hereinafter, SG29) exhibits N fixation, P solubilization (organic and inorganic P solubilization indices = 3.43 and 1.93, respectively), K solubilization (K solubilization index = 2.07), indole-3-acetic acid (IAA) production, and acetyl-CoA carboxylase dehydrogenase production. The other PGPR used as an inoculant was Bacillus sp. SG42 (hereinafter, SG42), which exhibits N fixation and P solubilization (organic P solubilization index = 3.83). All tested strains were cultured in our laboratory. The AMF inoculum, consisting of spores and mycelium, was propagated in a medium that comprised a mixture of grass charcoal, peat, vermiculite, in which corn (Zea mays), clover (Trifolium repens), and sorghum (Sorghum bicolor) had been grown for 5.5 months to obtain mature spores. The inoculum density was 2,000 spores per gram of substrate. The preparation of PGPR bacterial suspension is as follows: The strains were inoculated on sterile basic LB liquid medium (35°C, 130 r·Min−1 constant temperature culture) for 12–16 h, centrifuged at 10,000 r·min−1 for 10 min. The bacteria were precipitated and diluted with sterile distilled water to OD600 value to a uniform quantitative concentration (1 × 108 CFU/mL), and 10 ml of bacteria solution was added to each plant. The test plant was tobacco (Nicotiana tabacum L.).

The substrate comprised 60% grass carbon, 20% vermiculite, and 20% perlite (pH 6.11), with an alkali-hydrolyzed N content of 320 mg/kg, total N content of 6.10 g/kg, available P content of 210 mg/kg, available K content of 1,513 mg/kg, and organic matter content of 395 g/kg.



2.2 Experimental design

Six treatments were established: control without inoculation (CK), single inoculation with AMF, single inoculation with SG42, single inoculation with SG29, double inoculation with AMF and SG29 (hereinafter, A_SG29), and double inoculation with AMF and SG42 (hereinafter, A_SG42). Each AMF inoculated plant received 2.5 g of AMF through inoculation (5,000 spores per pot), and all uninoculated plants were treated with the same amount of inocula that had been autoclaved twice at 121°C for 120 min. Each treatment included 100 seedlings, which were grown in a climate chamber at 20–28°C and watered according to dryness and humidity. The plants were grown for 55 days from sowing to harvest.



2.3 Measurement indices and methods
 
2.3.1 Plant biomass and nutrient content

After harvest, we randomly selected 20 tobacco seedlings for determination of agronomic traits, including plant height, stem diameter, maximum leaf length, and maximum leaf width, in accordance with the standards of the State Tobacco Monopoly Bureau of China (YC/T142-2010). Leaf area was calculated as leaf length × leaf width × 0.6345. Chlorophyll content was determined using a Soil Plant Analysis Development (SPAD) instrument. To obtain the dry mass of the aboveground parts and root system, the aboveground plant parts and root system of each seedling were divided, rinsed with tap or distilled water, and patted dry with absorbent paper; they were subsequently oven-dried at 105°C for 30 min and at 70°C until a constant weight was reached. Total N concentration was determined after plant digestion using the Kjeldahl method (Thilakarathna et al., 2019), total P concentration was determined using the vanadium–molybdenum yellow colorimetric method (Zhang et al., 2020), and total K concentration was measured using the flame photometric method (Zhang et al., 2020). Plant N, P, and K content was calculated by multiplying their respective concentrations by the dry weight.



2.3.2 Determination of mycorrhizal colonization rates

At harvest, 10 tobacco seedlings were randomly selected, and root samples were randomly collected from the whole root system of each plant, cut into segments of ~1 cm, stained with trypan blue, and observed under a microscope, as previously described (Phillips and Hayman, 1970). The mycorrhizal colonization rate was calculated using Mycocalc (https://www2.dijon.inrae.fr/mychintec/Mycocalc-prg/download.html).



2.3.3 Root scanning

For root measurements, 10 plants were randomly selected from each treatment. Each plant was removed from its pot; the root system was separated from the aboveground parts and slowly rinsed with running water while collecting any residual roots to ensure maximum root integrity. A scanner (Expression 11000XL, Epson, Nagano, Japan) was used to scan the roots; WinRHIZO software was used to calculate the total root length, total root surface area, total root volume, and root diameter.



2.3.4 MiSeq sequencing

Three rhizosphere soil samples were randomly selected from each treatment for bacterial diversity analysis. Total DNA from the rhizosphere soil of each tobacco seedling was extracted using the FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA), in accordance with the manufacturer's instructions. DNA integrity was detected by 1% agarose gel electrophoresis; DNA concentration and purity were detected using a nucleic acid quantifier (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, USA). The primers 338F (5′-ACTCCTACGGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGGTWTCTAAT-3′) were selected for polymerase chain reaction (PCR) amplification of the V3–V4 region of the 16S rRNA gene of the sample bacteria (Claesson et al., 2009).

Polymerase chain reaction products were detected using 1% agarose gel electrophoresis, purified in accordance with the instructions of the AxyPrepDNA Gel Recovery Kit (Axygen Biosciences, Union City, NJ, USA), and quantified by QuantiFluor-ST (Promega, Madison, WI, USA). Sequencing was performed on the NovaSeq 6000 PE250 platform (Illumina, San Diego, CA, USA) with support from Personalbio (Shanghai, China).




2.4 Data processing and analyses

QIIME2 software was used to call DADA2 algorithms for quality control, denoising, splicing, and chimera removal (Bolyen et al., 2019); a sequence similarity of 97% was used as the threshold for classification of operational taxonomic units (OTUs). Representative OTU sequences were used for bacterial community composition analysis, α- and β-diversity analyses, and bacterial colony function prediction. R software (R Core Team, Vienna, Austria) and other tools were used to perform principal coordinate analysis (PCoA) based on the Bray–Curtis distances of the samples, combined with the Adonis distances. Difference tests were conducted by combining the PCoA results with the Adonis analysis results. Linear discriminant analysis effect size (LEfSe) assessments were performed in R. The Personalbio Genes Cloud platform (https://www.genescloud.cn) was used for analyses of bacterial community composition. Figures were drawn using Circos software. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) software was used for comparisons of bacterial OTU abundance matrices with Kyoto Encyclopedia of Genes and Genomes (KEGG) database entries to obtain functional prediction information for each sample (Langille et al., 2013). The metagenomeSeq package in R was used to detect differential microbe abundances among samples, with a threshold of P < 0.05. KEGG Orthology (KO) IDs associated with metabolism were selected to draw a clustering heatmap in R.

Sequencing data were uploaded to the National Center for Biotechnology Information (NCBI) Sequence Read Archive database (accession nos. PRJNA1066034 and SAMN39477885–SAMN39477902).

For each indicator, means were compared using the analysis of variance method in DPS v7.5 software, followed by Tukey's test to detect significant pairwise differences, with a threshold of P < 0.05.




3 Results


3.1 Tobacco seedling growth and nutrient uptake

Tobacco seedlings in all inoculated treatments exhibited significantly greater aboveground dry weight and root dry weight compared with CK (Figures 1, 2). Double inoculation treatments receiving A_SG29 had the highest aboveground dry weight and root dry weight; these were 135% and 150% higher, respectively, compared with CK and significantly higher than the corresponding weights in other treatments. The aboveground dry weight of the single-inoculation AMF treatment was only 21.91% higher than the weight of CK, whereas the aboveground dry weights of both single and combined PGPR inoculation treatments were at least 114.21% higher than the weight of CK; these results indicated that PGPR treatment had a better growth promotion effect than AMF treatment in terms of aboveground growth. Single inoculation with AMF led to a 69.70% increase in root dry weight compared with CK, which did not significantly differ from the effects of single inoculation with either PGPR strain but was significantly lower than the weight after double inoculation; these results suggested that AMFs have root promotion effects similar to PGPRs, and that the synergistic effects of AMF and PGPR treatments are beneficial to root growth.


[image: Six young plants with roots are placed in a row on a black background. Each plant is labeled with a tag: CR, ARF, S6-si, ARF-S6-si, S6-si, and ARF-S6-si, indicating different treatments or conditions.]
FIGURE 1
 Tobacco seedling growth phenotypes under different treatments.



[image: Bar graphs displaying dry weight measurements. Graph (A) shows shoot dry weight in grams, with six categories: CK, AMF, SG42, A_SG42, SG29, and A_SG29. Graph (B) shows root dry weight in grams for the same categories. Bars are labeled with letters indicating statistical significance, with variance shown by error bars.]
FIGURE 2
 Shoot dry weight (A) and root dry weight (B) of tobacco seedlings in various arbuscular mycorrhizal fungus (AMF) and plant growth-promoting rhizobacterium (PGPR) treatments. Treatment codes are explained in Section 2.2. Different letters indicate significant differences according to Tukey's honestly significant difference test (P < 0.05).


Tobacco seedling nutrient content indices for each inoculation treatment are listed in Table 1. All inoculation treatments significantly increased seedling N, P, and K contents compared with CK; the highest increases (162.5%, 97.32%, and 76.43%, respectively) were observed under double inoculation with A_SG29. Notably, these uptake rates were significantly higher than the rates for all single-inoculation treatments and CK. No significant differences in seedling N, P, or K content were observed between single inoculation with PGPR and double inoculation with PGPR and AMF. All inoculation treatments significantly enhanced the uptake of nitrogen (N), phosphorus (P), and potassium (K) by seedlings, with the double inoculation treatment showing the most significant effects.


TABLE 1 Effects of different treatments on agronomic traits, root growth, and arbuscular mycorrhizal fungus (AMF) root colonization of tobacco seedlings.

[image: A data table comparing the growth characteristics and nutrient content under different treatments: CK, AMF, SG42, A_SG42, SG29, A_SG29. Measurements include plant height, stem diameter, maximum leaf area, SPAD value, root metrics, AM root colonization, and nutrient content (N, P, K). Significant differences are noted with letters, and treatments are detailed in Section 2.2.]



3.2 Agronomic traits of tobacco seedlings

Inoculation with microbial agents significantly improved the agronomic traits of tobacco plants (Table 1). All inoculation treatments significantly increased the stem thickness, maximum leaf area, and chlorophyll content of tobacco seedlings compared with CK. Among all inoculation treatments, the greatest stem thickness, maximum leaf area, and chlorophyll content values were observed in double-inoculation treatments (AMF + SG29), with respective increases of 47.57%, 60.80%, and 33.88%; these values also were significantly greater than the values in all other treatments. All treatments (including single inoculation and mixed inoculation with PGPR) showed significantly better agronomic traits (such as plant height, stem diameter, maximum leaf area, and chlorophyll content) compared to the single inoculation with AMF treatment. This result indicated that PGPR has a more significant effect on improving agronomic traits of tobacco seedlings than AMF. In addition, the mixed inoculation of A_SG42 showed no significant difference in all indicators compared to the single inoculation of SG42, while the indicators of the mixed inoculation of A_SG29 were significantly higher than those of the single inoculation of SG29. This observation suggests that SG29 may exhibit a stronger synergistic interaction with AMF, thereby enhancing its effectiveness.



3.3 Root morphology of tobacco seedlings

Seedling total root length, total surface area, total root volume, and average root diameter were significantly greater in all inoculation treatments than in CK (Table 1 and Figure 3). Treatment A_SG29 showed the greatest increases compared with CK, reaching 77.70%, 75.54%, 122.92%, and 31.82%, respectively; these increases were significantly greater than the increases in all other treatments. The dual inoculation treatments (A_SG29 and A_SG42) exhibited significantly higher indicators compared to any of the single inoculation treatments. In contrast, the three single-inoculated treatments did not demonstrate significant differences in their indices. This suggests that there was no notable difference between the individual effects of AMF and PGPR on root morphology; however, a significant synergistic effect was observed between these two factors.


[image: Six panels show root structures labeled CK, SG42, SG29, AMF, A_SG42, and A_SG29. Each panel displays intricate root patterns with varying density and complexity, highlighting differences in growth.]
FIGURE 3
 Scans of tobacco root systems developed under different treatments.




3.4 AMF colonization of tobacco seedling roots

No mycorrhizal structures were detected in the root systems of tobacco seedlings among the three treatments not inoculated with AMF (Table 1). The mycorrhizal colonization rate of the treatment inoculated with AMF alone was 20.13%; the rates of combined inoculation treatments were significantly higher than the rates of single-inoculation treatments. The mycorrhizal colonization rates of the combined inoculation treatments (A_SG29 and A_SG42) increased by 45.11% and 53.15%, respectively, compared with single-AMF inoculation. These results indicated that combined inoculation with AMF and PGPR significantly enhanced mycorrhizal fungal colonization in the root systems of tobacco seedlings.



3.5 Bacterial α-diversity indices of tobacco seedling rhizosphere soil

The bacterial diversities of tobacco seedling rhizosphere soil samples were analyzed using multiple indices. The observed species index and Chao1 index were used to evaluate species richness; the Shannon and Simpson indices were used to evaluate bacterial community diversity. The observed species, Chao1, Shannon, and Simpson indices were highest in the A_SG29 treatment, indicating that bacterial community richness and diversity were greatest in this treatment (Table 2).


TABLE 2 Tobacco rhizosphere bacteria α-diversity indices under different treatments.

[image: Table showing diversity index values for different groups: CK, AMF, SG42, A_SG42, SG29, A_SG29. Columns include Observed_species, Chao1, Simpson, and Shannon indices, with values presented as means ± standard deviations. Different letters indicate significant differences (P < 0.05).]



3.6 Bacterial β-diversity indices of tobacco seedling rhizosphere soil

To clarify the extent of variation in bacterial community species composition among treatments, we performed PCoA to compare the β-diversities of rhizosphere soil bacterial communities among tobacco seedling treatments. The results showed that principal components 1 and 2 (PCo1 and PCo2) explained 37.1% and 20.6% of differences in community structure, respectively; collectively, these components explained 57.7% of such differences (Figure 4). The bacterial community compositions of the double-inoculated treatments (A_SG29 and A_SG42) showed a high degree of similarity, but there were significant differences between the single-inoculation SG29 and SG42 treatments. Furthermore, Adonis analysis revealed significant differences in the β-diversity of bacterial communities in the root systems of tobacco seedlings among treatments (R2 = 0.72213, P < 0.0001). This suggests that the inoculation treatment has significantly modified the community structure of rhizosphere soil microorganisms in tobacco seedlings.


[image: Scatter plot showing Principal Coordinate Analysis (PCoA) of microbiome data with two axes: PCo1 (37.1%) and PCo2 (20.6%). Different colored dots represent different groups: CK, AMF, SG42, A_SG42, SG29, and A_SG29.]
FIGURE 4
 Bray–Curtis distance-based principal coordinates analysis (PCoA) of bacterial communities in tobacco rhizosphere soil under various treatments.




3.7 Bacterial community compositions in tobacco seedling rhizosphere soil

At the phylum level, bacterial community compositions in tobacco seedling rhizosphere soil were similar among treatments, although there were differences in relative abundance (Figure 5). The dominant phyla were Proteobacteria (40.05%), Bacteroidota (14.58%), Firmicutes (13.52%), Acidobacteriota (7.25%), Actinobacteriota (5.74%), Gemmatimonadota (4.55%), Myxococcota (3.06%), Patescibacteria (3.02%), Chloroflexi (2.46%), Verrucomicrobiota (2.12%), and others (3.66%). Proteobacteria abundances in the A_SG29, SG29, and A_SG42 treatments were 47.56%, 46.42%, and 47.64%, respectively; these were significantly higher than abundances in the CK (33.42%), AMF (36%), and SG42 (29.23%) treatments. In contrast, Firmicutes abundances were significantly higher in the SG42 (32.45%), AMF (23.36%), and CK (23.15%) treatments than in the A_SG29 (0.76%), SG29 (0.63%), and A_SG42 (0.76%) treatments. The dominant bacterial genera in tobacco seedling rhizosphere soil were Devosia (3.26%), Terrimonas (2.32%), Gemmatimonas (2.16%), Dokdonella (2.15%), SWB02 (2.11%), Clostridia (UCG-014; 1.85%), Lactobacillus (1.77%), Muribaculaceae (1.67%), Flavobacterium (1.51%), and BIrii41 (1.50%). Among these, Gemmatimonas and Dokdonella had significantly higher relative abundances in all treatments inoculated with PGPR (A_SG29, SG29, A_SG42, and SG42) than in the CK and AMF treatments. The above results indicate that the dual inoculation treatment significantly increased the relative abundance of dominant species in the rhizosphere soil of tobacco seedlings.


[image: Two circular diagrams labeled A and B display the relationships between bacterial taxa and samples. Both diagrams use colorful sections and connecting lines to represent data associations. Diagram A shows connections among various bacterial groups, labeled with names like Firmicutes and Bacteroidota. Diagram B depicts a similar pattern, with additional labels such as Lactobacillus and Flavobacterium. Samples are labeled around the circle's perimeter.]
FIGURE 5
 Distributions and abundances of the top 10 taxa in each sample at the phylum (A) and genus (B) levels under different treatments.




3.8 Differential bacterial taxa in tobacco seedling rhizosphere soil

Linear discriminant analysis effect size assessments were conducted to identify significantly different bacterial populations in tobacco seedling rhizosphere soil among treatments. Branching evolutionary diagrams revealed the presence of 100 significantly different bacterial taxa among the six groups. Of these taxa, 41, 19, and 16 were enriched in treatments SG29, A_SG29, and A_SG42, respectively; these values comprised significantly more taxa than were detected in the SG42 (9), AMF (8), and CK (7) treatments. This result suggested that treatments SG29, A_SG29, and A_SG42 experienced more pronounced changes in microbial community structure than the remaining treatments. At the gate level, the main taxon enriched by single inoculation with SG42 was Firmicutes, whereas the taxa most enriched by single inoculation with SG29 were Actinobacteriota, Gemmatimonadota, and Patescibacteria; taxa enriched by double inoculation of A_SG42 were Acidobacteriota, Chloroflexi, and Planctomycetota. Taxa enriched in the double-inoculation A_SG29 treatment included Proteobacteria and Myxococcota, whereas the CK and AMF treatments did not show significantly enriched taxa at the gate level (Figure 6). At the gate level for Proteobacteria, taxa enriched by treatments A_SG29 and A_SG42 were clearly differentiated: A_SG29 was enriched in Gammaproteobacteria, whereas A_SG42 was enriched in Alphaproteobacteria. The data presented in Figure 6 indicate a significant enrichment of the taxon associated with strain SG29 (Pseudomonas sp.) in the A_SG29 treatment group. Furthermore, as shown in Supplementary Figure 1, the relative abundance of “Pseudomonas” at the genus level was markedly higher in samples treated with SG29 compared to other treatment groups. This effect was particularly pronounced in the treatment group where AMF were co-inoculated with SG29, resulting in the highest observed relative abundance of “Pseudomonas.”. Similarly, the relative abundance of “Bacillus”—the genus associated with strain SG42—was significantly elevated in samples treated with SG42 compared to the control group (CK) and the group inoculated with AMF alone. Notably, the co-inoculation of AMF and SG42 yielded the maximum relative abundance of “Bacillus.”


[image: Phylogenetic tree diagram illustrating taxonomic relationships among various taxa, color-coded into groups: CK, ANF, BSCp, SC1CK, ANFSCp, and BSCpXNF. Each color segment represents distinct taxa classifications, with a legend on the right detailing each group's taxa. The groups are visually differentiated by colors, helping identify specific relationships.]
FIGURE 6
 Cladograms indicating differences in taxa between treatments, generated through linear discriminant analysis (LDA) effect size (LEfSe) assessments using a significance threshold of 3.49. Red box indicates the group to which Pseudomonas sp. SG29 belongs.




3.9 Predictive analysis of microbial metabolic functions

The metabolic functions of bacterial 16S rRNA gene sequences were predicted using PICRUSt based on KEGG database annotation. The abundance data for existing metabolic pathways were analyzed; differences in metabolic function among treatments were examined through pairwise comparisons of sample groups using the metagenomeSeq package in R. Metabolism-associated KOs were selected to create a clustering heatmap in R (Figure 7). The level 1–3 metabolic pathways corresponding to each KO number are listed in Supplementary Table 1. The six treatments were clustered into two classes: A_SG29, SG29, and A_SG42 were in one class, whereas SG42, CK, and AMF were in the other class. In total, 79 differential metabolic pathways were identified for the six treatments (P < 0.05). Compared with CK, 55 metabolic pathways in 10 classes of level 2 metabolic pathways were upregulated in treatments A_SG29, SG29, and A_SG42; 24 metabolic pathways in nine classes of level 2 metabolic pathways were downregulated in these three treatments. Additionally, seven terpenoid and polyketide metabolism pathways were upregulated and two such pathways were downregulated in treatments A_SG29, SG29, and A_SG42. All six secondary metabolite biosynthesis pathways were upregulated, including the flavonoid (ko00941) and isoflavonoid (ko00943) biosynthesis pathways. Furthermore, 13 xenobiotic biodegradation and metabolism pathways involved in the degradation of various organic substances were upregulated, whereas only three such pathways were downregulated. These results indicated that more functional genes in treatments A_SG29, SG29, and A_SG42 could utilize different carbon sources, and microbial metabolism was more active. Finally, the tryptophan metabolism pathway (ko00380) was significantly upregulated in the A_SG29 and A_SG42 treatments.


[image: Heatmap depicting gene expression data with samples labeled at the bottom and color-coded from red (high) to blue (low). The right side lists metabolic pathways, including xenobiotics, amino acids, lipids, carbohydrates, and energy metabolism.]
FIGURE 7
 (Left) Abundance heatmap of Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) metabolic pathways in different treatments. (Right) Secondary metabolism pathways corresponding to KO numbers.





4 Discussion

Mycorrhizal colonization rates are important indicators that can be used to evaluate whether AMFs have established a symbiotic relationship with plants (Terlizzi et al., 2022). Higher mycorrhizal colonization rates are generally presumed to indicate more pronounced improvements in plant growth and stress tolerance (Zhang et al., 2018; Xiang et al., 2023). Previous studies have shown that combined inoculation with PGPR and AMF significantly promotes AMF colonization of plant root systems and increases AMF colonization rates (Barea et al., 2005; Pivato et al., 2009; Kim et al., 2010; Kumar et al., 2012). For example, Pseudomonas fluorescens sp. C7R12 promoted the colonization of Glomus mosseae sp. BEG12 in an alfalfa (Medicago truncatula) root system (Pivato et al., 2009). In another study, seven P. fluorescens soil isolates with PGPR traits were isolated; all seven isolates enhanced the colonization of sorghum root systems by Glomus fasciculatum and Glomus aggregatum (Kumar et al., 2012). However, there have been some conflicting reports. In one study, combined inoculation with a Bacillus PGPR and an AMF did not significantly affect AMF colonization rates in a goatgrass root system compared with single inoculation involving AMF (Yu et al., 2022). In contrast, another study revealed that peas (Pisum sativum) inoculated with both Bacillus sp. and G. mosseae showed significantly lower root mycorrhizal colonization rates than peas inoculated with G. mosseae alone; antagonism was detected between G. mosseae and Bacillus sp. (Bethlenfalvay et al., 1997). These findings suggest that there are large differences in effects among AMFs and PGPRs, as well as differences among host plants. Further studies are required to elucidate the effects of various combinations of specific microorganisms and host plants, enabling the selection of optimal combinations for crop growth and yield improvement. In the present study, two combined inoculation treatments (A_SG29 and A_SG42) increased the mycorrhizal colonization of tobacco roots by 53.15% and 45.11%, respectively, compared with single inoculation involving an AMF. These results indicated that combined inoculation with AMFs and PGPRs could significantly increase mycorrhizal fungal colonization in the root systems of tobacco seedlings. Both PGPR bacteria, Pseudomonas sp. SG29 and Bacillus sp. SG42, showed clear synergistic effects with AMFs. Predictive analysis of metabolic functions showed that the flavonoid and isoflavonoid biosynthesis pathways were significantly upregulated in rhizosphere soil sampled from both treatments that had been inoculated with mixtures of PGPRs and an AMF. Previous studies demonstrated that inoculation with PGPRs could promote flavonoid accumulation in basil and lettuce plants (Jung and Kim, 2020; Dasgan et al., 2022). Flavonoids can serve as signaling molecules during mycorrhizal formation and exhibit significant positive correlations with AMF colonization of plant roots (Smith and Read, 2008; Al-Ghamdi and Jais, 2013); such correlations likely represent an important mechanism by which both SG29 and SG42 increase AMF colonization rates in tobacco root systems.

AMFs and PGPRs are important components of the soil microbiota; single inoculation and co-inoculation treatments involving these microorganisms have demonstrated significant growth-promoting effects in plants (Mathimaran et al., 2020; Sagar et al., 2021; Cai et al., 2021; Ji et al., 2022; Baniyaghob et al., 2024). Similarly, our results showed that aboveground dry weight; root dry weight; plant height; stem diameter; maximum leaf area; chlorophyll content; total root length; total root surface area; total root volume; average root diameter; and the N, P, and K uptakes of tobacco seedlings were significantly increased in all inoculation treatments compared with CK. Thus, the AMF and both PGPRs showed clear growth promotion effects on tobacco seedlings; both PGPRs exhibited stronger effects, perhaps because these two strains actively promote nutrient uptake through IAA production and increases in acetyl-CoA carboxylase deaminase activity, ferric support, N fixation rates, P solubilization, and other functions. Chlorophyll synthesis and photosynthesis are enhanced through the promotion of nutrient uptake by plants (Siddiqui, 2006; Ahmad et al., 2008), as well as the absorption and transport of nutrients in leaves; these changes have additional enhancing effects on plant growth. Additionally, nearly all indices were higher in the combined inoculation treatments than in their corresponding single-inoculation treatments, the highest index values were observed in the combined F. mosseae + Pseudomonas sp. SG29 treatment, suggesting that although synergism between the AMF and either PGPR achieved beneficial effects, this effect was stronger between the AMF and SG29. Numerous studies have shown that Pseudomonas species are companion bacteria to AMFs (Hildebrandt et al., 2002; Roesti et al., 2005; Toljander et al., 2006), and some studies have revealed their synergistic effects (Kumar et al., 2012; Mathimaran et al., 2020; Chen et al., 2023). Although Bacillus is also a common semi-companion of AMF root systems, interactions substantially differ among microbial strains (Cai et al., 2021); some studies have demonstrated neutral or antagonistic interactions between Bacillus species and AMFs (Bethlenfalvay et al., 1997; Yu et al., 2022). These findings suggest that synergistic effects between Pseudomonas spp. and AMFs are stronger than synergistic effects involving Bacillus spp. Under our experimental conditions, inoculation with Pseudomonas sp. SG29 + F. mosseae had a significantly greater synergistic effect on tobacco growth promotion than co-inoculation with the Bacillus strain. This result is consistent with the findings of a recent study, in which double inoculation with a Pseudomonas strain and AMF had a significantly greater effect on rice biomass and plant N, P, and K uptakes compared with double inoculation involving a Bacillus strain and AMF (Chen et al., 2023).

The diversities and stabilities of rhizosphere microbial communities play important roles in plant growth and ecosystem sustainability (Brussaard et al., 2007). Greater microbial community structural complexity presumably contributes to soil ecosystem maintenance (Kennedy and Smith, 1995). In the present study, rhizosphere bacterial species richness and diversity indices exhibited different degrees of enhancement in seedlings across inoculation treatments; the highest α-diversity indices were detected in the double-inoculation SG29 + AMF treatment, followed by the A_SG42 treatment. β-diversity analysis also showed significant differences in microbial community structure among inoculation treatments. Specifically, LEfSe assessments revealed that the A_SG29 and A_SG42 treatments enriched more bacterial taxa than all other treatments, indicating that double inoculation with AMF and PGPR (particularly SG29 + AMF) significantly improved rhizosphere microbial community structure, which can stabilize the microbial ecosystem and enhance plant stress resistance (Deng et al., 2002).

The addition of bacteria to the plant rhizosphere can alter the rhizosphere microbial community (Thokchom et al., 2017). The present study showed that the inoculation with both SG29 and SG42 significantly enhanced the abundance of their respective taxa in the rhizosphere soil of tobacco seedings. These findings suggest that the two PGPR strains may achieve more effective colonization in the plant rhizosphere. Furthermore, co-inoculation appears to further augment the colonization capacity of PGPR. Despite these encouraging results, the lack of specific markers for the strains and the inherent methodological differences between high-throughput sequencing and plate culture techniques hinder a definitive confirmation of successful colonization. Nevertheless, it is clear that inoculation with these PGPR strains significantly increased the species abundance of their associated taxa. Additionally, LEfSe assessment demonstrated significant enrichment of taxa including Pseudomonas sp. SG29 in the double-inoculation A_SG29 treatment, implying that co-inoculation with AMF promoted its colonization in the tobacco seedling rhizosphere. This result is consistent with previous findings that AMF mycelial expansion and secretions in soil promoted root perimeter colonization by soil bacteria (Artursson et al., 2006). The A_SG29 treatment primarily enriched the taxon Proteobacteria, which has been identified as a key component of the “soil core microbiota” (Sun et al., 2024; Du et al., 2023). Members of this phylum possess the ability to catabolize both simple and complex carbohydrates, as well as aromatic compounds, and they harbor genes involved in critical biogeochemical processes, including carbon, nitrogen, phosphorus, and sulfur cycling within the maize rhizosphere (Li et al., 2014). Furthermore, a metaproteomics study demonstrated that Proteobacteria, along with Actinobacteria, accounted for the majority of bacterial proteins in the rice rhizosphere, underscoring their functional significance in rhizosphere ecosystems (Wang et al., 2010). Given its pivotal role in maintaining soil microecological health, Proteobacteria represents an essential component of the rhizosphere microbiome. The increased enrichment of this taxon in the A_SG29 treatment likely contributed to enhanced rhizosphere microbial functional diversity, highlighting the potential benefits of combined inoculation strategies. Differential metabolic pathway prediction by PICRUSt2 demonstrated that significantly more metabolic pathways were upregulated (55) than downregulated (24) in treatments A_SG29, SG29, and A_SG42 compared with CK, suggesting that these metabolic pathways are enriched in tobacco rhizosphere microorganisms exposed to these treatments. Among the xenobiotic biodegradation and metabolism pathways, 13 third-order pathways representing the degradation of various organic substances were upregulated, whereas only three such metabolic pathways were downregulated. The upregulated metabolic pathways were related to the degradation of toluene, styrene, benzoate, chlorocyclohexane, chlorobenzene, aminobenzoate, ethylbenzene, fluorobenzoate, nitrotoluene atrazine, and polycyclic aromatic hydrocarbon; such toxic organic substances are difficult to degrade in soil. This result indicates that the functional gene expression levels in microorganisms that use different carbon sources were increased in the A_SG29, SG29, and A_SG42 treatments; their metabolic functions were more active. However, these treatments also improved the toxicity resistance effects of the rhizosphere microbiome. Additionally, the A_SG29, SG29, and A_SG42 treatments upregulated seven terpenoid and polyketide metabolism pathways, while only downregulating two such pathways. Terpenoid metabolism is closely related to disease and stress resistance in plants (Li et al., 2017); therefore, this finding indirectly indicated that combined inoculation of AMF and PGPR and single inoculation of SG29 improved the disease and stress resistance capacities of tobacco seedlings. Furthermore, the tryptophan metabolism pathway (ko00380) was significantly upregulated in both double-inoculation treatments (A_SG29 and A_SG42). IAA is a metabolite of tryptophan; 82% of promastigotes (i.e., PGPRs) in rhizosphere soils utilize tryptophan or its intermediates to synthesize substances regulating plant growth and development (e.g., IAA, cytokinins, and gibberellins) and to stimulate the overgrowth of plant lateral roots and root hairs, thereby increasing the uptake of minerals, nutrients, and water necessary for plant growth (Gray and Smith, 2005; Tabassum et al., 2017; Fadiji et al., 2021). Significant upregulation of the tryptophan metabolism pathway may also be an important mechanism by which combined inoculation promotes tobacco growth. Because PICRUSt analysis only provides preliminary predictions of the functions of rhizosphere bacteria, further metabolomic studies are warranted.



5 Conclusions

This study demonstrated that all inoculation treatments significantly enhanced various growth parameters and nutrient uptake in tobacco seedlings. Specifically, the treatments increased aboveground dry weight, root dry weight, nitrogen (N), phosphorus (P), and potassium (K) uptake, plant height, stem thickness, maximum leaf area, chlorophyll content, total root length, total root surface area, total root volume, and mean root diameter. Among them, the double inoculation A_SG29 treatment showed the best results in all indicators. This indicated that both AMF fungi and both PGPR bacteria had significant growth promotion effects on tobacco seedlings, while the co-inoculation of F. mosseae and Pseudomonas sp. SG29 showed optimal synergistic effects in promoting the growth and improving the agronomic traits of tobacco seedlings. Furthermore, the high-throughput sequencing results indicated that the A_SG29 treatment yielded the highest diversity indexes and largest percentages of significantly enriched bacterial taxa. Further analysis of metabolic pathways using PICRUSt2 predicted that the A_SG29 treatment significantly increased the metabolic pathway richness of tobacco rhizosphere microorganisms, and significantly up-regulated some metabolic pathways that may benefit plant growth. Overall, our results indicated that co-inoculation with AMF and PGPR, particularly the co-inoculation of F. mosseae and Pseudomonas sp. SG29, promoted tobacco seedling growth by significantly improving rhizosphere microbial community structure and function. However, to fully understand the synergistic effects of the AMF–PGPR–tobacco triad, in-depth histological studies are required.
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Introduction: Exploring the interactions between dark septate endophytes (DSE) in plant roots across diverse heavy metal habitats—considering host plants, site characteristics, and microbial communities—provides insights into the distribution patterns of DSE in metal-rich environments and their mechanisms for developing heavy metal resistance.
Methods: This study collected samples of three common plant species (Phragmites australis, PA, Setaria viridis, SV, and Artemisia annua, AA) and their corresponding soil samples from three heavy metal-contaminated sites: Baiyang Lake, BY, Fengfeng mining area, FF, and Huangdao, HD. Utilizing high-throughput sequencing and physicochemical analysis methods, the biological and abiotic factors affecting DSE colonization and distribution in the roots were investigated.
Results: Twenty-two DSE species were isolated and identified with 11 species found in BY, 8 species in FF, and 11 species in HD. The screening for heavy metal resistance discovered 10 heavy metal-tolerant DSE species. Soil available phosphate, available nitrogen, and Cd contents, as well as the composition of different root fungal communities, influence the resistance and distribution of heavy metal-tolerant DSE. Notably, 12 DSE species, including Paraphoma radicina and Paraphoma chrysanthemicola, were reported for the first time in heavy metal habitats. The colonization rates of DSE in the roots of PA (96%) and AA (76%) were highest in BY, while the highest colonization rate in the roots of SV was observed in HD (94%). Site-specific soil parameters, such as available K, organic contents, Zn, and Cd contents from different sites are the main determinants affecting DSE colonization. Meanwhile, the diversity and richness of other root-associated endophytic fungi, which varied considerably across sites, served as significant biological factors influencing DSE distribution and colonization.
Discussion: The results of this study provide a strong theoretical framework for the effective utilization of DSE fungi to mitigate soil heavy metal pollution.
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1 Introduction

With rapid global industrialization, heavy metal pollution has become a pressing global concern (Zheng et al., 2023). Due to their high toxicity, non-degradability, and accumulation within organisms, heavy metals pose persistent threats to environmental and human health (Duan et al., 2021; Li et al., 2022b). In plants, heavy metals adversely impact cellular and molecular functions by inactivating enzymes, denaturing proteins, disrupting the metabolism of essential molecules, displacing necessary metal ions from biomolecules, and compromising membrane integrity (Yaashikaa et al., 2022). Consequently, effective heavy metal remediation has become a priority in environmental management and sustainable development (Yan et al., 2022). However, physical and chemical remediation approaches are often limited by high costs and inefficiency (Patel et al., 2022). In recent years, phytoremediation has gained attention for its potential to mitigate heavy metal contamination, as plants can accumulate and translocate heavy metals through their root systems. Nonetheless, the reduced nutrient availability and elevated heavy metal concentrations in polluted soils inhibit root growth, limiting the effectiveness of phytoremediation. In this context, dark septate endophytes (DSE) can form mutualistic relationships with plants, enhancing host survival and promoting heavy metal uptake. Additionally, DSE cell walls have the capacity to adsorb heavy metals, further facilitating the remediation process (Jeyakumar et al., 2022).

DSE fungi represent an important group of root-associated symbionts characterized by pigmented septate hyphae and microsclerotia within plant roots (Jumpponen and Trappe, 1998). Studies have shown that DSE are widely distributed across diverse habitats worldwide. To date, 136 genera comprising 196 DSE species have been isolated from the roots of various plants—including Phragmites australis, Oryza granulata, Setaria viridis, and Salvia miltiorrhiza—inhabiting environments with heavy metals, drought, wetlands, salinity, and tropical conditions (Hou et al., 2020; Li et al., 2024; Xu et al., 2023). DSE are particularly prominent in these stress-prone habitats. For example, under high salinity, DSE colonization increases with salt concentration, alleviating host salt stress by raising osmotic pressure and producing trehalose and mannitol. In drought environments, DSE colonization enhance plant drought resistance by boosting antioxidant activity and regulating osmotic balance (Li et al., 2022a; Mateu et al., 2020). These findings underscore the critical role of DSE in supporting plant survival under challenging conditions, such as heavy metal toxicity, salinity, and drought stress.

DSE has demonstrated effectiveness in mitigating heavy metal pollution through various mechanisms. For instance, Su et al. (2021) reported that Falciphora oryzae, a DSE isolated from Oryza granulata, effectively reduces cadmium (Cd) content in rice by employing metal sequestration and chelation systems, thereby promoting plant growth. Similarly, Wang et al. (2023) showed that inoculating maize with DSE reduced Cd solubility and inorganic content, increased plant growth regulator levels, and lowered abscisic acid (ABA) levels, resulting in enhanced growth and reduced Cd toxicity. These studies highlight DSE’s capacity to improve plant growth under metal stress, underscoring its potential role in phytoremediation strategies. However, conclusions derived from controlled inoculation studies may not fully reflect the complexity of plant-fungal mutualisms in natural ecosystems. Our understanding of the distribution patterns and diversity of DSE in natural settings remains limited, which restricts the effective utilization of DSE in environmental applications. In natural environments, DSE distribution often varies according to habitat conditions. For example, Li et al. (2024) reported significant differences in DSE colonization across desert sites with varying properties, suggesting that DSE may exhibit habitat preferences. A comprehensive understanding of these distribution patterns in natural ecosystems remains a key focus of DSE research.

The colonization of DSE is influenced by plant species and soil environments (Hou et al., 2019; Sudová et al., 2020). For the biological factors, Han et al. (2021) assessed the DSE colonization rates in 25 medicinal plants and found a wide range of colonization, from 2.2 to 100%, with Taraxacum mongolicum in the Asteraceae family showing the highest rate (100%). In stressed environments, such as deserts and arid regions, soil factors like pH and organic matter content significantly impact DSE colonization rates across sampling sites (Li et al., 2022b; Zuo et al., 2022). Similarly, in heavy metal-contaminated environments, plant identity and environmental factors shape DSE colonization. For instance, Xu et al. (2023) reported that soil pH and Cd content significantly influenced DSE colonization across various sites, while Becerra et al. (2023) found that DSE colonization in Pb-polluted areas was strongly affected by soil metal concentrations, plant species traits, and plant metal concentrations. The levels of heavy metals and other abiotic factors, such as soil nutrients, significantly influence the colonization of fungi like DSE. As heavy metal concentrations in soil increase, microbial biomass carbon decreases correspondingly. Heavy metals, including Cd, Zn, and Cu, can disrupt cell structure and function, accelerate cell death, and inhibit microbial activity or competitiveness, thereby affecting fungal colonization (Tang et al., 2021). The colonization of DSE in the host relies heavily on effective carbon sources from the soil. Organic carbon serves as the primary carbon source for microbial communities, and the rate of organic matter decomposition plays a crucial role in shaping DSE colonization within the host (Han et al., 2021). Therefore, identifying the key factors influencing DSE colonization is essential to optimize DSE application in phytoremediation efforts.

Beyond plant species, interactions with other members of the endophytic fungal community in the roots, may also influence DSE colonization success. Within the root community, endophytes may exhibit mutualistic or antagonistic interactions (Xu et al., 2020). Fungal communities inhabit diverse ecological niches and engage in complex interactions, competing for nutrients and space with other fungi at both interspecific and intraspecific levels. These interactions involve mechanisms such as competitive growth, antibiotic competition, and direct parasitism of hosts at various life stages. Additionally, some fungal species acquire nutrients by preying on other fungi, insects, nematodes, and their surviving structures. Endophytic fungi like DSE contribute to community formation by fostering synergistic interactions (Piombo et al., 2024; Tao et al., 2023). When DSE successfully colonize host roots, secretions from other root-associated fungi can impact the mutualistic relationship between DSE and the host plant, affecting both colonization intensity and the production of growth regulators like auxin by DSE (Alzarhani et al., 2019). Consequently, investigating the co-occurrence of DSE with other endophytic fungi and their interspecies interactions is crucial for a more comprehensive understanding of DSE distribution and colonization patterns within root communities.

Although previous studies have demonstrated that DSE distribution is influenced by multiple factors, most research has focused on either biological or single abiotic factors (Sudová et al., 2020). To explore the combined influence of multiple factors—including plant species, soil properties, and other endophytes—on DSE colonization and distribution, we conducted a study across three heavy metal-contaminated sites: Baiyang Lake wetland (BY), Fengfeng mining area (FF), and Huangdao coastal industrial district (HD) in Qingdao city (Wang et al., 2024a; Zhang et al., 2024; Zheng et al., 2023). These sites contain stress-tolerant plants—Artemisia annua (AA), Phragmites australis (PA), and Setaria viridis (SV)—that are widely distributed in each location (Nong et al., 2022; Tripathi et al., 2020; Xu et al., 2023). Our investigation focused on the distribution, species diversity, and soil properties associated with DSE across these plant species. High-throughput sequencing was employed to analyze the species composition of the entire root endophyte community, followed by screening isolated DSE for heavy metal resistance. We proposed the following hypotheses: (1) There are significant differences in the colonization and isolation of DSE in various heavy metal areas and among different plants; (2) the soil properties and endophytic fungal communities in different heavy metal sites are the main factors affecting DSE distribution.



2 Materials and methods


2.1 Collection of plant and soil samples

Samples were collected from three locations in northern China in July 2023. Baiyang Lake (BY, 38° 43′ N, 115° 45′ E) is situated near Baoding City, Hebei Province, China. This lake, the largest wetland in northern China with an area of 366 km2, has recently faced threats from eutrophication and cadmium pollution. The Fengfeng mining area (FF, 36° 20’ N, 114° 3′ E) in Handan City, Hebei Province, is a coal and iron ore production site affected by multiple heavy metals, including Cr, Cd, and Cu (Song et al., 2023). The Huangdao coastal industrial site (HD, 35° 46′ N, 119° 54′ E) in Qingdao City, Shandong Province, has experienced significant biodiversity loss and soil contamination from heavy metals and organic pollutants due to oil spills and industrial expansion (Wang et al., 2024a; Zhang et al., 2024; Zheng et al., 2023). The average annual temperature of Baiyang Lake is 12.2°C, the average annual precipitation is 563.9 mm. The average annual temperature of Fengfeng mining site is 15.7°C, the average annual precipitation is 1206.1 mm. The average annual temperature of Huangdao is 13.9°C, the average annual precipitation is 1213.7 mm. The vegetations in all three sites were dominated with artemi-sinin produced Artemisia annua (AA), hyperaccumulator Phragmites australis (PA), and drought resistant and heavy metal tolerant plant, Setaria viridis (SV) (Nong et al., 2022; Tripathi et al., 2020; Xu et al., 2023). At each site, three plots of 500 × 500 m2 were established, with distances of over 5 km between plots. Five replicates of plant and soil samples were collected from a depth of 0–30 cm at each sampling site. The samples were sealed in plastic bags, transported to the laboratory, and immediately stored at −80°C.



2.2 Measurement of soil physiochemical parameters

Soil pH was measured using a pH meter 3,000, following a 1:2.5 (v/w) soil-to-distilled water ratio and allowing the mixture to stand. Soil organic matter (OC) content was determined using the ignition method (Heiri et al., 2001). Available phosphorus (AP) was quantified via the colorimetric method (Zuo et al., 2022), while available potassium (AK) was determined using the sodium tetraphenylborate method (Chen et al., 2023). Available nitrogen (AN) was assessed to determine soil nitrogen availability, using the alkali hydrolysis diffusion method. Total nitrogen (TN) and total phosphorus (TP) contents were analyzed using a Smartchem 200 analyzer (Alliance, France) (Xie et al., 2017). Soil alkaline phosphatase (ALP) activity was measured using a modified Bremner and Tabatabai method (Tarafdar and Marschner, 1994), while urease (URE) activity was determined with a modified Hoffmann and Teicher colorimetric method (Hoffmann and Teicher, 1961). Heavy metal concentrations (Cr, Zn, Cu, Mn, and Cd) in the soil were measured via ICP-MS. For metal quantification, a mixture of 4 mL HNO3, 2 mL HCl, and 2 mL HF was used to decompose 0.3 g of each soil sample (Liu et al., 2018). The concentrations of exchangeable heavy metals (Cr, Zn, Cu, Mn, Cd) in soil were determined using the ICP-MS method. For quantitative metal analysis, 8 mL of MgCl₂ solution was used to extract exchangeable heavy metals from 1 g of each soil sample (He et al., 2024).



2.3 Quantification of fungal colonization

Fresh root segments (0.5 cm) were excised and rinsed with sterile water to remove any external soil particles and impurities. After heat treatment in a 10% (w/v) KOH solution at 100°C for 1 h, the samples were thoroughly rinsed with distilled water until the root segments became translucent. The samples were then stained with a 0.5% (w/v) acid fuchsin solution for 1 min. Following 3 days of decolorization with glyceryl lactate, DSE infection and colonization structures were observed under a light microscope. Fungal colonization within the roots was assessed using the slide technique, with 30 random root segments examined microscopically (Biermann and Linderman, 1981). The DSE colonization rate (%) was calculated as the proportion of root segments colonized by DSE.



2.4 Isolation of root-colonizing DSE

For DSE isolation, three individual plants of each species were selected at each site. From each plant, eighty 0.5-cm long root segments were excised and sterilized in 75% (v/v) ethanol for 1 min, followed by treatment with 2.5% (v/v) sodium hypochlorite for 2 min. The segments were then rinsed three times in sterile distilled water (Li et al., 2022b). Cultures were incubated on potato dextrose agar (PDA) media supplemented with ampicillin (0.1 g/mL) and streptomycin sulfate (0.1 g/mL) at 27°C in the dark for 5–7 days. Colonies exhibiting dark mycelia were transferred to fresh PDA media for microscopic and macroscopic examination (Maadon et al., 2018).



2.5 Molecular identification of DSE

Fresh mycelia (50 mg) of each DSE strain were selected, and DNA was extracted using a DNA kit (Solarbio, China). The reaction system included 1 μL of primer ITS4 (5’-TCCTCCGCTTATTGATATGC-3′), 1 μL of primer ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-3′), 7 μL of genomic DNA, 11 μL of ddH₂O, and 20 μL of 2 × Es Taq Master Mix. PCR amplification was conducted using a Life ECOTM thermal cycler (BIOER, China) with the following protocol: an initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 1 min, primer annealing at 55°C for 1 min, and extension at 72°C for 1 min, concluding with an additional 10-min extension at 72°C. PCR products were then sequenced for analysis. Sequence alignment was performed using MEGA 6.0 software, with BLAST analysis through the National Center for Biotechnology Information (NCBI), and type sequences were selected. A phylogenetic tree was constructed using the maximum likelihood method to identify the taxonomy of the DSE fungi (Tamura et al., 2013; Xie et al., 2017). DNA sequences were submitted to GenBank with accession numbers PP564791, PP564792, PP564793, PP564794, PP564795–PP564810, PP564811, and PP564812. In total, 21 morphologically distinct DSE strains were isolated from 2,160 root segments.



2.6 Diversity of the DSE community

Isolation frequency values (IFs) for each isolated DSE strain were calculated by dividing the occurrence of each strain by the total number of fungi isolated. DSE community diversity was assessed using the Shannon-Wiener index (H) and Simpson index (1 − D) (Li et al., 2022b). The evenness index (J) was used to evaluate the uniformity of DSE distribution:
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where ‘Pi’ is the colonization frequency of each DSE.

[image: Formula showing J equals H divided by the natural logarithm of S.]

where ‘S’ is the total number of DSE strains.



2.7 Heavy metal tolerance of DSE

The screening for heavy metal stress-resistant DSE strains was conducted in vitro, and these strains were selected from 22 DSE strains isolated from plants. The experiment utilized modified Melin-Norkrans medium (MMN) with the following composition: glucose 16.0 g; MgSO4·7H2O 0.15 g; C5H8O7 0.2 g; (NH4)2HPO4 0.25 g; CaCl2 0.05 g; NaCl 0.025 g; vitamin B 100 μg; FeCl3 1.2 mL (1%); H2O 1,000 mL; Phytagel 9 g; and pH 5.5. The heavy metals selected were Cd and Zn. Cd was applied at concentrations of 0 mg L−1 and 40 mg L−1 using a CdCl2·2.5H2O solution, while Zn was tested at concentrations of 0 mg L−1 and 1,450 mg L−1 using a ZnSO4 solution (Zhao et al., 2015).



2.8 Illumina sequencing and bioinformatics analysis

Total genomic DNA was extracted from 5 g root samples of P. australis, S. viridis, and A. annua via the E.Z.N.A.® DNA Kit (Omega Biotek, Norcross, GA, U.S.). The DNA quality was assessed via 1% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc.). The upstream primer ITS1 region (ITS1F/ITS2, 5’-CTTGGTCATTTAGAGGAAGTAA-3′ and 5’-GCTGCGTTCTTCATCGATGC-3′) were designed. PCR amplification was performed via an ABI GeneAmp® 9,700 PCR thermocycler (ABI, CA, USA). The amplification conditions were as follows: 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, followed by a final step of 72°C for 10 min. The PCR products of the duplicate samples were examined via 2% agarose gel electrophoresis. The PCR products were then purified via the AxyPrep DNA Gel Extraction Kit (Axygen) for gel recovery, and quantified via a Quantus™ Fluorometer (Promega, USA). Finally, libraries were constructed via the TruSeq™ DNA Sample Prep Kit. The raw sequencing data were submitted to the NCBI Sequence Read Archive (SRA) database. The accession numbers were PRJNA1140829 (Phragmites australis), PRJNA1140823 (Setaria viridis), and PRJNA1140832 (Artemisia annua).

The raw FASTQ files were demultiplexed and quality-filtered using fastp, and sequences were merged with FLASH (Magoc and Salzberg, 2011) based on specific criteria: sequences with ambiguous bases, an average quality score below 20 bp, or lengths shorter than 50 bp were discarded. High-quality sequences were merged based on overlapping regions between read pairs, with mismatches in primer regions removed prior to downstream processing. Low-frequency nonchimeric sequences and singletons were excluded. The optimized sequences were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold using UPARSE 7.1, selecting the most abundant sequence from each OTU as the representative. OTUs were screened manually to remove chloroplast sequences found across all samples, and OTU classification was carried out using the UNITE fungal ITS database1. Community composition for each sample was analyzed at various taxonomic levels.



2.9 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics 26 (SPSS Inc., Chicago, IL, USA). Differences in soil factors, DSE colonization, community composition, and diversity among plant species and plots were evaluated using one-way analysis of variance (ANOVA). The diversity indices of the 22 isolated DSE were calculated using the vegan and ggplot2 packages in R (version 3.3.1). The relative effects of different sites and plant species on soil factors and colonization were assessed via two-way ANOVA, with mean values compared through Tukey’s honestly significant difference (HSD) test (p < 0.05). Data visualization for soil physicochemical properties and heavy metal contents was performed using Origin 2021 software (Origin Lab, Inc., USA). Correlations between soil physicochemical properties and dominant microorganisms with DSE colonization and isolation frequencies were visualized using the GGally and rstatix packages in R (version 3.3.1) and plotted via the ggpairs package.

Alpha diversity indices (Simpson, Chao1, and Shannon) were calculated with mothur software. Venn diagrams were created using the Venn package in R to visually represent shared and unique OTUs across different sites. Bar plots illustrating the composition of highly abundant species in samples were generated with the barplot package in R (version 3.3.1). Co-occurrence network analysis was conducted using 6 R packages (igraph, psych, Hmisc, vegan, dplyr, and reshape2), and microbial co-occurrence networks were constructed in Gephi (version 0.10) to explore plant-fungi co-occurrence relationships (Barberán et al., 2011). Variance partitioning analysis (VPA) was performed using the lattice, pheatmap, and vegan packages in R (version 3.3.1) for statistical analysis and data visualization, examining the effects of plant species, soil properties, and microbial communities on DSE colonization and isolation. A structural equation model (SEM) was applied to analyze the influence of soil factor content, enzyme activity, and fungal community diversity on DSE colonization and isolation, using AMOS 21.0 software.




3 Results


3.1 DSE colonization status

Hyphae and microsclerotium structures of DSE were observed in the roots of PA, SV, and AA across the three sites (Supplementary Figure S1). The septate hyphae, ranging from brown to dark brown, penetrated both the epidermal and cortical cells of the plant roots (Supplementary Figures S1A–I). Concatenated clusters of microsclerotia were observed filling or colonizing multiple cortical cells (Supplementary Figures S1A–I). DSE colonization rates varied by sampling site and plant species (Supplementary Figure S1J). The highest colonization rates in PA and AA roots occurred at BY, while in SV roots, the highest rate was observed at HD. In both BY and FF, PA roots exhibited the highest DSE colonization rate, whereas in HD, SV roots showed the highest colonization rate.



3.2 DSE species composition and diversity

A total of 84 DSE isolates were obtained and identified through morphological and sequence analysis, representing 16 genera and 22 species (Figure 1C). These were as follows: Edenia gomezpompae (Eg, Figure 2Aa), Exserohilum sp. (Esp., Figure 2Bb), Stagonosporopsis sp. (Ssp., Figure 2Cc), Bipolaris sp., (Bsp., Figure 2Dd), Curvularia buchloes (Cb, Figure 2Ee), Thielavia arenaria (Ta, Figure 2Ff), Epicoccum keratinophilum (Ek, Figure 2Gg), Poaceascoma filiforme (Pf, Figure 2Hh), Curvularia pseudointermedia (Cp, Figure 2Ii), Paraphoma radicina (Pr, Figure 2Jj), Knufia tsunedae (Kt, Figure 2Kk), Zopfiella marina (Zm, Figure 2Ll), Meyerozyma guilliermondii (Mg, Figure 2Mm), Exserohilum pedicellatum (Ep, Figure 2Nn), Halobysothecium carbonneanum (Hc, Figure 2Oo), Zopfiella pilifera (Zp, Figure 2Pp), Towyspora aestuari (Tai, Figure 2Qq), Poaceascoma helicoides (Ph, Figure 2Rr), Cladosporium sp. (Csp., Figure 2Ss), Alternaria sp. (Asp., Figure 2Tt), Paraphoma pye (Pp, Figure 2Uu), Paraphoma chrysanthemicola (Pc, Figure 2Vv). Their colonies on PDA were primarily dark brown or black, with a few being gray (Figure 2). The colony appearance was characterized by a felty or wooly texture, with a few colonies exhibiting wavy margins and radial grooves. Microscopic examination of the DSE isolates revealed predominantly dark brown hypha with distinct septa.
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FIGURE 1
 Proportion of endophytic fungal genera in the roots of three plants across three sampling sites (A,B) and the maximum likelihood tree of DSE (C). (a) Phragmites australis; (b) Setaria viridis; (c) Artemisia annua; (d) Baiyang Lake; (e) Fengfeng mining site; (f) Huangdao; (g) Maximum likelihood tree generated on the basis of the ITS region sequences of the isolated strains and their closest matches. Each scale bar represents a distance equivalent to 5% of the total nucleotide diversity. The sequences reported in this work are highlighted in bold.


[image: A grid of petri dish cultures and microscopic images. The petri dishes in rows A, G, M, and S showcase various fungal growths with different textures and colors, labeled from A to R. Corresponding rows a, g, m, and s display close-up views of hyphal structures marked as "Hy" under a microscope, showing diverse patterns and branching. Each pair, such as A-a or G-g, corresponds to the same fungal species, contrasting macroscopic and microscopic perspectives.]

FIGURE 2
 Twenty-two types of dark septate endophytes (DSE) were isolated from the roots of three plant species. (A–I) DSE isolated from Setaria viridis roots grown on PDA media; (J–R) DSE isolated from Phragmites australis roots grown on PDA media; (S–V) DSE isolated from Artemisia annua roots grown on PDA media; (a–v), Microscopic morphology of these DSE isolates. The arrows indicate the following: Hy, DSE hyphae; S, DSE spores.


The isolation frequencies (IFs) of DSE were analysed on the basis of variations in the sampling sites and host plants (Supplementary Table S1). The results revealed a greater frequency of DSE isolation from BY and HD, with PA and SV showing the highest IFs. Among the sampling sites, Eg, Mg, Pf, and Ph presented the highest IFs in HD, whereas Csp. had the highest frequency in FF. With respect to the host plants, Eg, Ek, and Pf presented the highest IFs from SV; Mg and Ph from PA; and Csp. from AA (Supplementary Table S1 and Figure 1). In PA, Mg was the predominant species, Pf, Ek, and Eg were dominant in SV, AA presented a Csp. as the dominant species. Esp., Ssp., Pr, Hc, Ek, and Kt were exclusive to BY. Csp. was the dominant species in FF, Eg, Mg, Pf, and Ph were dominant in HD, with Zm, Zp, Cp, Tai, Pp, and Pc being exclusive to HD (Figures 1A,B).

Sampling sites and plant species had significant effects on DSE diversity, as assessed by the Shannon-Wiener index, Simpson index, and evenness (Supplementary Table S2). Two-way ANOVA results indicated that DSE diversity index values differed significantly among plant species (Supplementary Table S3). Specifically, in BY and HD, PA had the highest Shannon-Wiener and Simpson indices compared to other plants, whereas in FF, SV exhibited the highest values for these indices. Differences in the evenness index across samples were not significant.



3.3 Soil physiochemical parameter

Soil factors were significantly influenced by site location, whereas plant species and their interactions had no significant effect on most soil parameters (Supplementary Table S4). Heavy metal concentrations varied significantly among sites. Cd and organic carbon (OC) contents were highest in FF, with the trend FF > HD > BY (Figures 3H, 4A). Additionally, Zn, Mn, Cu, and Cr concentrations were significantly higher at HD than at other sites, following the order HD > FF > BY (Figures 3K–N). Soil TN (total nitrogen), TP (total phosphatase), AP (available phosphatase), AN (available nitrogen), and AK (available potassium) contents, as well as ALP (alkaline phosphatase) and URE (urease) activities, were significantly greater at HD than at the other sites (Figures 3A–G). Among the active heavy metal concentrations in soil, exchangeable Zn, Cu, and Mn reached their highest levels in HD, while exchangeable Cd concentrations for AA and SV were highest at the FF and HD sites. For PA, the maximum exchangeable Cd concentration was observed only in HD. The exchangeable Cr concentration followed an overall trend of BY > FF > HD. Correlation analysis with soil factors revealed a significant positive relationship between soil nutrients, enzyme activity, and the activity of four heavy metals, excluding Cr. In contrast, exchangeable Cr exhibited a significant negative correlation with these factors (Supplementary Figure S2). No significant differences in soil pH were observed across sites, with all sites exhibiting slightly alkaline soils (Figure 3I).
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FIGURE 3
 Soil factors contents, and enzyme activities of three plant species across different sampling sites. (a) available phosphorus content; (b) available potassium content; (c) available nitrogen content; (d) total nitrogen content; (e) total phosphorus content; (f) urease activity; (g) alkaline phosphatase activity; (h) organic carbon content; (i) pH. PA, Phragmites australis; SV, Setaria viridis; AA, Artemisia annua; BY, Baiyang Lake; FF, Fengfeng mining site; HD, Haungdao. The differences between the points were analysed by one-way analysis of variance (ANOVA). The error bars represent the standard error (SE). According to the Tukey test, different letters above the error bar indicate significant differences at the p < 0.05 level.


[image: Bar chart series showing various metal contents measured in micrograms per gram across three different samples: PA, SV, AA. Panels (a) through (e) display total contents of calcium, potassium, zinc, copper, and total metals, respectively, while (f) through (j) show exchangeable forms of calcium, potassium, zinc, copper, and total metal bioavailability. The treatments are differentiated by colors: light blue (FY), green (PY), and red (RD). Bars have consistent labels such as "a," "b," indicating statistical significance.]

FIGURE 4
 Soil total heavy metal concentrations and exchangeable heavy metal concentrations of three plant species across different sampling sites. (a) cadmium content; (b) manganese content; (c) zinc content; (d) copper content; (e) total chromium content; (f) exchangeable cadmium content; (g) exchangeable manganese content; (h) exchangeable zinc content; (i) exchangeable copper content; (j) exchangeable total chromium content. PA, Phragmites australis; SV, Setaria viridis; AA, Artemisia annua; BY, Baiyang Lake; FF, Fengfeng mining site; HD, Haungdao. The differences between the points were analysed by one-way analysis of variance (ANOVA). The error bars represent the standard error (SE). According to the Tukey test, different letters above the error bar indicate significant differences at the p < 0.05 level.




3.4 Root-associated fungal community diversity

The species composition, community structure, and diversity of root-associated fungi showed variable patterns across plant species and sites. At the phylum level, Ascomycota and Basidiomycota were the dominant fungal groups. Notably, there was a higher richness of unclassified fungi in FF compared to other samples, and a greater prevalence of unknown fungal strains in AA compared to other plants (Figures 5Ba,Ca). The Venn diagram showed that the number of site-specific OTUs was highest for PA in BY (38 OTUs), SV in HD (104 OTUs), and AA in FF (47 OTUs) (Figures 5Ab,Bb,Cb). At the host plant level, the OTU count was highest in HD for PA, SV, and AA, with 46, 128, and 53 OTUs, respectively, and lowest in FF, with 24, 22, and 37 OTUs, respectively (Figures 6Ab,Bb,Cb). The Shannon index indicated no significant differences in fungal diversity between plants and sites. However, the Chao1 index showed significantly higher fungal community diversity in SV at HD compared to other plants (p < 0.05), with no significant difference between FF and BY (Figure 5Cc). Additionally, fungal community diversity in SV at HD was significantly higher than in other plants (p < 0.05), with no significant differences observed among the other plants across sampling sites (Figure 6Cc).

[image: Panel A, B, and C each contain four graphics analyzing community abundance and diversity indices. Subfigure (a) shows bar graphs of percent abundance by Phylum. Subfigure (b) presents Venn diagrams with accompanying bar graphs for shared features. Subfigure (c) displays box plots of Chao index values, and subfigure (d) presents box plots of Shannon index values, all at OTU level across three conditions: PA, SV, and AA. P-values are indicated above box plots.]

FIGURE 5
 Analysis of fungal diversity, richness, and community composition of three plant species across different sampling sites. (A) Baiyang Lake; (B) Fengfeng mining site; (C) Huangdao. (a) Fungal community composition; (b) Fungal OTUs; (c) Fungal richness; (d) Fungal diversity. PA, Phragmites australis; SV, Setaria viridis; AA, Artemisia annua.


[image: Comparison of microbial communities across three panels (A, B, C) with four visualizations each. (a) Bar charts show the percent of community abundance on phylum level. (b) Venn diagrams display shared and unique elements among BY, FF, and HD groups. (c) Box plots illustrate Chao index of OTU level, with p-values noted. (d) Box plots depict Shannon index of OTU level, indicating diversity, with p-values provided. Different phyla are color-coded.]

FIGURE 6
 Analysis of the fungal diversity, richness, and community composition of different plant species across the three sampling sites. (A) Phragmites australis; (B) Setaria viridis; (C) Artemisia annua. (a) Fungal community composition; (b) Fungal OTUs; (c) Fungal richness; (d) Fungal diversity. BY, Baiyang Lake; FF, Fengfeng mining site; HD, Huangdao.


Co-occurrence network analysis was performed on the observed OTUs to illustrate the general symbiotic model of root fungi across different sampling sites and plant species (Figure 7). The dominant root fungi, primarily from the Ascomycota and Basidiomycota phyla, were present in all three plants. Across all plant species and sampling sites, the networks were largely dominated by positive associations. Networks for PA and AA had fewer nodes but higher modularity, indicating more stable community structures, with PA exhibiting the highest modularity indices (Figures 7A,B). SV formed the largest network among the three plant species, involving the greatest number of taxa but with the lowest modularity. Among the sampling sites, BY formed the largest network, with a greater number of fungal groups. Additionally, FF exhibited the highest modularity index and the highest frequency of positive interactions within the community, along with a higher node count, suggesting a more stable community structure in FF (Figures 7E,F).

[image: Six circular network diagrams labeled (a) to (f) showing fungal community composition. Nodes represent different fungal taxa, colored red for Ascomycota, orange for Basidiomycota, blue for unclassified, and green for Glomeromycota. Links are positive (green) or negative (red). Each diagram includes data on the number of nodes (N), links (L), modularity, percentage compositions, and network positivity or negativity. Diagrams differ slightly in node arrangement and link density, reflecting variations in community structure across datasets. Legends and labeled boxes highlight specific taxa, illustrating community diversity and interactions.]

FIGURE 7
 Co-occurrence network plot analysis of three plant species fungal community structure across different sampling sites. (A),Phragmites australis; (B) Setaria viridis; (C) Artemisia annua; (D) Baiyang Lake; (E) Fengfeng mining site; (F) Huangdao.




3.5 Screening for heavy metal-tolerant DSE

The 22 DSE strains predominantly exhibited brown, dark brown, and grayish-brown colonies in heavy metal tolerance tests on MMN media supplemented with Cd, Zn, or no heavy metal (Supplementary Figure S3). Heavy metal stress affected colony morphology; for example, Esp. and Asp. appeared grayish-white rather than brown, while Ek showed lighter pigmentation and slower growth under Cd stress. Growth diameters were measured to calculate growth rates (Table S5). Under Cd stress, Eg, Ep, Bsp., Cb, Tai, Ph, and Pc displayed significantly higher growth rates, indicating Cd tolerance. Under Zn stress, Asp., Cp, and Pf showed lighter pigmentation and slower growth, while Eg, Esp., Pr, Ep, Cb, and Ta exhibited significantly higher growth rates, suggesting notable Zn tolerance. Notably, Eg, Ep, and Cb displayed good tolerance to both heavy metals.

Among the heavy metal-tolerant DSE, Pc and Pr were detected in the amplicon sequence dataset. Pr was isolated exclusively from BY and the plant PA, while Pc was isolated solely from HD and the plant AA. However, both were detected in plant roots from all three sites through pyrosequencing. The co-occurrence network analysis suggested that Pc’s distribution in BY was negatively affected by unclassified fungi and positively influenced by Colletotrichum. Poaceascoma inhibited Pc in FF, while Didymellaceae promoted it. The presence of Pr in FF was negatively impacted by Lasiosphaeriaceae and positively influenced by Funneliformis sp. In HD, Pr was negatively affected by Gibberella intricans, while Pc promoted Pr presence. In PA, Alternaria negatively affected Pc, while Pr had a positive influence; in SV, Pc was negatively impacted by Preussia terricola, while Chaetomium jodhpurense played a positive role. The presence of Pr in SV was negatively influenced by Acrocalymma vagum and positively influenced by Cladorrhinum bulbillosum. Monosporascus sp. inhibited Pr in AA, while Agrocybe dura promoted Pr in AA roots (Figure 7).

Soil factors associated with heavy metal sites and the top 15 dominant fungal genera identified by sequencing were selected for correlation analysis with DSE colonization and isolation rates across sampling sites. The analysis revealed that soil environment and the Chao1 index of root-associated fungi had varying impacts on the isolation of heavy metal-tolerant DSE (Figure 8 and Supplementary Figure S4). In BY, increased OC and Cr contents correlated with higher IFs of Eg and Ph. In FF, increased AP, AN, OC, and Cd contents were associated with higher IFs of Ta, Eg, Bsp., and Cb, respectively. In HD, increasing AP content was positively correlated with Eg IFs, while TN content was significantly negatively correlated with Pc IFs (Figure 8). Increasing richness of fungi such as Sordariomycetes, Sarocladium, Marasmius, and Sordariales in BY correlated with higher IFs of Esp., Bsp., Pr, and Ph. In FF, increasing richness of Sarocladium, Poaceascoma, Agrocybe, and Alternaria correlated with higher IFs of Ep, Cb, and Ta, respectively. In HD, increased richness of Agrocybe, Sarocladium, Fusarium, and Paraphoma corresponded with higher IFs of Tai, Pc, and Eg (Supplementary Figure S4).

[image: Scatterplot matrix showing pairwise comparisons and distributions of multiple variables. Each cell contains a scatterplot or distribution curve, with correlation coefficients displayed. Diagonal cells show individual variable distributions.]

FIGURE 8
 Pair plots of heavy metal-tolerant DSE isolation frequencies with soil factor contents and heavy metal concentrations. Asterisks indicate statistical significance in ggpairs at * < 0.05; ** < 0.01; and *** < 0.001. A, DSE from Baiyang Lake; B, DSE from the Fengfeng mining site; C, DSE from Huangdao.




3.6 Correlation analysis of DSE colonization and isolation rates

Variance partitioning analysis (VPA) was conducted to quantify the contributions of plant species, sampling sites, and soil variables to DSE colonization and isolation rates (Figure 9). Plant species, sampling sites, and soil variables collectively accounted for 94% of the variation in DSE colonization and 28% of the variation in DSE isolation. For DSE colonization rate, soil variables and sampling sites explained 33.98 and 44.96% of the variation, respectively. For DSE isolation rate, they accounted for 12.31 and 10.23% of the variation, respectively. Different plant species contributed 9.01 and 2.75% to DSE colonization and isolation rates, respectively. These findings indicate that sampling sites and soil environments had a greater impact on DSE colonization and isolation than plant species.

[image: Two Venn diagrams labeled (a) and (b) compare intersections of "soil," "plant," and "site" categories. Diagram (a) shows largest value at "site" with 0.4496, and diagram (b) shows 0.1023 for "site." Residuals are 0.4749 and 0.7323, respectively. Values less than zero are not shown.]

FIGURE 9
 Variation partitioning of DSE colonization and isolation frequencies by plant species, sampling sites, and soil variables. Plant, different plant species; soil, soil variables (including AK, AN, AP, TN, TP, pH, OC, ALP, URE, Cd, and Zn); and sites, different sampling sites. (A), DSE colonization rate; (B), DSE isolation frequency. Values less than 0 are not shown.


Structural equation modeling (SEM) revealed relationships between soil factors, fungal community diversity across different sites, and DSE colonization and isolation rates (Figure 10). In BY, the total DSE colonization rate decreased with increasing Zn concentration and URE activity, while it increased with higher levels of OC, AK, TN, and Shannon index values. The DSE isolation rate in BY increased with rising URE activity but decreased with higher TN content. In FF, total DSE colonization rate positively correlated with increasing Cd concentration, TN, and AK contents, while it decreased with higher OC and TP contents, ALP activity, and Chao1 index values. DSE isolation rate in FF increased with rising Cd and Cu concentrations, ALP activity, and Chao1 index but decreased with higher AK content and Shannon index values, suggesting a positive influence of heavy metal concentrations on DSE distribution in FF. In HD, total DSE colonization rate increased with higher OC and AK contents, Zn concentration, and Chao1 index, while it decreased with rising TP content. The DSE isolation rate in HD increased with higher AK content and URE activity but decreased with higher Cd and Zn concentrations and Simpson index values. Notably, AK content positively influenced DSE colonization across all three sites.

[image: Diagram showing three network models (a, b, c) with nodes and connecting lines. Each model has six sections with color-coded nodes representing variables: pink (AK, OC, TP, URE, TN, ALP), blue (Cd, Zn), green (CR), cyan (Chao1, Shannon, Simpson), and red (IFs). Lines between nodes show relationships, with values indicating connection strength. Each model slightly varies in connection patterns and values.]

FIGURE 10
 A structural equation model was used to determine the causal relationships among the soil factor contents, enzyme activities, fungal community diversity indices and DSE colonization and isolation. (A), Baiyang Lake; (B), Fengfeng mining site; (C), Huangdao. The solid lines and dotted lines indicate positive correlation and negative correlation pathways, respectively. The width of the solid lines represents the magnitude of the causal impact, whereas the numerical values near the arrows represent the standardized path coefficients (***correlation is statistically significant at a significance level of p < 0.001). Cd, soil cadmium content; Zn, soil zinc content; Mn, soil manganese content; Cu, soil copper content; AK, soil available K content; TN, soil total N content; TP, soil total P content; OC, soil organic carbon content; URE, soil urease activity; ALP, soil alkaline phosphatase activity; CR, total colonization rate of DSE; IFs, the isolation rate of DSE; Chao1 index, Fungal richness; Shannon and Simpson indices, Fungal diversity.





4 Discussion


4.1 Colonization and diversity of DSE in heavy metal sites

This study demonstrates that environmental conditions and plant species influence the colonization of DSE in heavy metal-contaminated sites, with environmental factors having a greater impact on DSE distribution. Variation in DSE colonization rates across different heavy metal sites highlights their role as key microbial community members within plant roots in these challenging environments (Berthelot et al., 2016; Likar and Regvar, 2013; Xu et al., 2023; Shadmani et al., 2021). The root structure of different host plants can significantly influence endophytic fungal colonization, as plants adapt to external stresses by regulating nutrient transport through their roots (Hou et al., 2019). Our findings indicate that PA and SV exhibited higher DSE colonization rates, likely due to the strong anoxia tolerance and stress resilience of the PA root system, as well as the effective pollutant removal capacity of SV’s fibrous root system (Wang et al., 2024b; Rezania et al., 2019). Environmental changes impact plant growth, subsequently affecting the distribution and colonization of endophytic fungal communities. The high DSE colonization rates observed in BY and HD may result from a synergistic relationship between DSE and their host plants.

The 22 isolated DSE strains belong to the Ascomycota phylum, primarily within the Pleosporales order, consistent with previous reports of DSE presence in heavy metal-contaminated sites (Ban et al., 2017; Narendrula-Kotha and Nkongolo, 2017; Shadmani et al., 2021). DSE often establish mutualistic relationships with their host plants and are frequently isolated from plant roots in heavy metal environments (Farias et al., 2019; Gucwa-Przepióra et al., 2013). Notably, Ssp., Kt, Hc, and Ek were only found in BY; Ep, Cb, and Ta were specific to FF; and Zm and Zp were unique to HD. These specific distributions may be influenced by local microbial and soil properties affecting host plant and endophyte activities. Soil organic carbon and oxygen partial pressure are critical factors driving endophytic fungal structure and function. Different endophytic fungal traits support successful colonization, such as the ability to interact with host immune systems, produce growth-promoting hormones, and adhere to host substrates (Zuo et al., 2022). These traits can vary with soil elements and the interactions with surrounding endophytic fungi, contributing to the observed differences in DSE diversity and community composition across environments (Philippot et al., 2023).

The DSE fungi identified in this study are distributed across diverse habitats. For example, Eg, Pp, Ta, and Cb have been isolated from desert plants, such as Haloxylon bunge, Corethrodendron scoparium, and Gymnocarpos forss (Li et al., 2024; Zuo et al., 2022). In contrast, Ph, Esp., Asp., Ep, Cb, and Pc have been isolated from plants in heavy metal-contaminated sites, such as P. australis and Astragalus membranaceus Bunge (Xu et al., 2023; Zhang et al., 2013). In this study, 12 of the 22 identified DSE species are reported in heavy metal habitats for the first time. For instance, Eg and Pr, previously identified as DSE in desert environments, showed high drought resistance and promoted plant growth under arid conditions (Li et al., 2024; Li et al., 2022a). Ta, previously observed in arid soils, has demonstrated both heat resistance and the ability to degrade Bisphenol A (Mtibaà et al., 2018). Our findings indicate that these DSE species, in addition to their known stress-resistance properties, possess heavy metal tolerance, underscoring the ecological significance of DSE for plants thriving in heavy metal-stressed environments.



4.2 The effects of soil factors and microbial community on DSE distributions

Our study found that soil organic carbon (OC) and available potassium (AK) were the most significant factors influencing DSE colonization, consistent with previous research (Anand et al., 2023; Chen et al., 2022). Root endophytic fungi, particularly those within the Ascomycota phylum, play an important role in regulating Na-K ion channels and gene expression related to sodium-potassium homeostasis in plants. During symbiosis with the host, these fungi utilize potassium transporters to facilitate the exchange and transport of potassium, effectively mediating soil potassium uptake and enhancing its availability for host plants through close symbiotic networks (Nieves-Cordones et al., 2016; Haro and Benito, 2019). OC serves as the main carbon source for microbial communities, and the rate of organic matter decomposition can influence DSE colonization, the colonization of DSE in the host utilizes soil available C sources to a large extent. The presence of abundant soil TN also contributes to OC content by reducing CO2 emissions, thereby supporting DSE colonization in N-rich environments like BY and HD (Han et al., 2021; Guo et al., 2021; Yuan et al., 2022). This explains the observed positive correlation between DSE colonization and OC content in BY and HD, where nitrogen levels are high.

Heavy metals, such as Zn and Cd, disrupt cellular structures and accelerate cell death, creating stressful conditions for microbial communities. Under heavy metal stress, fungal communities shift from energy-consuming anabolism to energy-releasing catabolism. During this process, the growth of fungal communities is suppressed, leading to a decrease in their numbers, which in turn reduces the diversity of root-associated mycorrhizal fungi in the soil (Tang et al., 2021). This aligns with our findings on DSE distribution in BY and HD. In FF, however, heavy metals appeared to positively influence DSE distribution. This does not suggest that Cd and other metals promote fungal growth; rather, it indicates that stable fungal communities in FF possess strong chelation abilities and metal-binding capacities, allowing them to produce extracellular polymeric substances that mitigate heavy metal stress (Luo et al., 2022). The stability observed in FF’s fungal community network, along with DSE heavy metal resistance screening results, supports this hypothesis.

Interactions among fungal species also play a key role in adapting fungal communities to heavy metal pollution, which in turn affects DSE distribution (Liu et al., 2019; Wang et al., 2019). High-throughput sequencing and correlation analysis revealed that, in addition to soil nutrients, the Shannon and Chao1 indices of root endophytic fungi significantly impacted DSE distribution across all sites. Cooperative and competitive interactions among root endophytic fungi enhance biological control by promoting community diversity. These interactions stimulate fungi to release various compounds, activating plant immunity and creating favorable colonization conditions (Matrood et al., 2020; Tao et al., 2023). Fungi from the Basidiomycota and Ascomycota phyla are primary mediators in decomposing plant material due to their hyphal structures and enzyme diversity, which enable them to acquire abundant nutrients that DSE can utilize for colonization. In cases where DSE cannot rely on decomposition, their high stress tolerance and metabolic diversity allow them to maintain community diversity and effectively compete with fungal other communities in nutrient-limited environments (Sun et al., 2021). At the same time, changes in soil conditions further regulate interactions between DSE and their environment, indirectly influencing DSE activity. Elevated P and K levels, along with increased enzyme activity, enhance the availability of soil N and P, which in turn increase root fungal diversity and richness (Shannon and Chao1 indices) (Borase et al., 2020; Teslya et al., 2024). Higher fungal diversity and richness improves the availability of phosphatase transport proteins, boosting metabolic activity, stress resistance, and resilience, thereby facilitating fungal distribution in heavy metal-contaminated sites (Chen et al., 2022; Yu et al., 2024). Sequencing results showed the highest fungal richness in HD and the lowest in FF. This trend was mirrored in soil N and K content and enzyme activity, which explained the higher DSE distribution in HD compared to the lower distribution in FF.



4.3 Growth and distribution of heavy metal-tolerant DSE

Among the 22 tested DSE strains, 7 demonstrated strong resistance to Cd stress, while 6 exhibited notable tolerance to Zn stress. Under Cd stress, DSE mycelia were primarily grayish-white or grayish-gray, indicating that Cd significantly inhibited melanin production in DSE compared to both normal conditions and Zn stress (Xu et al., 2023). The majority of these heavy metal-resistant DSE strains were isolated from HD and FF, with fewer from BY. Most DSE isolated from FF displayed high resistance to either Cd or Zn. Correlation analysis of DSE colonization and the distribution of heavy metal-resistant DSE suggests that differences in soil nutrients and fungal community composition across sites likely contributed to this pattern. FF’s higher heavy metal content and stable endophytic fungal community allowed DSE to exchange nutrients with neighboring fungi under high heavy metal stress. Through their strong chelation systems and metabolic capabilities, these DSE could absorb and transfer heavy metal elements, achieving high metal resistance while mitigating stress effects (Tao et al., 2023; Luo et al., 2022).

Higher AN content in FF further supported the distribution of heavy metal-resistant DSE by providing a rich energy source, optimizing their growth conditions, and enhancing metabolic activity (Borase et al., 2020; Yu et al., 2024). The higher richness of endophytic fungi and soil AP content also promoted the distribution of heavy metal-resistant DSE in HD. Abundant endophytic fungi not only provided DSE with a competitive advantage in root colonization and life cycle completion but also facilitated increased hydrolysis of insoluble phosphorus in the rhizosphere, enriching soil P content (Bini et al., 2018; Cheng et al., 2022). Enhanced soil P levels support microbial diversity, increase endophytic fungal activity, and improve DSE distribution in heavy metal sites (Teslya et al., 2024; Xing et al., 2023). These factors collectively influenced the distribution and metal resistance development of DSE.

The distribution of Pc and Pr varied across sites and was influenced positively or negatively by interactions with other endophytic fungi. Some of these endophytic fungi had been reported, such as Alternaria, which often acted as a pathogen causing mycotoxin contamination and consequently inflicted damage on the host, as well as exerted antibacterial effects on the microbial community by limiting the colonization and other life activities of other endophytic fungi at the roots (Somma et al., 2019). Conversely, Colletotrichum, although often reported as a pathogen causing anthracnose in various plants, produces bioactive secondary metabolites like sterols, terpenes, and pyrones, which may serve as energy sources for DSE and promote their distribution (Kim and Shim, 2019). Differences in DSE distribution observed in sequencing and isolation experiments support the hypothesis of dynamic interactions among root endophytic fungal communities, highlighting relationships of mutualism and competition (Liu et al., 2019). These interactions are likely key factors influencing DSE colonization and distribution.




5 Conclusion

This study identified environmental characteristics of different plots as the primary abiotic factors influencing DSE colonization and distribution. In the three heavy metal sites studied, DSE showed a clear preference for specific plots, and 22 DSE species were isolated. Sequencing results indicated that the richness, diversity, and structural stability of root-associated fungal communities in different plots significantly affected DSE distribution as biological factors. DSE achieved a significantly higher root colonization rates in HD and BY compared to FF, and more DSE isolates were recovered from the both sites. Therefore, we conclude that fungal community diversity and soil nutrients, including soil organic matters and available K contents, actively influence DSE distribution in heavy metal habitats. The community diversity and soil nutrients promoted DSE colonization in nutrient-rich sites such as HD and BY. Furthermore, high heavy metal pollution assembled endophytic fungal communities with stable structure, and cradled DSE strains with higher resistance against heavy metals. Our research on DSE distribution patterns provides more efficient and valuable insights for the future collection of DSE fungal resources, while the findings establish a robust theoretical foundation for exploring and utilizing DSE fungi to mitigate soil heavy metal contamination.
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Introduction: Native endophytic microorganisms in tobacco seeds are closely related to their resistance to Ralstonia solanacearum (R. solanacearum) infections. However, the role of the native seed core microbiome in the suppression of bacterial wilt disease (BWD) remains underexplored.
Methods: The characteristics of endophytic bacterial communities in both resistant and susceptible tobacco varieties were characterized using high-throughput sequencing technology.
Results: This study found Paenibacillus as a potential microbial antagonist against BWD based on its significantly greater presence in BWD-resistant tobacco varieties, with a relative abundance that was 83.10% greater in the seeds of resistant tobacco than in those of susceptible varieties. Furthermore, a Paenibacillus strain identified as Paenibacillus odorifer 6036-R2A-26 (P. odorifer 26) was isolated from the seeds of the resistant variety. Following irrigation treatment with P. odorifer 26, the BWD index was reduced by 51.08%. Additionally, this strain exhibited significant growth-promoting effects on tobacco. It significantly increased the fresh weight of the tobacco plants by 30.26% in terms of aboveground weight, 37.75% in terms of underground weight, and 33.97% in terms of aboveground dry weight. This study highlights the critical role of Paenibacillus in tobacco seeds in the suppression of BWD, which may result from its antagonistic and growth-promoting properties.
Discussion: The results of this study revealed differences in the structural characteristics of endophytic bacterial communities between resistant and susceptible tobacco varieties, with groups such as Paenibacillus potentially playing significant roles in resisting BWD. These findings highlight the superiority of seed endophytic microorganisms. In the context of declining plant disease resistance and the spread of bacterial wilt, core endophytic microorganisms in seeds may emerge as a viable option for enhancing the productivity of agricultural ecosystems.
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1 Introduction

Endophytic bacteria are an essential component of plant microecological systems (Verma et al., 2021). As microorganisms that colonize the internal tissues or organs of plants, their presence usually does not have a negative effect on the host (Lopez et al., 2012). Numerous studies have revealed beneficial relationships between endophytic bacteria and their hosts (Vandana et al., 2021), such as inhibiting diseases (Ritpitakphong et al., 2016), stimulating plant immune systems and inducing systemic resistance (Van der Ent et al., 2009), helping plants obtain nutrients (Van Der Heijden et al., 2016), increasing resistance to abiotic stresses (Rolli et al., 2015), adapting to environmental changes, and other beneficial effects (Haney et al., 2015).

As storage vessels for beneficial microorganisms (Rahman et al., 2018), plant seeds can increase plant adaptability by improving seed quality and protecting seedlings from pathogen infection (Adam et al., 2018; Johnston-Monje et al., 2016; Shade et al., 2017). Seed endophytic bacteria play roles in promoting plant growth and defending against environmental stress (Khalaf and Raizada, 2016), mainly manifesting as follows: seed endophytic bacteria promote seed germination and maintain plant health by providing benefits to offspring plants through vertical transmission, thus maintaining beneficial connections between multiple generations of plants (Chee-Sanford et al., 2006; Truyens et al., 2015). Moreover, seed-associated microorganisms play important roles in nutrient uptake and reducing abiotic and biotic stresses. Bacteria isolated from plant seeds have functions such as phosphorus solubilization, nitrogen fixation, production of growth hormones, and synthesis of antimicrobial compounds (Zhang et al., 2022). There is also a significant amount of research demonstrating the inhibitory effects of seed-borne microorganisms on pathogens (Verma et al., 2018). Current research on endophytic bacteria in plant seeds has focused mainly on crops such as rice, wheat, peanuts, medicinal plants, and pumpkins, concentrating on aspects such as the community composition of seed endophytic bacteria, their biocontrol potential, and vertical transmission (Chen et al., 2018; Herrera et al., 2016; Li et al., 2019). However, relatively little research has been conducted on tobacco seed endophytic bacteria.

Bacterial wilt disease (BWD), a major devastating disease caused by R. solanacearum, leads to serious economic losses worldwide (Abo-Elyousr et al., 2019; Mansfield et al., 2012), especially in warm–temperate or tropical and subtropical areas (Hayward, 1991; Jiang et al., 2017; Lai et al., 2021). Many studies have shown that the occurrence of plant wilt disease is closely related to the presence of symbiotic microorganisms, such as rhizosphere microorganisms, root surface microorganisms, and endophytic microorganisms. Seeds, as important media for plant resistance, play a significant role in plant growth. However, research on the correlation between endophytic microorganisms in seeds and their disease resistance is still relatively lacking. The structural characteristics of the core microbial community in seeds need further clarification, and the mechanisms of disease resistance mediated by seed microorganisms require further investigation. In recent years, the use of effective biocontrol strains has become popular and has proven to be a promising strategy for the management of plant diseases (Spadaro and Gullino, 2004).

This study used tobacco seeds with different BWD resistance phenotypes as research materials. We characterized the endophytic bacterial communities in seeds of different resistant varieties and isolated and screened antagonistic endophytic bacteria from seeds of tobacco varieties exhibiting resistance phenotypes. We hypothesized that the endophytic bacterial community in seeds contributes to tobacco resistance to BWD and that specific microbiomes play critical antagonistic roles in managing R. solanacearum. The aims of this study were to (1) characterize the bacterial communities in tobacco seeds of varieties that are resistant and susceptible to BWD and (2) identify potential antagonists for BWD management. The results of this study provide a theoretical basis and material support for innovative BWD management strategies.



2 Materials and methods


2.1 Sample collection

This study employed four tobacco varieties, 6036, G3, Honghua Dajinyuan (HD), and Yunyan 87 (YY87), which were all planted in May 2020 at the Cha Shu Ping experimental area in Runxi township, Pengshui County, Chongqing City (elevation 1,360 m, 29°7′43″N, 107°56′38″E). The pathogen was isolated from diseased tobacco plants in the Baiguo Ping village, Pengshui County, Chongqing City (elevation 1,210 m, 29°8′12″N, 107°56′31″E) and was identified as the highly pathogenic R. solanacearum strain CQPS-1 (Liu et al., 2017).



2.2 Evaluation of tobacco variety resistance
 
2.2.1 Disease incidence in fields

Flat plots with perennial BWDs were selected, three replicates were set for each variety, and ~1,200 tobacco plants were planted. The incidence of BWD in each replicate was calculated every 5 days starting at the onset of the disease (Liu et al., 2016).



2.2.2 Indoor pot experiments

The pot experiments involved floating seedling cultivation of different tobacco varieties, which were subsequently grown until four leaves and one heart were developed for later use. Root inoculation was performed for each tobacco seedling with 10 mL of a CQPS-1 bacterial suspension at a concentration of 108 CFU/mL. Each treatment was repeated three times, with eight seedlings per repetition. For the pot experiment, a systematic investigation of disease occurrence in different varieties began at the early stage of infection. Surveys were conducted every 2 days until the susceptible varieties reached the end of disease progression. Disease indices and survival curves were calculated (Zhang et al., 2023).




2.3 DNA extraction

Approximately 5 g of surface-sterilized seeds was ground into a homogenate with the addition of liquid nitrogen. DNA was extracted using the FastDNA™ SPIN Kit according to the manufacturer's instructions. After quality inspection, PCR amplification was conducted on the V5–V7 variable region of the 16S rDNA of the endophytic bacteria in the seeds (Zhang et al., 2022).

The PCR system was constructed as follows: 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward primer (5 μM), 0.8 μL of reverse primer (5 μM), 0.4 μL of FastPfu Polymerase, 0.2 μL of BSA, 10 ng of template DNA, and ddH2O to a final volume of 20 μL.

The amplification procedure involved two rounds of nested PCR (Table 1): the first round utilized the primers 799F and 1392R, and the extracted DNA was used as the template to amplify the V5–V8 variable region of the endophytic bacteria 16S rDNA. The conditions were as follows: 95°C for 3 min of initial denaturation, followed by 27 cycles of 30 s at 95°C for denaturation, 30 s at 55°C for annealing, and 45 s at 72°C for extension, with a final extension at 72°C for 10 min. In the second round, the amplification product from the first round served as the DNA template, and primers 799F and 1193R were used to amplify the V5–V7 variable region of the 16S rDNA, with 13 cycles and the same conditions as those used in the first round (Shi et al., 2023). Once the amplification products passed quality inspection, they were sent to Shanghai Meiji Biotechnology Co., Ltd., for Illumina MiSeq sequencing.


TABLE 1 Sequencing primer sequences for amplifying bacterial amplicons.

[image: Table displaying primers and their sequences with corresponding amplification areas. The primers 799F and 1392R target the V5 to V8 variable region, with sequences AACMGGATTAGATACCCKG and ACGGGCGGTGTGTRC, respectively. Primers 799F and 1193R target the V5 to V7 variable region, with sequences AACMGGATTAGATACCCKG and ACGTCATCCCCACCCTTCC, respectively.]



2.4 Isolation and identification of endophytic antagonistic bacteria from seeds
 
2.4.1 Isolation and purification of endophytic bacteria

Using the dilution plating method, 2 g of surface-sterilized seeds from different tobacco varieties were finely ground in a mortar and then mixed with 8 mL of sterile water. After allowing the mixture to stand for 5 min, 100 μL of the supernatant was taken and diluted with 900 μL of sterile water, which was designated a 10−2 dilution. This dilution process was continued to achieve further dilutions of 10−3, 10−4, and 10−5. For each dilution, 100 μL of the diluted solution was spread onto nutrient agar (NA), tryptone soy agar (TSA), Reasoner's 2A agar (R2A), or King's B medium (KB) plates, and glass beads were used for even distribution. Three replicates were set up for each concentration and plate type, and the plates were inverted and incubated at 30°C for 2–5 days while bacterial growth was regularly observed. Based on differences in colony morphology, color, and transparency, different representative strains were selected and named according to their format (variety–culture medium–number). Single colonies were then picked from the corresponding plates and streaked for purification 3–4 times until the colonies on the plates were uniform and free of contaminants, indicating that the purification process was complete (Li et al., 2019).



2.4.2 Screening of antagonistic bacterial strains

The purified bacteria were preliminarily screened for antagonistic strains using the plate inhibition activity screening method. First, a single colony was picked and inoculated onto the center of an NA plate, and this process was repeated 3 times for each strain. The plates were incubated upside down at 30°C overnight. Using a sterile sprayer, an OD600 nm = 0.1 (108 CFU/mL) suspension of pathogenic bacteria was evenly sprayed onto NA plates. After incubation at 30°C for 24 h, the diameter of the inhibition zone was measured using the cross-streak method (Tao et al., 2024). The strains with larger inhibition zones were selected for subculture, and their inhibitory stability was repeatedly tested. Ultimately, potential antagonistic bacteria with good and stable plate inhibition effects were identified. The strains with strong antibacterial activity selected from the screening plates were used for a preliminary evaluation of their pot culture effects.



2.4.3 Molecular identification of isolates

A single colony was picked and transferred to LB medium and then incubated at 30°C and 180 rpm for 12–14 h. The bacterial cells were collected by centrifugation, and DNA was extracted using a bacterial DNA extraction kit. The extracted total DNA was used as a template for bacterial 16S rDNA amplification by PCR with the universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1429R (5′-TACGGCTACCTTGTTACGACTT-3′). The reaction system was 25 μL, to which 1.0 μL of template DNA, 1.0 μL of each of the upstream and downstream primers, 12.5 μL of 2 × Taq Master Mix and 9.5 μL of ddH2O were added. After PCR amplification, the products were checked for quality by 1% agarose gel electrophoresis and then sent to BGI Genomics for sequencing. The sequencing results were compared for homology using the National Center for Biotechnology Information (NCBI) database, and a phylogenetic tree was constructed using the neighbor-joining (NJ) method with bootstrap analysis (1,000 replicates) in MEGA X software (Haruna et al., 2021).




2.5 Evaluation of biocontrol efficacy

Single colonies of potential antagonistic bacteria were transferred to LB broth for shaking culture, and single colonies of the target pathogen were transferred to B liquid medium for shaking culture. Both cultures were shaken until the optical density at 600 nm reached 0.8–1.0 and were then diluted with sterile water to an OD600 of 0.1 (equivalent to 108 CFU/mL) for later use. First, potential antagonistic bacterial fermentation broth was used for the root irrigation treatment (10 mL per plant at a concentration of 108 CFU/mL). Three days after inoculation, the plants were root irrigated with the same concentration of the pathogenic bacteria (10 mL per plant at 108 CFU/mL). The plants were then placed in a greenhouse at a temperature of 30°C, a relative humidity of 75%, and a light–dark cycle of 14/10 h. Each treatment was replicated twice, with 8 tobacco seedlings in each replicate. The onset of BWD was monitored from the initial stages, with observations conducted every 2 days using the same disease assessment method.



2.6 Measurement of tobacco seedling biomass

The experiment involved root irrigation using the bacterial fermentation liquid P. odorifer 26 at a concentration of 108 CFU/mL, with 10 mL applied per plant. Each treatment was conducted with three replicates, and each replicate consisted of five plants. The root irrigation was repeated every 7 days, utilizing the same volume, for a total of three applications. Ten days after the final inoculation, the biomass of tobacco seedlings from the different treatment groups was assessed. Initially, the root substrate was gently shaken off, the remaining substrate was washed away with clean water, and the surface moisture of the plants was removed with absorbent paper. Measurements were then taken for root length, aboveground fresh weight, and underground fresh weight. The samples were dried first by heating at 105°C for 15 min to kill the material, followed by drying at 75°C for 4 h, after which the aboveground dry weight and underground dry weight were recorded.



2.7 Statistical analyses

Excel 2016 was used to organize and summarize the data, analysis of variance and significance testing (P < 0.05) were performed using IBM SPSS Statistics 23, and Origin 2017 and GraphPad Prism 9 were used for data visualization.

Alpha diversity analysis was conducted based on the alpha diversity index. Analysis of similarity (Adonis) and permutational multivariate analysis of variance (PERMANOVA) were performed to evaluate significant differences in microbial community composition among seeds of different tobacco varieties. Linear discriminant analysis (LDA) coupled with effect size (LEfSe) is an algorithm that identifies features (i.e., genes, pathways, or taxa) characterizing differences between two or more biological conditions. Here, LEfSe was used to identify rhizobacterial taxa with significant differences in relative abundance between monocrop and intercropped peanut root systems as potential biomarkers (Li et al., 2023).




3 Results


3.1 Different tobacco varieties exhibit varying resistance to BWD

The manifestations of BWD in the middle and late stages of the field trials are shown in Supplementary Figure S1. We found that the incidence and severity indices of all tobacco varieties gradually increased over time, but the incidence and severity indices of HD and YY87 were always greater than those of 6036 and G3. The incidence and severity indices of the different varieties of tobacco were ranked as follows: 6036 > G3 > YY87 > HD.

The results of the indoor pot experiments were similar to those of the field experiments (Figure 1). As shown in Figure 1B, 6036 and G3 had strong resistance to BWD, whereas YY87 and HD had weak resistance to BWD. As shown in Figure 1C, in the late stage of infection, the survival rates for HD and YY87 were 4.2% and 12.5%, respectively, which were significantly lower than the survival rates of varieties 6036 and G3, which were 33.3% and 37.5%, respectively. At 22 days postinoculation, which marks the late stage of the disease, the average severity indices for the HD and YY87 varieties were 95.83 and 91.67, respectively, which were significantly higher than the average severity indices of the 6036 and G3 varieties, which were 66.44 and 60.42, respectively (Figure 1D). Based on the analysis of the disease indices and survival curves throughout the investigation period, the degree of resistance to BWD in the tobacco varieties ranked from high to low as follows: G3 > 6036 > YY87 > HD. Based on both the indoor pot and field experiments, varieties 6036 and G3 were preliminarily identified as resistant to disease, whereas YY87 and HD were identified as susceptible.


[image: Illustration showing the effects of pathogenic bacteria on different tobacco varieties. Panel A depicts inoculated plants with labels 6036, G3, YY87, and HD. Panel B shows plant images post-inoculation, with HD displaying significant wilting. Panel C presents a survival rate graph over time for each variety. Panel D depicts a disease index graph, highlighting the progression of symptoms over days post-inoculation, with HD showing the most severe effects.]
FIGURE 1
 Assessment of disease resistance in different tobacco varieties. (A) Flowchart of the experimental methods. (B) Growth images of tobacco plants on the 22nd day after infection in the indoor pot experiment. (C) Survival curve of the disease resistance assessment in the indoor pot experiment. (D) Disease indices of different tobacco varieties in the indoor pot experiment.




3.2 Differential composition of endophytic bacterial community structure in seeds of tobacco varieties with varying resistance levels

The results of the alpha diversity analysis of the different varieties are shown in Figures 2A, B. The Chao1 and Shannon indices of the resistant variety 6036 were significantly greater than those of the susceptible varieties YY87 and HD. The Shannon index of the resistant variety G3 was significantly greater than that of the susceptible variety HD. The results of the alpha diversity analysis indicate that the resistant variety 6036 had a significantly greater observed species count and microbial community richness than the susceptible varieties. The results of the beta diversity analysis of the endophytic bacterial communities in the seeds of different varieties are shown in Figure 2C. The principal coordinate analysis (PCoA) results revealed that the R value from the Adonis group difference test was 1.0, with a P value of 0.001, suggesting that the intergroup differences were much greater than the intragroup differences were, thus indicating the high reliability of the test. The contributions of the first and second principal coordinates of the endophytic bacterial community were 40.48% and 34.19%, respectively. Samples of the same variety were relatively concentrated, whereas samples from different varieties were more dispersed. The resistant variety 6036 was located in the fourth quadrant, whereas varieties G3, YY87, and HD were distributed in the third, first, and third quadrants, respectively. The significant difference between the resistant variety 6036 and susceptible varieties suggests that there were considerable differences in the structure of the endophytic bacterial communities among the different resistant and susceptible varieties.


[image: Bar and scatter plots show various indices and abundances. Panel A displays the Chao1 index, and Panel B shows the Shannon index for different groups labeled G036, G3, YB87, and HD. Panel C provides a PCA plot with two principal components, PC1 and PC2, showing group differentiation. Panel D presents a correlation between Z-Score of community diversity and disease index. Panels E and F illustrate stacked bar charts of relative abundance for microbial taxa across the same groups. Key taxa are color-coded in the legend.]
FIGURE 2
 Diversity and composition analysis of endophytic bacterial communities in seeds of different resistant tobacco varieties. (A) Chao1 index; (B) Shannon index; (C) PCoA; (D) linear fit of disease index and diversity; (E) species abundance at the phylum level; (F) species abundance at the genus level. Different letters indicate significant difference at 0.05 level among different treatments.


The correlation analysis of endophytic bacterial diversity in seeds of different resistant tobacco varieties with the disease index is shown in Figure 2D. The analysis results indicated a significant negative correlation (P < 0.05) between bacterial community diversity and the disease index from the field test, suggesting a direct relationship where greater bacterial diversity was correlated with a lower disease index.

The endophytic bacteria in seeds of different varieties were annotated to 1 domain, 1 kingdom, 8 phyla, 13 classes, 37 orders, 65 families, 106 genera, and 125 species. The community composition at the phylum level is shown in Figure 2E. At the phylum level, the endophytic bacterial communities in seeds of different varieties were similar in composition, but there were differences in relative abundance. The dominant bacterial phyla included Proteobacteria, Firmicutes, and Actinobacteria. Among these, Proteobacteria had the highest relative abundance, accounting for 94.09% (G3), 81.15% (6036), 94.94% (YY87), and 93.35% (HD); Firmicutes had relative abundances of 4.08% (G3), 9.73% (6036), 1.75% (YY87), and 2.64% (HD); and Actinobacteria accounted for 0.82% (G3), 5.98% (6036), 2.16% (YY87), and 2.31% (HD). The relative abundances of Firmicutes in the resistant varieties G3 and 6036 were significantly greater than those in the susceptible variety YY87 (2.34 and 8.46 times greater, respectively) and the susceptible variety HD (1.54 and 5.58 times greater, respectively). Additionally, the relative abundance of Actinobacteria in the resistant variety 6036 was significantly greater than those in the susceptible variety YY87 (2.40 times greater) and the susceptible variety HD (2.24 times greater).

The community composition at the genus level for the different varieties is shown in Figure 2F. The composition of endophytic bacteria at the genus level was relatively similar among different tobacco seed varieties, but there were differences in their relative abundances. The dominant genera within the seeds of various varieties primarily included Pseudomonas, Stenotrophomonas, Paenibacillus, Allorhizobium, Pantoea, Delftia, Erwinia, Flavobacterium, Enterobacter, and Massilia. Notably, the abundances of Stenotrophomonas, Paenibacillus, and Allorhizobium in the 6036 variety were significantly greater than those in the other varieties. These results indicate that there is a rich reservoir of endophytic bacterial resources within tobacco seeds, which warrants further exploration.



3.3 Differential microbial communities present in the endophytic bacterial community structure of seeds from tobacco varieties with varying resistance levels

To analyze potential key taxa related to disease-resistant seed varieties and elucidate their interaction patterns, a co-occurrence network consisting of 500 representative bacterial ASVs was established, as illustrated in Figures 3A, B. The analysis revealed that, compared with susceptible varieties, disease-resistant varieties presented significantly greater numbers of nodes (326) and edges (9,750), with 248 nodes and 4,457 edges. The average degree of the networks for resistant varieties was also markedly greater (59.82) than that for susceptible varieties (35.94). Additionally, in the most prominent module S1 of the susceptible varieties (Figure 3C), the genera g__Chryseobacterium and g__Microbacterium, presented the highest average degrees, whereas in the predominant module R1 of the resistant varieties (Figure 3D), g__Sphingobium and g__Paenibacillus ranked first and second in average degree, respectively. To explore the key genera influencing the differences between resistant and susceptible varieties, differential genera identified by LEfSe were compared (Figure 3E). The results indicated significant enrichment of g__Paenibacillus (LDA = 4.24) and Pectobacterium (LDA = 3.32) in resistant varieties, whereas Pantoea (LDA = 4.10) and Erwinia (LDA = 3.99) were significantly enriched in susceptible varieties. Notably, Paenibacillus not only presented a high average degree in the co-occurrence network (degree = 129) but also presented significant differences in relative abundance at the genus level between resistant and susceptible varieties (resistant = 0.048, susceptible = 0.008), with a relative abundance that was 83.10% greater in resistant varieties (Figure 3F). Therefore, the genus Paenibacillus may play a crucial role in influencing the different disease resistance phenotypes exhibited by tobacco varieties.


[image: Network diagrams and bar charts comparing "Susceptible" and "Resistant" groups. Panels A-D show microbial communities with nodes and edges indicating interactions; notable cluster groups are labeled (e.g., S1, S2, R1). Panels E and F show bar graphs; E compares microbial taxa via LDA scores, highlighting _Paenibacillus_, _Erwinia_, and _Pantoea_. F shows the relative abundance of _Paenibacillus_; the Resistant group is significantly higher. Statistical significance is denoted by asterisks.]
FIGURE 3
 Microbial community co-occurrence networks and differential species analysis of resistant and susceptible tobacco varieties. (A) Co-occurrence network of the susceptible variety; (B) co-occurrence network of the resistant variety; (C) co-occurrence network of module S1 in the susceptible variety; (D) co-occurrence network of module R1 in the resistant variety; (E) LEfSe (LDA > 3) analysis of differential genera between resistant and susceptible varieties at the genus level; (F) comparison of the relative abundance of the differential microorganism Paenibacillus between resistant and susceptible varieties. The significance of the difference was determined by Unpaired t test (***P < 0.0001).




3.4 Isolation and characterization of endophytic antagonistic bacteria

The diversity of endophytic bacteria in seeds is very high. Based on the phenotypic differences observed in various culture media, a total of 115 bacterial strains were isolated from variety 6036, and 112 strains were isolated from variety G3, resulting in a total of 227 endophytic bacteria obtained from all resistant seed varieties (Supplementary Figure S2). We evaluated the antibacterial activity of these endophytic bacteria from resistant seed varieties using plate assays. Potential biocontrol strains subsequently underwent preliminary pot experiments, as illustrated in Figures 4A, B. The results showed that strains exhibiting larger inhibition zones in plate assays did not necessarily display good biocontrol efficacy under greenhouse conditions. This finding indicates that there was no positive correlation between biocontrol effectiveness and the size of the inhibition zone. Through multiple repeated pot experiments, we ultimately selected one endophytic antagonistic bacterium (6036-R2A-26) that demonstrated better and more stable performance for subsequent experiments.


[image: Bar graphs labeled A and B illustrate inhibition zone and disease index for Pseudostellaria heterophylla strains, showing variations in performance. Part C shows a Petri dish with fungal colony labeled Podorizef 26. Part D presents a phylogenetic tree depicting relationships among strains, highlighting strain 60-36-K2-B-8.]
FIGURE 4
 Morphological and molecular identification of strains. (A) Disease index; (B) zone of inhibition; (C) antagonistic plate assay of strain P. odorifer 26; (D) phylogenetic tree based on the 16S rRNA sequence of strain P. odorifer 26. Different letters indicate significant difference at 0.05 level among different treatments.


The 6036-R2A-26 strain, as shown in Figure 4C, is white, orbicular, opaque, and contains elliptical spores within expanded cysts. The target gene sequences obtained from different endophytic antagonist bacteria were analyzed by 16S rRNA sequence analysis and compared using BLAST in the GenBank database, leading to the construction of a phylogenetic tree (Figure 4D). Based on the constructed phylogeny, 6036-R2A-26 strain was identified as Paenibacillus odorifer (deposited at the China General Microbiological Culture Collection Center, Wuhan; deposition date: June 7, 2022; accession number: CCTCC NO: M 2022821). This strain will be referred to as P. odorifer 26 for subsequent reference.



3.5 The antagonistic strains effectively control tobacco diseases and promote growth
 
3.5.1 Antagonistic bacteria can effectively control the occurrence of BWD

The efficacy of the bacterium P. odorifer 26 in controlling BWD was evaluated, with the results recorded 20 days postinoculation and presented in Figure 5A. Five days after inoculation with the wilt pathogen, all the treatment groups began to show symptoms, and the disease index in each treatment group gradually increased over time, whereas the survival rate decreased. Figure 5B shows the survival curves of the treated tobacco plants after inoculation; by the 14th day postinoculation, the survival rate of the control group (CK) was only 10%, whereas the survival rate of the P. odorifer 26 group remained above 60% by the 18th day postinoculation. Moreover, as shown in Figure 5C, the disease index in the control group (CK) consistently remained greater than that in the treatment group with the P. odorifer 26 bacterium. The data from the 18th day indicated that the disease index for the P. odorifer 26 treatment was 48.95, whereas it was 95.83 for the CK group, representing a significant reduction in the disease index of 51.08% with the P. odorifer 26 treatment. These results demonstrate that this strain is effective in controlling BWD and suggest broad application prospects.


[image: (A) Two images comparing plant health, with "CK" showing wilted leaves and "PsoRider 26" with healthy leaves. (B) Survival rate graph over time with "PsoRider 26" showing improved survival. (C) Disease index graph indicating lower disease in "PsoRider 26". (D) Comparison of fresh weight; "PsoRider 26" showing more growth. (E) Image showing healthier plants for "PsoRider 26". (F-I) Bar graphs display data on fresh and dry weight differences, with "PsoRider 26" consistently outperforming "CK".]
FIGURE 5
 Results of potted plant experiments with two strains of antagonistic bacteria. (A) Disease incidence of tobacco plants after inoculation for 20 days; (B) survival curve; (C) disease index; (D) tobacco plant growth; (E) tobacco root growth; (F) aboveground fresh weight; (G) underground fresh weight; (H) aboveground dry weight; (I) underground dry weight. The significance of the difference was determined by Unpaired t test (**P < 0.001; *P < 0.05; ns: not significant).




3.5.2 Antagonistic bacteria can effectively promote the early growth and rapid development of tobacco

The effects of P. odorifer 26 bacterial treatment on the biomass of tobacco seedlings are shown in Figures 5D–I. Compared with those in the CK treatment, the above-ground fresh weight, underground fresh weight and above-ground dry weight significantly increased by 30.26%, 37.75%, and 33.97%, respectively, in the tobacco treated with P. odorifer 26. These results demonstrate that continuous root irrigation with P. odorifer 26 bacterial fermentation mixture can effectively promote tobacco growth at the tobacco seedling stage.





4 Discussion

Plant endophytes are a group of microorganisms that reside within the tissues of the host plant without causing any discernible symptoms (Félix et al., 2023). A growing body of research is now exploring the potential of endophytes as a means of enhancing plant health (Daria et al., 2017; Ghosh et al., 2021). Despite studies demonstrating that beneficial endophytic microorganisms are enriched in both diseased roots and stems after infection with R. solanacearum, the inoculation of soil with the beneficial root-derived endophyte Burkholderia cepacia has been shown to significantly enhance the defense system of tobacco in the presence of pathogens, thereby reducing disease incidence (Tao et al., 2024). Our field investigation revealed significant differences in resistance to BWD among different tobacco varieties. Generally, seeds carry the genetic information underlying the varieties of which they are composed; therefore, it was hypothesized that this phenomenon may be associated with the seed endophytes. To confirm this correlation, we conducted a high-throughput sequencing analysis of diverse tobacco seed endophyte varieties. First, based on phenotypic assessments, we identified 6036 and G3 as resistant varieties, and the results from pot experiments confirmed these findings. Similarly, YY87 was recognized as a susceptible variety in a study by Li et al. (2021). Preliminary analysis of the structure of the seed endophytic bacterial communities revealed that the resistant variety 6036 contained a more diverse and abundant bacterial community, with both its Chao1 and Shannon indices significantly higher than those of the other varieties (P < 0.05). This variety also presented unique community structural characteristics, with higher abundances of Stenotrophomonas, Paenibacillus, and Allorhizobium than the other varieties. Notably, bacteria within the Stenotrophomonas genus have been confirmed to degrade phenolic allelochemicals (PAs), which can help control BWD (Chang et al., 2022). Furthermore, inoculation with Paenibacillus polymyxa promoted tobacco growth by inducing the expression of plant hormone-related genes such as auxins and cytokinins (Liu et al., 2020). Interestingly, this study also revealed that the strain Paenibacillus polymyxa upregulated the expression of transcription factors related to stress resistance in tobacco plants. The enrichment of these functional groups may confer special disease resistance capabilities to the variety 6036. The complexity of the microbial network is closely intertwined with the stability of community structure and soil functionality (Zhang et al., 2022). The nodes and edges in the resistant varieties were significantly greater than those in the susceptible varieties, a characteristic that may contribute to their increased adaptability. Further analysis revealed that g_Sphingobium and g_Paenibacillus play critical roles as network hubs within the seed endophytic bacterial communities. Interestingly, g__Paenibacillus was identified as a key differentiating bacterium between resistant and susceptible varieties. Paenibacillus occupies niches both near and inside plants, a trait that has persisted since the evolution of early land plants (Langendries and Goormachtig, 2021). Scanning electron microscopy has confirmed its ability to colonize cucumber seeds and root systems (Park et al., 2004), and it has been found to inhabit the stem and leaf tissues of cucumbers and corn (Hao and Chen, 2017). Furthermore, some studies suggest that Paenibacillus can coexist with the genetic evolution of corn seeds (Johnston-Monje and Raizada, 2011), indicating significant biocontrol potential. In addition, Paenibacillus has been frequently reported for use in the biocontrol of BWD (Zhao et al., 2020). We isolated an antagonist strain, Paenibacillus odorifer (P. odorifer 26), from the seeds of resistant tobacco varieties. When we tested its efficacy in controlling BWD, we observed an interesting phenomenon: in the agar diffusion assay, the inhibition zone produced by P. odorifer 26 when confronted with the wilt pathogen was not particularly pronounced. However, in the pot experiments, it significantly reduced the disease index. This led us to speculate that the biocontrol effect may not correlate positively with the size of the inhibition zone in plate assays. Furthermore, P. odorifer 26 has also demonstrated substantial potential for promoting tobacco growth. This potential can be attributed to the beneficial and harmonious symbiotic relationships within the seed endophytic bacterial community, growth-promoting characteristics and antibacterial activity. These findings underscore the superiority of seed endophytic microorganisms as potential agents for enhancing agricultural ecosystem productivity. A promising area for future research is whether this potential can be retained across multiple generations of seeds, given their vertical transmission characteristics.



5 Conclusion

Taken together, the results of this study revealed differences in the structural characteristics of endophytic bacterial communities between resistant and susceptible tobacco varieties, with groups such as Paenibacillus potentially playing significant roles in resisting BWD. Furthermore, a bacterium identified as Paenibacillus odorifer was isolated from the seeds of the resistant variety 6036, which demonstrated effective control over BWD, along with positive growth-promoting effects. This bacterium can be considered a promising novel microbial antagonist for the management of BWD. The potential of this strain can be attributed to the beneficial and harmonious symbiotic relationships within the endophytic bacterial community, as well as its growth-promoting characteristics and antibacterial activity. These findings highlight the superiority of seed endophytic microorganisms. In the context of declining plant disease resistance and the spread of bacterial wilt, core endophytic microorganisms in seeds may emerge as a viable option for enhancing the productivity of agricultural ecosystems.
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The assembly of rhizosphere microbial communities is essential for maintaining plant health, yet it is influenced by a wide range of biotic and abiotic factors. The key drivers shaping the composition of these communities, however, remain poorly understood. In this study, we analyzed 108 plant samples and evaluated root traits, plant growth characteristics, soil enzyme activities, rhizosphere metabolites, and soil chemical properties to identify the primary determinants of rhizosphere community assembly. Across 36 soil samples, we obtained 969,634 high-quality sequences, clustering into 6,284 ASVs predominantly classified into Proteobacteria (57.99%), Actinobacteria (30%), and Bacteroidetes (5.13%). Our findings revealed that rhizosphere metabolites accounted for more variance in microbial community composition compared to chemical properties (ANOVA, F = 1.53, p = 0.04), enzyme activities, or root traits (ANOVA, F = 1.04, p = 0.001). Seven small molecule metabolites, including glycerol, sorbitol, phytol, and alpha-ketoglutaric acid, were significantly correlated with βNTI, underscoring their role as critical drivers of microbial community assembly. The genus Rhizobium, significantly associated with βNTI (R = 0.25, p = 0.009), emerged as a keystone taxon shaping community structure. Soil culture experiments further validated that small molecule metabolites can modulate microbial community assembly. The ST treatment, enriched with these metabolites, produced 1,032,205 high-quality sequences and exhibited significant shifts in community composition (Adonis, p = 0.001, R = 0.463), with Rhizobium showing higher abundance compared to the control (CK). Variable selection (βNTI >2) drove phylogenetic turnover in ST, while stochastic processes (|βNTI| < 2) dominated in CK. This study provides quantitative insights into the role of rhizosphere metabolites in shaping microbial community assembly and highlights their potential for targeted modulation of rhizosphere microbiomes.
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1 Introduction

Rhizosphere microbiome plays a crucial role in promoting plant health and growth by offering protection against pests and diseases, enhancing nutrient uptake, and helping plants in coping with environmental stresses (Berendsen et al., 2012; Pérez-Jaramillo et al., 2016; Wen et al., 2022; Yue et al., 2023; Xun et al., 2024). In recent years, a multitude of researchers across various fields have endeavored to comprehend the fundamental mechanisms that govern the composition, dynamics, and assembly of the rhizosphere microbiome (Edwards et al., 2015; Zhong et al., 2019; Chen et al., 2020; Kang et al., 2021a; Adedayo et al., 2022; Wen et al., 2022; Malacrinò and Bennett, 2024; Wang S. et al., 2024). Assembly of the rhizosphere microbiome is influenced by a multitude of factors, encompassing abiotic factors such as rhizosphere metabolites (Zhalnina et al., 2018; Chen et al., 2020; Wen et al., 2020), soil types and their physicochemical properties (Edwards et al., 2015; Zhang et al., 2019; Wu et al., 2023), along with climate variables (Aslam et al., 2022), as well as biotic factors including disease and insect pests (Benitez et al., 2017; Berendsen et al., 2018), plant species and genotypes (Edwards et al., 2015; Oyserman et al., 2022), root phenotypes (Cotton et al., 2019; Rüger et al., 2021), plant developmental stages and statuses (Zhang et al., 2018; Adedayo et al., 2022), and the diversity and composition of resident microbiota (Malacrinò and Bennett, 2024). However, there remain significant challenges in quantitatively assessing how various factors influence the assembly of the rhizosphere microbial community.

Rhizosphere metabolites play a crucial role in shaping the assembly of rhizosphere microbiomes and facilitating the plant-microbe interaction (Bi et al., 2022; Jiang et al., 2024), as they are subject to modification in quantity and composition by the above-mentioned abiotic and biotic factors. The metabolites in the rhizosphere are predominantly derived from the secretions of plant roots and the activities of soil microorganisms (Jain et al., 2024; Jiang et al., 2024; Liu et al., 2024). Specific rhizosphere metabolites have been recognized as chemical signals that attract specific microbial taxa from the bulk soil to the rhizosphere (Zhou et al., 2023). For instance, the presence of metabolites (e.g., ribose, lactic acid, xylose, mannose, maltose, gluconolactone, and ribitol) in tomato root exudate serves to attract antifungal soil commensal bacteria, thereby facilitating the inhibition of pathogen invasion (Wen et al., 2022). The interactions between rhizosphere metabolites and the microbiome plays a vital role in influencing multiple facets of plant health and growth, and even productivity, such as the control of soil-borne diseases and the alteration of root growth (Wen et al., 2023; Zhou et al., 2023; Jiang et al., 2024; Liu et al., 2024). Therefore, comprehending the dynamics and functions of rhizosphere metabolites is essential for uncovering the microbial-driven mechanisms that contribute to the advantages of agricultural land management practices.

Fertilization is recognized as a fundamental management practice with significant effects on soil fertility, crop development, root system architecture, rhizosphere microbial communities and assembly, and yield in agricultural production (Shen et al., 2019; Kang et al., 2021a; Deng et al., 2022; Kang et al., 2022; Liu et al., 2024). Chemical fertilizers (synthetic chemical or mineral raw materials) and bio-organic fertilizers (mixed organic substances and beneficial microorganisms) are the most valued in daily agricultural production activities (Kang et al., 2021b; Wang et al., 2022; Li et al., 2023). Recently, some studies have suggested that (bio-)organic fertilizers promote deterministic processes in the construction of microbial communities (Dong et al., 2021; Chen et al., 2023), whereas chemical fertilizers subject the community construction of microbial taxa to stochastic processes (Dong et al., 2021; Hou et al., 2022). However, there is considerable debate surrounding the impact of fertilization (both organic and inorganic) on the relative significance of stochastic and deterministic processes (Wang et al., 2017; Shi et al., 2020; Zhu et al., 2024). For instance, Zhu et al. (2024) suggested that stochastic processes were the primary determinant of bacterial community assembly in Suaeda salsa salt marsh under the application of organic fertilizer. Indeed, aside from fertilization factors, numerous other variables such as soil properties (e.g., pH, salt and carbon-N ratio) (Wang et al., 2017; Wu et al., 2023; Zhu et al., 2024), rhizosphere metabolites (Wu et al., 2017), and the extent of microbial diversity (Xun et al., 2019) also play a significant role in influencing these two processes. Hence, a comprehensive examination of the assembly of microbial communities and the factors that influence them following various fertilizer applications is essential for advancing our understanding of the mechanisms underlying of plant-microbe-soil interactions.

Cucumber is one of the prominent economical vegetable crops cultivated in greenhouses worldwide. According to reports, China’s cucumber planting area represents approximately 56% of the global total, with its production contributing to over 80% of the worldwide cucumber production (Feng et al., 2020). However, the excessive application of chemical fertilizers has led to various planting challenges, including soil acidification, nutrient imbalances, reductions in soil microbial diversity, and exacerbation of soil-borne pathogens, ultimately hindering the sustainable development of greenhouse vegetable production (Qiu et al., 2012; Zhang et al., 2013; Cai et al., 2017; Wang et al., 2023). In order to mitigate these challenges, bio-organic fertilizers have been employed to modify the composition of rhizosphere microbiota and/or metabolites with the aim of inhibiting soil-borne pathogen populations, boosting cucumber plant vitality, and ultimately enhancing cucumber quality and yield (Zhang et al., 2013, Cai et al., 2017, Wang et al., 2023). However, the mechanisms underlying the rhizosphere microbiome-metabolites interactions, as well as the key factors driving the assembly of the rhizosphere microbiome of cucumber in response to different fertilizer managements, have not been fully elucidated.

To this end, we conducted a one-year pot experiment at the Baima Test Base of Nanjing Agricultural University in Jiangsu province, China under no fertilizer (NF, as control), chemical fertilizer (CF), and bioorganic fertilizer (BIO) treatments to measure factors including plant growth properties, root morphological characteristics, edaphic factors and enzyme activities, and rhizosphere metabolites composition. We aimed to address (1) whether rhizosphere metabolites are the key drives in the rhizosphere community assembly processes and which types of exudate compounds are responsible; (2) whether specific microbial community responded to the those factors; and (3) whether rhizosphere metabolites could be used as regulators for targeted modulation of rhizosphere microbial community assembly processes.



2 Materials and methods


2.1 Study site, substrates, and materials

In October 2019, approximately 200 kg of soil (0 to 20 cm deep), was collected from Jianning County, Sanming city, China (34°04’ N, 108° 10′ E) with no history of cucumber cultivation. The red soil type is classified as Ferrosols-Udic in the Chinese Soil Taxonomy (Huang et al., 2017). The soil samples were air-dried in a natural manner, sieved through a 5 mm mesh to eliminate plant debris and rocks, homogenized, and subsequently stored in plastic bags at room temperature prior to utilization. From 20th March 2020 to 20th May 2020, we carried out a pot experiment (Figure 1A) at the Nanjing Agricultural University Test Base (31°36’ N, 119°10′ E), Baima Town, Nanjing, Jiangsu Province. The climate type at test site is the transition zone from north subtropical to mid-subtropical. The climate is mild and humid, the annual average for temperature is 15.4°C, rainfall is 1087.4 mm, and the frost-free period is 237 d. Before the experiment, the soil properties were: the pH value is 4.65, soil organic matter content (SOM) is 18.2 g kg−1, total nitrogen content (TN) is 0.96 g kg−1, available potassium content (AK) is 122.7 mg kg−1 and available phosphorus content (AP) is 74.3 mg kg−1.
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FIGURE 1
 Contributions of deterministic and stochastic processes on rhizosphere community assembly. βNTI measures phylogenetic turnover. (A) Diagram of the experiment workflow. (B,C) The probability of detecting an ASVs in any given sample is related to its relative abundance. Solid line indicates the path of a fitted model. Dashed lines indicate the boundaries of the 95% prediction interval. (D) Contributions of deterministic and stochastic processes on community assembly within pot experiment. Dashed lines indicate the significance thresholds for βNTI. (E) The relative influence of each community assembly process of bulk and rhizosphere soil samples from pot experiment.


The seeds of cucumber cultivar (Cucumis sativus L.), “Feng-Lu,” a commercial variety in China, were purchased from Jiangsu Academy of Agricultural Sciences. On March 20, 2020, the cucumber seeds were surface sterilized with 75% ethanol for 30 s followed by 5% NaClO for 5 min before planting. The sterilized seeds were placed in Petri dishes with wet autoclaved filter paper in a growth chamber (25°C, 70% relative humidity in the dark). After 2 days of pregermination, the cucumber seedlings (two true-leaf stage) were transplanted to plastic pots (15 cm diameter, 20 cm height) with 3 kg of soil.



2.2 Greenhouse pot experiments

The three treatments were as follows: (1) CK, no fertilizer control; (2) CF, chemical fertilizer treatment; and (3) BIO, bioorganic fertilizer treatment. CF treatment was consisting of analytically pure urea (N 46%), calcium superphosphate (P2O5 15%), and potassium sulphate (K2O 50%). Bioorganic fertilizer (pH 6.6, N 4.77%, P2O5 2.26%, K2O 1.00%, organic matter content 40%) was purchased from Jiangsu Lianye Fertilizer Co., Ltd., (the colony count of Bacillus amyloliquefaciens SQR9 was 1 × 108 CFU g−1 dry weight). Based on the equal nutrient content and nutrient requirements of cucumber (N: P2O5: K2O = 1:0.5:1), CF and BIO treatments were adjusted to the same amounts of N, P and K according to the nutrients of BIO treatment if necessary by urea, calcium superphosphate, and potassium sulphate, respectively. The amount of nitrogen, phosphorus and potassium in each fertilized pot was 2.86 g N, 1.36 g P2O5 and 2.86 g K2O, respectively. Thus, each BIO chamber received 60 g (2% w/w) bioorganic fertilizer and 2.26 g potassium sulphate. Each CF chamber was supplied 6.22 g urea, 9.07 g calcium superphosphate, and 5.72 g potassium sulphate. Bioorganic fertilizer and calcium superphosphate were used as basal fertilizers on November 25, 2019. The urea and potassium sulphate was applied on March 28, 2020. There were 36 seedlings of each treatment, for a total of 108 pots (Figure 1A); the pots were then randomly placed in a growth chamber (28/26°C day/night cycle, 70% relative humidity, and 180 μmol light m−2 s−1) and irrigated as needed. On 20th May 2020, 6 pots were randomly pooled into one sample, and thus 6 replicates from each treatment. In total, 18 samples were collected. The comprehensive workflow of our research is depicted in Figure 1A.



2.3 Plant growth traits measurement

On 20th May 2020, plant growth traits including height (cm), stem thickness (D, cm), relative growth rate (RGR), leaf area (LA), and root traits [e.g., average lateral root diameter (LRAD), total lateral root number (TLRN), total lateral root length (TLRL), mean inter-branch density (MID), maximum order of lateral roots (MaxO), and branching density (BI, ration of branches number to root length)] were measured following previous protocols (Kang et al., 2021b). The methods used for collecting the plant samples are detailed in the Supplementary Method S1.



2.4 Rhizosphere soil sampling and chemical properties analysis

Rhizosphere soil was collected and subjected to the collection of root samples on May 20, 2020. In summary, the loosely attached soil on the cucumber roots was removed and discarded, while the soil that remained tightly adhered was collected as rhizosphere soil (Wen et al., 2020). Concurrently, bulk soil samples were collected. A portion of approximately 180.0 g of soil was air-dried for the determination of soil physicochemical properties, whereas another portion of approximately 10.0 g was stored at 4°C for the analysis of soil extracellular enzyme activities. The remained part of about 10.0 g was stored at −80°C and used for the microbial analyses. Detailed procedures for determining those properties are described in Supplementary Method S2.



2.5 DNA extraction, sequencing, and data processing

About 0.5 g rhizosphere soil was used to extract the Genomic DNA by using the PowerLyzer PowerSoil DNA Isolation Kit (Qiagen, Germany) in accordance with the manufacturer’s instructions. Bacterial V4 region for amplicon sequencing, and the primers 515F: GTGYCAGCMGCCGCGGTAA and 806R: (GGACTACNVGGGTWTCTAAT) (Walters et al., 2015) to yield an amplicon of 292 bp. Detailed procedures for PCR amplification are described in Supplementary Method S3.



2.6 Rhizosphere metabolome detection by GC–MS

In this study, the “rhizosphere metabolome” refers to the collective pool of small molecule metabolites in the rhizosphere, including those released by cucumber roots and produced by the microbial community. Soil samples were divided into two portions (0.2 g each) and transferred into 2 mL EP tubes. Subsequently, 24 μL of Adonitol solution (1 mg mL−1 in dH₂O) was added as an internal standard for rhizosphere metabolome extraction. The detailed extraction procedures are provided in Supplementary Method S4. The GC-TOF-MS (gas chromatography-time of flight mass spectrometry) analysis and the analysis of the raw peak performed as reported by Wen et al. (2020).



2.7 Impacts of seven small molecule metabolites on the rhizosphere microbiome assembly process

In a soil application trial, seven low molecular weight metabolites (ST; glycerol, Sorbitol, Phytol, 1,2,4-Benzenetriol, succinate semialdehyde, alpha-ketoglutaric acid and D-Glyceric acid) were tested for their effects on the assembly of soil microbial communities. Detailed procedures for incubating are described in Supplementary Method S5. Finally, 12 samples for the two treatments (2 treatments × 6 soil samples) were obtained and stored at −80°C.

The primers 341F/806R (F: CCTAYGGGRBGCASCAG; R: GGACTACHVGGGTWTCTAAT) were used to amplify the V3–V4 region of the 16S rRNA gene of the bacterial communities from the 12 collected samples with an amplicon size of 465 bp. The target sequences were identified from the raw sequences by aligning them with the 515F/806R primers, ensuring that they corresponded to the same region of the 16S rRNA gene as observed in the rhizosphere samples (Wen et al., 2020). Afterward, the PCR amplification and sequencing of the 16S rRNA were conducted in a manner consistent with the procedures outlined previously.



2.8 Statistical analyses

The alpha diversity of microbial communities was assessed through statistical analysis and visualization, utilizing metrics such as Richness, Shannon, and Pielou evenness. This analysis was conducted on the Amplicon Sequence Variant (ASV) table with the minimum read number across all samples, and the results were visually represented using boxplots. Next, the relative abundance of each ASV was standardized using the normalize_table.py script in Qiime (version 1.9.1) (Caporaso et al., 2010), followed by the preparation of Bray–Curtis similarity matrices using the beta_diversity.py script. Principal coordinate analysis (PCoA) plots were produced by utilizing Bray–Curtis similarity matrices generated with the R package ggplot2 (Wen et al., 2020). For beta diversity, PERMANOVA (Adonis, transformed data by Bray-Curtis, permutation = 999) (Gower, 1966) was used to determine the similarity of bacterial communities among treatments. Network analysis utilizing the Spearman correction and its associated properties were computed using the “igraph” package (Wen et al., 2022). All analyses and graphical visualizations were performed in R Environment using libraries dplyr, reshape2 and ggplot2. A nonparametric t-test was used to determine significant differences in alpha diversity, metabolites and soil properties among treatments using the “EasyStat” package in R with a false discovery rate (FDR).

Here, we used two approaches to examine bacterial community assembly. First, we applied the neutral model described by Merifield and Sloan (2006). Second, we estimated the influence of deterministic processes on community assembly by calculating the β-nearest taxon index (βNTI) between pairs of samples as described in Stegen et al. (2012). Detailed procedures for analyzing the bacterial community assembly are described in Supplementary Method S6.

In order to investigate the impact of dispersal on community assembly processes, we assessed ASV turnover using the abundance-weighted Raup-Crick metric (RCbray), following the methodology outlined by Stegen et al. (2013). RCbray assesses whether ASV turnover among sites differs from what would be expected based on ecological drift alone. Initially, the Bray–Curtis dissimilarity was calculated for each sample pair. Subsequently, a null-model community with equivalent size and richness was randomly generated for each sample. Every null model is created by randomly selecting ASVs (weighted by frequency across all samples) and assigning their relative abundance based on their relative abundance in the metacommunity. The Bray–Curtis dissimilarity between all pairs of simulated communities is subsequently calculated. This procedure is iterated 999 times to produce a null model distribution. The Relative Contribution of Bray–Curtis dissimilarity (RCbray) was determined through a calculation involving the summation of the number of simulated communities exhibiting a Bray–Curtis dissimilarity greater than the observed dissimilarity (Nsim>obs), half of the number of simulated communities with a Bray–Curtis dissimilarity equal to the observed dissimilarity (Nsim = obs), and subsequent division by the total number of simulations (999). Sample pairs with a |βNTI| < 2 and an |RCbray| > 0.95 suggest that bacterial community turnover is primarily driven by stochastic processes. Conversely, the bacterial community turnover is primarily driven by deterministic processes (Stegen et al., 2012). To determine the relative proportions of community assembly governed by deterministic and stochastic processes within each sample, we combined the results of the βNTI and RCbray analyses.

Additionally, the raw sequence data reported in this paper have been deposited in the Genome Sequence Archive of the BIG Data Center, Chinese Academy of Sciences, under accession code PRJCA034325.




3 Results


3.1 Phylogenetic turnover in the rhizosphere is largely deterministic and in soil is random

A total of 969,634 high-quality sequences were obtained across 36 soil samples, including both bulk soil and rhizosphere samples. The average read count for each sample was 35,824 (standard deviation (SD) 2,388). All sequences were clustered into 6,284 ASVs. The majority of ASV belonged to the phyla Proteobacteria (57.99% with sd 0.065), Actinobacteria (30% with sd 0.051), Bacteroidetes (5.13% with sd 0.02), Firmicutes (2.01% with sd 0.014), Unassigned (1.71% with sd 0.005), Chloroflexi (1.68% with sd 0.008), Acidobacteria (0.51% with sd 0.003) Verrucomicrobia (0.32% with sd 0.002), Planctomycetes (0.28% with sd 0.002) and Spirochaetes (0.13% with sd 0.001).

The following section will examine two approaches to the study of bacterial community assembly. The initial step was to assess the extent to which stochastic processes are involved in the assembly of soil and rhizosphere bacterial communities. The neutral model, which accounts for 80.9% of the variation in ASV detection frequency, was estimated to have an estimated migration factor (m) of 0.26 in bulk soil (Figure 1B). In rhizosphere soil, the neutral model accounted for 50.5% of the variation in ASV detection frequency, with an estimated migration factor (m) of 0.54 (Figure 1C). The first step in the study was to assess the phylogenetic signal in habitat preference based on root traits, plant growth traits, rhizosphere metabolites, and soil chemical properties. A notable positive correlation was found between phylogenetic distance and habitat preference in closely related taxa (Supplementary Tables S2, S3), thus validating the assumptions of the βNTI metric. What’s more, deterministic processes (βNTI >2) was observed in the rhizosphere, while stochastic process (|βNTI| < 2) dominate phylogenetic turnover in bulk soil (Figures 1D,E).



3.2 Rhizosphere metabolites were more associated with the rhizosphere microbiome rather than other factors

Examination of the rhizosphere metabolome using GC-TOF-MS resulted in the detection of 323 chromatographic peaks, with 172 compounds identified in all samples. These included 14 amino acids and amides, 7 amines, 2 Pyridines, 26 alcohols, 61 acids, 4 phenols, 1 Alloxazine, 1 Purine, 4 aldehyde, 1 Alkaloids, 27 sugars, 34 sugar acids, 11 ketones, 1 Adenosines, 8 esters and 3 others (Supplementary Figure S1). Moreover, RDA/CCA showed that soil chemical properties (ANOVA, F = 1.53, p = 0.04) and important rhizosphere metabolites (ANOVA, F = 1.04, p = 0.001) were significantly affected bacterial composition at the ASVs level, while enzyme activities, root traits and indicators of aboveground growth were not significantly (Figures 2A–E). Mantel tests showed root exudates were a significant correlation (R = 0.397, p = 0.001) with rhizosphere microbiome. In contrast, no correlation was found between chemical properties, enzyme activities and root traits with rhizosphere microbiome (Supplementary Figure S2). Based on the random forest model, intriguingly, the rhizosphere microbiome was significantly correlated with glycerol (RET40), 7,8-Dimethylalloxazine (RET 319) and Capric Acid (RET80) (Figure 2F).
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FIGURE 2
 Ordinations were RDA/CCA analysis based on Bray-Curtis distance representing the effect of (A) chemical properties, (B) root traits, (C) soil enzyme activities, (D) rhizosphere metabolites, and (E) plant growth traits to rhizosphere microbiome. (F) Ordination of variable importance derived from the random forest (RF) models for the rhizosphere metabolites. SOC, soil organic carbon; TN, total nitrogen; AP, available phosphorus; AK, available potassium; NH4-N, ammonium nitrogen; Ga, exchangeable sodium concentration; Mg, exchangeable magnesium concentration; Si, available silicon; Fe, available iron; Cu, available copper; C/N, ration of SOC to TN. TLRN, total lateral root length, MID, mean inter-branch density; MaxO, maximum order of lateral roots; BI, branching density; FRB, fine root biomass; RB, root biomass; R/S, ration of root biomass to shoot biomass. αG, α-1,4-Glucosidase; βG, β-1,4-Glucosidase; βX, β-1,4-xylosidase; CBH, β-D-Cellobiohydrolase; LAP, leucine amino peptidase; NAG, β-1,4-N-Acetyl-glucosaminidase; ACP, acid phosphomonoesterase; PeO, Peroxidas; PhO, Phenol oxidase. LB, leaf biomass; SB, shoot biomass; LA, leaf area; RGR, relative growth rate.




3.3 Small molecule metabolites explain the rhizosphere assembly process mediated by the genus Rhizobium

In order to ascertain the extent to which these properties account for community assembly patterns, we conducted analyses to assess the correlations between βNTI and various chemical properties, enzyme activities, root traits, and rhizosphere metabolites. There was no significant correlation between each index of chemical properties, enzyme activities and root traits with βNTI (Supplementary Figure S3). Subsequently, a correlation analysis was conducted between 11 groups of rhizosphere metabolites and βNTI, which identified a significant correlation between Phytol and βNTI (R = 0.25, p = 0.009) (Supplementary Figure S4). Furthermore, 26 compounds belonging to Phytol were analyzed for correlation with βNTI, revealing that only three compounds—glycerol (RET40), sorbitol (RET46), and Phytol (RET44)—showed significant correlations (Supplementary Figure S5). In order to ensure comprehensive coverage of potentially influential compounds in the microbiome assembly process, compounds exhibiting a coefficient of variation (CV) greater than 0.5 were selected for correlation analysis with βNTI. The results indicated that seven compounds (1,2,4-Benzenetriol, succinate semialdehyde, alpha-ketoglutaric acid, D-Glyceric acid, Glucoheptonic acid, 2-amino-2-methylpropane-1,3-diol, and 2-Butyne-1,4-diol) displayed significant correlations with βNTI (Figure 3A; Supplementary Figure S6).

[image: Scatter plots and bar charts analyze βNTI versus relative abundance across multiple compounds. Panels A-G display scatter plots for compounds like Glycerol and Sorbitol, showing correlation coefficients and p-values. Panel H and I compare stochastic versus deterministic processes in the rhizosphere using bar charts and overlaid scatter plots. Panel J features a scatter plot for Rhizobium, emphasizing relative abundance with respective correlation metrics.]

FIGURE 3
 (A-G) Differences in rhizosphere metabolites explain significant variation in phylogenetic turnover. βNTI and RCbray were calculated by the microbial community, which removed Genus of Rhizobium (H) and anyone Genus randomly (I). βNTI < -2 indicates a significant effect of homogeneous selection, βNTI > 2 indicates a significant effect of variable selection. and |βNTI| < 2 indicates a lack of selection and, therefore, dominance of stochastic processes. Dashed lines indicate the significance thresholds for βNTI. (J) Mantel test were used to found the correction between βNTI and Genus of Rhizobium.


In the investigation of core taxa during microbial community assembly, genera with a relative abundance greater than 0.01 were selected for correlation analysis with βNTI. The results indicated a significant correlation between the genus Rhizobium and βNTI (Supplementary Figure S7), prompting the removal of false positive correlations between taxa with high non-zero values and βNTI. Subsequent recalculation of βNTI and RCbray after excluding the genus Rhizobium revealed that stochastic processes (|βNTI| < 2) predominantly govern phylogenetic turnover (Figure 3H). Finally, in order to enhance the validity of the findings, βNTI and RCbray were recalculated iteratively by systematically excluding each Genus (except Rhizobium) individually, with a focus on instances where the mean value of βNTI >2 (Figures 3I,J).



3.4 Seven small molecule metabolites are regulators for targeted modulation of soil community assembly processes

Seven small molecule metabolites, including glycerol, sorbitol, phytol, 1,2,4-benzenetriol, succinate semialdehyde, alpha-ketoglutaric acid, and D-glyceric acid, were ultimately chosen for the soil culture experiment based on a selection criterion of R > 0.2. We successfully acquired 1,032,205 high-quality sequences from a combined 12 soil samples, encompassing both control (CK) and treatment (ST) groups. The average read count for each sample was determined to be 86,017 (SD 20476). All sequences were clustered into 15,126 ASVs. The majority of ASV belonged to the phyla Actinobacteria (38.12% with sd 0.05) Proteobacteria (32.33% with sd 0.06), Acidobacteria (12.92% with sd 0.021), Firmicutes (5.49% with sd 0.024) Unassigned (3.62% with sd 0.038) Gemmatimonadetes (1.56% with sd 0.005), Chloroflexi (0.75% with sd 0.002), Nitrospirae (0.47% with sd 0.001), Planctomycetes (0.36% with sd 0.003) and Bacteroidetes (0.3% with sd 0.001). However, there were no significant differences in α-diversity, as indicated by Chao1, Shannon, and Pielou evenness values, between the CK and ST (Figure 4A). A higher prevalence of Planctomycetes was observed in the ST treatment, whereas Actinobacteria were more abundant in the CK treatment (Figure 4B). The Principle coordination analysis (PCoA) illustrated the bacterial community structures dissimilarities (Adonis, p = 0.001, R = 0.463 PERMANOVA) between CK and ST treatments (Figure 4C). Moreover, network analysis identified more connections in the CK than in the ST (Figure 4D; Supplementary Table S5).

[image: The image consists of several graphs and charts analyzing microbial communities under different treatments, CK and ST. Panel A shows box plots of Pielou evenness, richness, and Shannon diversity, indicating higher values for CK. Panel B presents a PCoA plot with significant differences between CK and ST. Panel C displays a phylogenetic tree and stacked bar plot illustrating microbial phyla distributions. Panel D features CK and ST network diagrams, highlighting microbial interactions. Panel E includes a table comparing CK and ST with rhizosphere using Matel tests. Panel F shows βNTI and process bar plots, while panel G has a box plot for Rhizobium relative abundance.]

FIGURE 4
 (A) Illustrates the alpha diversity of soil bacterial communities, respectively. The horizontal bars within boxes represent the median. The tops and bottoms of boxes represent 75th and 25th quartiles, respectively. All outliers were plotted as individual points. (B) The principal coordinates analysis (PCoA) with Bray-Curtis dissimilarity performed on the taxonomic profile (at the ASVl evel) bacterial communities. (C) The relative abundance (%) of the major phyla present in the bacterial community and the dendrogram groups samples by hierarchical clustering based on microbial community similarity. (D) the co-occurrence networks of the abundance ASV (ASVs with the top abundance 150). Edges represent significant Spearman correlations (ρ > |0.8|, P < 0.05). Light blue lines represent a significant negative correlation, and light red lines represent a significant positive correlation. (E) The similar of microbial communities between BT/CK and rhizosphere calculated by mantel test. (F) βNTI and RCbray were calculated by microbial community of CK and ST. (G) The relative abundance of Rhizobium in CK and ST. Different lowercase letters signify significant differences between CK and ST based on the LSD test (p  < 0.05).


By comparing the βNTI and RCbray metrics, respectively, we further investigated whether and how community assembly processes differ between CK and ST. We found that variable selection (βNTI >2) dominates phylogenetic turnover in ST, whereas stochastic processes (|βNTI| < 2) dominate phylogenetic turnover in CK (Figure 4E). The Mantel tests revealed a significant correlation (R = 0.682, p = 0.001) between the ST and the composition of the rhizosphere microbiome, whereas no significant correlation (R = 0.375, p = 0.194) was found between the CK and the rhizosphere microbiome (Figure 4F). Furthermore, the presence of Rhizobium, a keystone taxa in the assembly process of rhizosphere bacterial communities, was more abundant in samples from the ST compared to those from the CK (Figure 4G).




4 Discussion

Comprehending the process of rhizosphere microbial assembly is crucial for effectively regulating the composition of the rhizosphere microbial community (Wen et al., 2023; Jiang et al., 2024; Silverstein et al., 2024). Under specific circumstances, the assembly of microbial communities exhibits a high degree of determinism, with distinct communities being influenced by robust environmental selection towards a particular stable state regardless of their initial makeup (Goldford et al., 2018). However, under other circumstances, environmental selection may be less influential, leading to a more unpredictable assembly of communities that rely more heavily on their initial composition (Bittleston et al., 2020). For example, Mendes et al. (2014) found that species abundance in the rhizosphere fits the log-normal distribution model, which indicates the occurrence of niche-based processes (Mendes et al., 2014). Shen et al. (2019) demonstrated that the assembly of the rhizosphere microbiome is influenced by both deterministic and stochastic mechanisms, potentially playing a role in disease suppression (Shen et al., 2019). This finding in our research aligns with prior studies indicating that the assembly of the rhizosphere microbiome is predominantly influenced by deterministic processes (Figure 1).

What’s more, many studies demonstrated that the rhizosphere microbial community could be shaped by plant host habitats, soil factors, phenotypic traits and rhizosphere metabolites (Qu et al., 2020; Wen et al., 2022; Yuan et al., 2022; Zhu et al., 2024). Such as, Wu et al. (2023) observed a transition in the bacterial community assembly process from homogenizing dispersal to variable selection, which was found to be strongly influenced by soil factors such as total phosphorus and carbon-nitrogen ratio (Wu et al., 2023). However, Bi et al. (2022) established that the metabolites present in the rhizosphere exhibited a more pronounced correlation with the structure of rhizosphere bacterial and fungal communities compared to edaphic factors. This finding aligns with the results of the current study, indicating that root exudates plays a significant role in shaping the assembly process of the microbial community (Figure 2).

Specific bioactive metabolites have the potential to influence the composition of the microbial community within the rhizosphere (Bi et al., 2022). A recent study conducted by Wen et al. (2022) demonstrated the deterministic assembly process linked to diseased rhizosphere microbiomes, which exhibited a significant correlation with five specific metabolites: tocopherol acetate, citrulline, galactitol, octadecylglycerol, and behenic acid (Wen et al., 2022). Similarly, Jiang et al. (2024) confirmed that the exogenous administration of a metabolic blend containing essential components enriched through intercropping (soyasapogenol B, 6-hydroxynicotinic acid, lycorine, shikimic acid, and phosphocreatine) notably improved root activity, nutrient levels, and biomass production of maize in indigenous soil (Jiang et al., 2024).

This research enhances comprehension regarding the impact of root exudates on the process of bacterial community assembly. Specifically, our findings indicate that seven compounds, including glycerol, sorbitol, phytol, 1,2,4-benzenetriol, succinate-semialdehyde, alpha-ketoglutaric acid, and D-glyceric acid, play a significant role in driving the assembly of rhizosphere communities, with these compounds primarily belongs to sugars and organic acids (Figure 3). Sugars and organic acids are one of the major components of rhizosphere metabolites (Wen et al., 2020; Liu et al., 2023; Wen et al., 2023). This observation of the importance of sugars and organic acids in plant-microbe interactions has been noted previously (Kamilova et al., 2006; Lebeis et al., 2015; Bezrutczyk et al., 2018). For instance, sugars, frequently utilized as carbon sources for microbial cultures (Chaudhry and Nautiyal, 2011), were discovered to enhance the symbiotic relationships between plants and microorganisms, thereby facilitating adaptation to challenging environmental conditions (Xu et al., 2018; Korenblum et al., 2022). The presence of some organic acids (e.g., malic and fumaric acids) exuded by banana roots plays a vital role in facilitating the colonization of Bacillus amyloliquefaciens NJN-6 on the host roots, thereby providing protection against Fusarium oxysporum f. sp. cubense and promoting the growth of plants (Yuan et al., 2015). Overall, based on these findings, the beneficial effects of specific rhizosphere metabolites (e.g., sugar and organic acids) on plants may be attributed to their role in facilitating the interaction between plant roots and microbes, thus suggesting their potential utility as soil prebiotics (Macias-Benitez et al., 2020).

Keystone species possess the ability to exert a disproportionate and consequential influence on ecosystems (Berry and Widder, 2014), with their behavior and population levels playing a crucial role in maintaining community stability and long-term sustainability (Mouquet et al., 2013; Wu et al., 2023; Wang X.-W. et al., 2024). Wu et al. (2023) revealed that the keystone species of the phyla Acidobacteriota and Chloroflexi shifted the rhizosphere bacterial community construction process. However, in our research, we discovered that Rhizobium may have a significant impact on the assembly of rhizosphere communities (Figure 4). Previous studies have indicated that Rhizobiales, a bacterial order, is one of the most prevalent groups in the rhizosphere (Hacquard et al., 2015; Yeoh et al., 2017). Additionally, it has been suggested that Rhizobium plays a crucial role in plant growth and may contribute to microbial homeostasis in healthy roots (Garrido-Oter et al., 2018). For example, Zhong et al. (2019) showed that Rhizobium stimulated the proliferation of potentially beneficial microbes, increasing the connections in the rhizobacterial network and altering the hub microbes. Moreover, our study revealed that Rhizobium, a potentially keystone taxa, was enriched by seven small molecule metabolites (Figure 4), leading to alterations in microbial communities akin to the rhizosphere assembly process (Figures 4, 5). Core microbes, which play a significant role in community assembly, were found to be crucial for the structure of soil microbial communities. However, the current focus remains on understanding the regulation of these core microbes.
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FIGURE 5
 Schematic diagram of rhizosphere microbial community assembly process. Rhizosphere metabolites drive the rhizosphere microbial community assembly process.


In addition, our findings demonstrate that rhizosphere metabolites play a crucial role in the assembly process of the rhizosphere bacterial community, serving as a mechanism through which small molecule metabolites can be introduced to alter the microbial community by influencing the keystone taxa. However, although our metabolomic studies are conducted under specific conditions and at specific time points, it would be valuable to investigate the relationship between changes in bacterial community structure and metabolites in soil over varying periods of time and geographical locations. Furthermore, it was challenging to ascertain the individual functions of the numerous compounds present in root exudate on the microbial community, as well as to initiate validation experiments with rhizosphere metabolites due to the inability to artificially culture the vast number of microbes involved. Herein, we hope that the function of the microbial community associated with rhizosphere metabolites could be given more attention in future research.



5 Conclusion

Our research indicates that rhizosphere metabolites are significantly more influential in the assembly of the rhizosphere microbiome than chemical properties, enzyme activities, and root traits. Specifically, seven compounds present in root exudate, including glycerol, sorbitol, phytol, 1,2,4-benzenetriol, succinate semialdehyde, alpha-ketoglutaric acid, and D-glyceric acid, have been identified as key drivers in this assembly process. Additionally, our findings suggest that Rhizobium may serve as a crucial mediator in modulating the composition of the rhizosphere microbial community in response to these small molecule metabolites. The successful regulation of microbial community assembly processes through the manipulation of small-molecule metabolites has been demonstrated. Additionally, an effective method for regulating microbial community assembly processes through the supplementation of small molecule metabolites has been confirmed.
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Introduction: Bamboo is a sustainable and degradable resource for sustenance, high-strength cellulose microfibers, and synthetic fiber in China. Endophytic bacteria enhance root development and ethylene levels, benefiting the host plants’ physiology.
Methods: We investigated the population, diversity, and abundance of endophytic bacteria in the leaves of three bamboo species—Phyllostachys edulis, Bambusa rigida, and Pleioblastus amarus—using high-throughput 16S rDNA sequencing.
Results and discussion: A total of 1,159 operational taxonomic units (OTUs) were obtained and further classified into 26 phyla, 64 classes, 158 orders, 270 families, 521 genera, and 811 species. The phyla with the highest abundance were Proteobacteria, Actinobacteria, and Myxococcota, and the highest genera included 1,174–901-12, Sphingomonas, and unclassified_f__Enterobacteriaceae. The relative richness of endophytic bacteria in the three species was in the following order: B. rigida > P. amarus > Ph. edulis. The PICRUSt functional richness analysis of endophytic bacteria indicated their involvement in six biological pathways: “cellular processes,” “environmental information processing,” “genetic information processing,” “human diseases,” “metabolism,” and “organic systems.” Among the 41 sub-functions, the most common were “amino acid metabolism,” “carbohydrate metabolism,” “cell motility,” “cellular signaling,” “energy metabolism,” and “membrane transport.” Our results provide precise knowledge for better managing bamboo forests and pave the way for isolating secondary metabolites and potential bioactive compounds.
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1 Introduction

Microbial endophytes are microorganisms that live within the tissues of plants and form symbiotic relationships with their hosts (Gond et al., 2015). Anti-pathogenic bacteria, plant endophytic bacteria, abiotic stress tolerance, and physiology enhancement in host plants are all outcomes of their interactions (Hardoim et al., 2008). Plant endophytic bacteria are significant biological resources commonly employed across various industries (Donoso et al., 2017; Yan et al., 2021a). The species richness and diverse community structure of endophytes in plants are primarily determined by various factors, including plant species, seed vector endophytes, life cycle, adjacent environment, and plant tissues (Yan et al., 2022). Diverse endophytes are found in greater abundance in leaves than in any other tissue due to their susceptibility to airborne damage, stomatal openings, and transportability (Cui et al., 2017).

Generally, distinct endophytic bacterial species inhabit a variety of plant species (Liu et al., 2021). A comprehensive examination unveiled that even variations of identical plant species support a wide array of endophyte community structures and species diversity (Massimo et al., 2015). An investigation by Yuan et al. (2014) revealed a notably heterogeneous endophytic microbiome in rhizomes procured from different varieties of moso bamboo across distinct regions. A total of 129 species and 54 genera of endophytic bacteria have been identified in diverse plant taxa (White et al., 2015). Proteus, Bacillus, Enterobacter, and Azospirillum are notably abundant genera. In addition, the diversity of the endophytic bacterial community is influenced by the surrounding environment and the diversity of the endophyte host plants. Factors such as plant species, life span, location, and various plant tissues are regulated in endophytic bacterial diversity regulation. Many endophytic bacterial strains have been identified in the aerial portions of plants, specifically the leaves, except for strains specific to particular tissues. This is because leaves are more exposed to the environment and are more delicate (Cui et al., 2017).

Bambusoideae, a member of the Poaceae family, is renowned for its rapid growth, adaptability, and versatility. Its abundant species diversity spans over 70 genera and 1,200 species across the globe (Liu et al., 2017). Bamboo is a forest resource that contributes significantly to the regional economy and contemporary forestry by incorporating ecological, social, and economic benefits. The paper and pulp industries extensively use bamboo cellulose. It is a renewable primary material utilized in the construction and furniture industries. Recently, bamboo microfibers with a strength of 1.26 ± 0.21 GPa cm−3 g−1 have been extracted; these fibers are more powerful than steel and will bring about a paradigm shift in the construction sector (Li et al., 2022). Because of its adaptability to a wide range of environmental conditions and the abundance of bamboo species, it is capable of harboring a greater variety of microbial species (Shen et al., 2014; Zhou et al., 2017). The investigation of endophytic bacteria in Phyllostachys praecox and Phyllostachys edulis has extended beyond the Shunan bamboo sea (Zhang et al., 2019). Bamboo is being developed extensively as an ecological and economic forest, but most research focuses on material quality and variety propagation. For example, the growth, composition, and mechanics of Ph. edulis have been the subject of numerous studies (Xu et al., 2011; Wang et al., 2012). The majority of studies on Pleioblastus amarus focus on its medicinal and edible properties (Ying et al., 2022). Bambusa rigida, a native bamboo species in Sichuan, has significant timber and papermaking resource development (Wen et al., 2011; Liu et al., 2014). However, research on B. rigida is currently limited and primarily concerns itself with lignocellulose. Therefore, three bamboo species with entirely different genetic characteristics and uses were selected to study the diversity of endophytic bacteria, which can help in better understanding the differences in the endophytic bacterial community structure and function between them.

Endophyte research is crucial for the development of the bamboo-based industry, the maintenance of bamboo forest ecosystems, and the cultivation of bamboo forests. Numerous microorganisms continue to be uncultivable, rendering conventional cultivation methods disappointing. The utilization of next-generation sequencing techniques has enabled a comprehensive examination of the microbiome of any given species. Therefore, three representative bamboos, Phyllostachys edulis, Bambusa rigida, and Pleioblastus amarus, from the Shunan Bamboo Sea, Yibin, China, were selected as the research objects. The endophytic bacteria in the leaves of the three bamboo species were analyzed by molecular biotechnology, and their community structure and diversity characteristics were revealed.



2 Materials and methods

The methods of this study follow relevant institutional, national, and international guidelines and legislation. This study protocol also adheres to the IUCN Policy Statement on Research Involving Species at Risk of Extinction and the Convention on the Trade in Endangered Species of Wild Fauna and Flora.


2.1 Plant material collection

To investigate the density and diversity of endophytic bacteria leaves, the study material was collected from Ph. edulis (MZ), B. rigida (YT), and Pl. amarus (KZ) located in the Shunan Bamboo Sea (Yibin, Sichuan, 28°30′2″N, 105°04′7″E), China. The sample plot of each bamboo species was set up into three blocks. In each block, five bamboos with vigorous growth, far away from the edge zone, free from pests and diseases, and with an interval of about 15 m were selected. The leaves of these bamboos were collected and mixed into a sample, which was quickly maintained at 4°C. Upon arriving at the laboratory, all appendages were trimmed away, and dirt areas on the surface of leaves were thoroughly cleaned with running tap water. Leaves of each growth stage were weighed (10 g), packed in sterile bags, and stored at 4°C for future use as research material. Surface sterilization of leaves was performed via soaking in 75% ethanol for 30 s and 2% NaClO solution for 2 min with gene shaking, followed by three washings with sterile ddH2O. To ensure proper surface sterilization of leaves, 20 mL of ddH2O from the last rinse of each sample was streaked on Potato Dextrose Agar (PDA) medium in three biological replicates and incubated at 28°C under dark conditions.



2.2 DNA extraction

To extract DNA, 5 g of sample was weighed, chopped into small pieces, and immediately soaked in 50 mL sterile Tween-NaCl buffer [0.9% NaCl (w/v), 0.05% Tween 20 (v/v), and 2% polyvinylpolypyrrolidone (w/v)], homogenized, and sonicated at 4°C for 30 min, as described by Yan et al. (2021b). Subsequently, the solution was filtered through a three-layered sterile gauze to remove coarse particles, followed by centrifugation at 12,298 × g for 10 min at 4°C. The supernatant was discarded, and the residue was shifted into a new sterile tube for genomic DNA (gDNA) extraction. We employed an E.Z.N.A™ HP Plant DNA Kit (OMEGA®, USA) by following the manufacturer’s standard protocol to isolate bacterial genomic DNA. To avoid noise during polymerase chain reaction (PCR), impurities in bacterial genomic DNA, such as polyphenol, were removed with the help of the E.Z.N.A™. Soil Kit. The quality of the bacterial genomic DNA was confirmed by running 2 μL of extracted DNA of each sample on 1% agarose gel and visualized under a UV light-installed gel documentation system (iBright 1,500 imaging system, ThermoFisher, USA) (El-Sappah et al., 2017). Finally, DNA concentrations were recorded on a nanodrop spectrophotometer (NanoDrop 2000) at OD 260/280, which were 2.1–42.5 ng/μl in each sample (El-Sappah et al., 2021).



2.3 PCR amplification and sequencing analysis

In order to design primers to use in PCR to amplify bacterial rRNA, we used the Premier 5 tool (Wang et al., 2018). The following primer pair, 799F(5’-AACMGGATTAGATACCCKG-3′) and 1193R(5’-ACGTCATCCCCACCTTCC-3′), was used to amplify the V5–V7 regions of the bacterial 16S rRNA gene (Chen et al., 2018). The PCR system consisted of 5 μL of 10x KOD buffer, 5 μL of 2 mmol/L dNTPs, 2 μL of MgSO4, 1 μL of KOD Plus enzyme, 1.5 μL of each primer pair (799F and 1193R), DNA template (total DNA of leaves and endophytes 50 ng), and the total volume was adjusted to 50 μL by adding sterile ddH2O. The following PCR conditions were used: initial denaturation at 94°C for 2 min; denaturation at 94°C for 30 s; primer binding at 63°C for 30 s; amplification at 68°C for 30 s, with a total of 30 cycles; final amplification at 68°C for 5 min; and cooling at 4°C indefinitely. PCR for each sample was performed in three biological replicates, and the total amplification product of each sample was the sum of the three replicate PCR products. Finally, high-quality PCR products were further used in library construction and subsequent sequencing analysis using robust Illumina MiSeq™ (PE300).



2.4 Sequencing and phylogenetic analysis

To identify operational taxonomic units (OTUs) in sequencing reads, phylogenetic clustering analysis was performed using a Uparse v7.0.10901 OTU clustering tool at a 97% identity threshold level (Ye et al., 2017). Chimeric reads in sequencing data were identified with the help of UCHIME v4.2 software and discarded (Edgar et al., 2011). A group of eight bases was called “word.” The combinations were calculated and compared to the reference library at 100 times the bootstrap cutoff value. The RDP classifier Bayesian algorithm was employed at an 80% confidence threshold level to measure the confidence score of taxa assignment at each taxonomic level. The composition of endophytic bacterial communities in each sample of bamboo leaves was classified into kingdom, phylum, class, order, family, genus, and species (Chen et al., 2016). The common and unique OTU numbers in each sample were counted and illustrated by constructing a Venn diagram (Fouts et al., 2012).



2.5 Diversity analysis of endophytic bacteria in bamboo leaves

The diversity of endophytic bacteria in bamboo leaves was analyzed. α-Diversity represents sequencing depth, coverage, and comparison of abundance and diversity of endophytes in a microbial community. Good’s coverage metric (C = 1-n1/N) was employed to estimate sequence coverage. Herein, “n1” is the number of OTUs containing only one sequence read, and “N” is the total number of sequence reads obtained from one sample (He et al., 2018). α-Diversity of three biological repeats of each sample was analyzed by employing Chao 1, ACE, Shannon, and Simpson indices (Gihring et al., 2012; Rogers et al., 2016). The linear discriminant analysis (LDA) effect size (LEfSe)1 was used to perform the LDA on samples with different grouping conditions according to taxonomic composition. Euclidean distances, dissimilarity indices, and diversity in OTUs at a 97% identity threshold were calculated in each sample by principal coordinate analysis (PCoA) (Calderón et al., 2017). In order to investigate the composition of dominant species in each sample and their distribution among different samples, a Circos sample–species relationship map was constructed with the help of Circos-0.67-72 software (Sui et al., 2016). PICRUSt package was employed for KEGG functional prediction of each 16S amplicon in an OTU (Tang et al., 2018). Comparative taxonomic analyses of the endophytic bacterial community were performed at each classification level in all samples. The R tool was used to construct a community structure diagram and histogram (Lu et al., 2016; Zhou et al., 2017).



2.6 Statistical analysis

The analysis was performed using a one-way analysis of variance (ANOVA), with all data points represented as means. Additionally, at a significance level of p < 0.05, Tukey’s HSD test was employed to examine differences in means of Shannon, Simpson, ACE, Chao, and diversity indices. All correlation and path coefficient analyses were conducted using Excel 2019 and SPSS Statistics 20.0 (SPSS Inc., Chicago, IL, United States).




3 Results


3.1 Sequencing data analysis

In triplicate, the 16S rDNA gene was used to analyze the sequence readings of all three bamboo leaf samples, MZ, KZ, and YT (Table 1).



TABLE 1 Sequencing reads analysis of endophytic bacteria in the three samples of bamboo leaves in triplicate.
[image: A table displays sequencing data with four columns: "Sample," "Reads," "Total bases," and "Average length (bp)." It includes samples MZ1 to MZ3, KZ1 to KZ3, and YT1 to YT3. "Reads" range from 44,537 to 57,030. "Total bases" range from 16,761,712 to 21,458,273. The "Average length" varies from 376.26 to 378.31. A note below explains each column's data composition.]

All reads that were incomplete or redundant were eliminated. Full-length recovered reads from MZ bamboo leaf samples were 55,924, 46,171, and 55,504 bp; total number of bases were 21,156,612, 17,376,789, and 20,965,289 bp, and average sequence lengths were 378.31, 376.36, and 377.73 bp. Full-length reads from KZ samples were 52,248, 44,537, and 47,033; the total base count was 19,694,141, 16,761,712, and 17,699,957 bp, and the average read length was 376.94, 376.36, and 376.33 bp. Similarly, in YT samples, the total length sequence reads were 51,696, 57,030, and 48,274, the total number of bases was 19,475,490, 21,458,273, and 18,169,785 bp, and the average sequence length was 376.73, 376.26, and 376.39 bp.

The rarefaction curves show the coverage, sampling depth, richness, and uniformity of the endophytic bacterial species present in each bamboo leaf sample. We saw a log phase in all three samples followed by an abrupt flat trend, except for the MZ sample, which had a reasonably short span and a fast decline. The flatness of all three curves demonstrated the abundance of bacterial communities in each sample and sufficient sampling (Figure 1).
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FIGURE 1
 Rarefaction curves of all three samples of bamboo leaves. The abscissa shows the data randomly selected by the Illumina MeSeq™ platform, and the ordinate represents the relative numbers of species. The position of the abscissa of the extension end point of the sample curve represents the number of species in each sample. The flatness of curves indicates a sufficient amount and diversity of bacterial strains, while a steep decline suggests a high proportion of bacterial strains and low bacterial diversity.




3.2 OTU cluster analysis

In order to illustrate compositional similarity and overlap among OTUs of all three samples, MZ, KZ, and YT, a Venn diagram was constructed (Figure 2).

[image: Venn diagram and bar chart comparing three groups: MZ, KZ, and YT. Venn diagram shows overlapping regions with numbers and percentages: MZ and KZ overlap has 66 (5.69%), MZ and YT overlap has 63 (5.44%), KZ and YT overlap has 154 (13.29%), and all three overlap has 228 (19.67%). Individual totals: MZ 69 (5.95%), KZ 331 (28.56%), YT 248 (21.40%). Bar chart displays group totals: MZ 426, KZ 779, and YT 693.]

FIGURE 2
 Venn diagram illustrating the unique and common OTUs among all three samples of bamboo leaves. Different colors are assigned to each group. Common and unique OTUs are shown with their numbers. The total number of OTUs in each group, excluding chimeric sequences, is also represented with a bar chart.


In silico analysis, combined with statistical analysis, revealed 1,159 OTUs via clustering of high-fidelity data free of chimeric reads at a 97% similar index. Furthermore, established OTUs were divided into 26 phyla, 64 classes, 158 orders, 270 families, 521 genera, and 811 species. More precisely, established OTUs in each sample, MZ, KZ, and YT, were 426, 779, and 693, respectively (Figure 2). The Venn diagram exhibited 69 (5.95%) unique OTUs in the MZ sample (peach), 331 (28.56%) in the KZ sample (Tiffany blue), and 248 (21.40%) in the YT sample (green). Furthermore, a total of 66 common OTUs between the MZ and KZ samples (teal), 154 common OTUs between the KZ and YT samples (blue-green), 63 common OTUs between the MZ and YT samples (mint) were observed, and a total of 228 (19.7%) common OTUs were observed among all three samples (Victorian teal). These findings proved that community structures of endophytic bacteria in all three samples of bamboo leaves were significantly different (Figure 2).



3.3 Microbial abundance and diversity analysis

The abundance and diversity of endophytic bacterial communities were investigated in bamboo leaves. The average sequencing depths of bamboo leaf samples MZ, KZ, and YT were 0.9990, 0.9986, and 0.998, respectively, demonstrating the real-time coverage of endophytic bacterial communities (Table 2).



TABLE 2 Endophytic bacterial community richness and diversity indices in Phyllostachys edulis, Bambusa rigida, and Pleioblastus amarus leaves.
[image: Table displaying diversity indices for bamboo leaf samples. Columns include Sample, Shannon, Simpson, ACE, Chao, and Coverage. Samples MZ, KZ, and YT show varying index values with superscript letters indicating significant differences. Coverage values are near 1.000.]

Generally, higher Shannon and lower Simpson indices are indicators of localization of the highest endophytic bacterial diversity index in any biological sample. The highest diversity of the endophytic bacterial community was observed in YT, followed by KZ, and lowest in the MZ group. In order to investigate the richness of communities of bacterial endophytes in bamboo leaf samples, the Chao and ACE indices were also measured. The highest richness of endophytic bacterial communities was observed in YT, followed by KZ, and lowest in the MZ group (Table 2). These results indicate that the richness and diversity of endophytic bacteria in the leaves of all three bamboo species were not adequate.



3.4 Bacterial community structure analysis

Relative percentages of community abundance of endophytic bacterium at phylum (Figure 3) and genus levels (Figure 4) have been shown in all three samples of bamboo leaves.

[image: Bar chart showing the percent of community abundance on the phylum level for samples MZ, KZ, and YT. Key phyla include Proteobacteria, Actinobacteriota, Myxococcota, and others, denoted by different colors in the legend.]

FIGURE 3
 Bar plot analysis of the relative percentage of the endophytic bacterial community at the phylum level. The ordinate represents the names of different samples, and the abscissa represents the relative percentage of different phyla, expressed by columns with different colors and sizes. Phyla with <1% were merged as others.


[image: Bar chart depicting the percent of community abundance on genus level for MZ, KZ, and YT. Various genera, such as 1174-901-12 and Sphingomonas, are distinguished by colors, with a legend detailing each.]

FIGURE 4
 Bar plot analysis of the relative percentage of the endophytic bacterial community at the genus level. The ordinate represents the relative percentage of different genera, and the abscissa represents the names of different samples, expressed by columns with different colors and sizes. Genera with <1% were merged as others.


The highly abundant seven phyla were precisely annotated, while <1% relative abundant phyla were merged into “others.” Dominant phyla include Proteobacteria, Actinobacteria, Myxococcota, Firmicutes, Bacteroidota, Acidobacteriota, and Deinococcota. Notably, the proportion of only three phyla, Proteobacteria, Actinobacteria, and Myxococcota, reached more than 90%. The proportion of Proteobacteria was highly abundant in all three samples of bamboo leaves, with MZ, KZ, and YT accounting for 68.58, 68.30, and 62.88%, respectively. Contrarily, the lowest proportion of the Deinococcota phylum was noticed in all three bamboo leaf samples, with MZ, KZ, and YT accounting for 2.42, 0.48, and 0.78%, respectively. The community abundance percentage of Actinobacteria, Firmicutes, and Bacteroidota in the KZ and YT samples was significantly higher than that in MZ. At the same time, Myxococcota and Acidobacteriota were substantially lower in the KZ and YT samples than in the MZ sample (Figure 3).

Notably, an abundance of endophytic bacterial genera was identified in all three samples of bamboo leaves, and genera with abundances <1% were placed under the “others” category (Figure 4). Furthermore, the proportion of dominant endophytic bacterial taxa in each sample and the distribution ratio of each dominant genus across all three samples of bamboo leaves were visually represented using a circular Circos graph (Figure 5). The dominant genera in the MZ sample were 1,174–901-12 (32.54%), P3OB-42 (12.28%), Sphingomonas (8.66%), and Pseudomonas (3.39%), while those in the KZ sample were unclassified_f_Enterobacteriaceae (16.58%), Aquabacterium (6.51%), Ralstonia (4.38%), and Sphingomonas (3.87%). In contrast, the composition of the YT sample varied, with Sphingomonas (11.29%), 1,174–901-12 (7.89%), Methylobacterium-Methylorubrum (6.89%), and Aquabacterium (4.58%), although their proportions varied among different bamboo species. Additional research is necessary to determine the precise causes for the fluctuating abundances of various genera in all three bamboo species. In summary, we noted that the abundance of different genera of endophytic bacteria varied among the three bamboo species. The LDA value quantifies species’ impact on the difference effect, while LEfSe assesses multi-level differences between species.

[image: Circular microbiome composition chart with colored arcs and connecting lines, representing different bacterial genera and their relative abundances in samples labeled KZ, MZ, YT, and others. The central area displays interconnections between categories, highlighting diversity and distribution among genera like Sphingomonas, Pseudomonas, and Aquabacterium. Percentages along the outer ring indicate relative abundance.]

FIGURE 5
 Sample–species relationship-based Circos diagram. The small semicircle (left half circle) represents the composition of species in a sample, the color of the outer ribbon represents different groups, the color of the inner ribbon represents species, and the length represents the relative abundance of the genus in a sample. The large semicircle (right half circle) represents the proportion of genera in different samples.


This indicates that the aforementioned species potentially significantly influence the environmental change process (Huhe et al., 2017). A bar graph was constructed using the genus with the “LDA value >2,” which represented statistically significant differences among the three bamboo endophytic bacteria as determined by LEfSe analysis (Figure 6). Unclassified_Rhizobiales obtained the highest LDA score in the KZ group, followed by norank_Hyphomicrobiaceae. This suggests that the community structures of the three bamboo endophytic bacteria differed significantly.

[image: Principal Component Analysis (PCA) plot illustrating the clustering of three groups: MZ (red), KZ (light blue), and YT (teal). The x-axis represents PC1 with 69.49% variance, and the y-axis represents PC2 with 17.36% variance. Each group is encircled and plotted to indicate variation and distribution.]

FIGURE 6
 Genus-level discriminant histogram of flora using LDA. The bar graph represents the LDA values for various species. The magnitude of the effect of species abundance on the difference effect increases with the LDA score. In distinct categories, bars of varying colors are used to represent the samples.




3.5 Differential analysis of endophytic bacterial communities

The variation index and Euclidean distances among all three samples were calculated and shown using PCoA (Figure 7).

[image: Bar chart showing LDA scores for different genera, with scores on the x-axis and genera on the y-axis. Genera include Granulicella, Rhizobiales Incertae Sedis, and others. Bars are colored red, blue, and green representing MZ, KZ, and YT, respectively.]

FIGURE 7
 Principal coordinate analysis (PCoA) of multiple samples at the OTU level. The x- and y-axes represent the selected principal component axes, respectively, and the percentage indicates the variation in sample composition by the principal component; the relative distances were denoted on the x- and y-axis scales. In distinct groupings, samples are represented by different color points or shapes. Compositional similarity between bacterial species indicates the proximity of points or structures.


To create PCoA maps, extraordinarily abundant endophytic bacterial species were identified in each sample. PC1 and PC2 contributed 86.85% to PCoA (Figure 7). The distances between all three bamboo samples were remarkably more significant and dispersed, suggesting that the bacterial population structure was highly diverse.



3.6 PICRUSt function prediction analysis

In order to predict functional annotation of Illumina MiSeq™-generated endophytic bacterial 16S amplicons of all three samples of bamboo leaves, PICRUSt software was employed to standardize all OTUs followed by KEGG database, KO, Pathway, and EC information (Table 3).



TABLE 3 Analysis of 16S amplicons using KEGG pathway functions.
[image: A table titled "Pathway" with three sample columns: KZ, YT, and MZ. It lists various pathways and their respective abundance values in each sample. The pathways include amino acid metabolism, energy metabolism, and lipid metabolism, among others, each with distinct values under KZ, YT, and MZ columns. The caption explains that the data represents predicted sub-functions in the KEGG pathway, showing abundance values for each sample.]

In total, 41 sub-functions were annotated by PICRUSt software and KEGG database. Functional annotations of all three samples were similar and predominantly involved in metabolic pathways of cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, and organic systems. Dominant sub-functions were relevant to amino acid metabolism, carbohydrate metabolism, cell motility, cellular processes and signaling, energy metabolism, and membrane transport. Significant variations in sub-functional abundances have been observed among all three samples; that is, carbohydrate metabolism was more abundant in KZ than in YT and MZ. Similarly, cell growth and death, cardiovascular diseases, signaling molecules, and interaction were abundant in MZ compared to KZ and YT (Table 3).




4 Discussion

Genetic composition, germination, growth time, growth potential, and localization to a specific region primarily influence endophytic bacterial diversity, variable community structure, and abundance in various bamboo species. This study determined that the diversity of endophytic fungi in the leaves of the three bamboo species differed, among which B. rigida was the most diverse and abundant endophytic bacteria, followed by Pl. amarus and Ph. edulis. This can be seen in the disparities between Populus varieties concerning endophytic microorganisms’ diversity, as reported by Yuan et al. (2014). Comparable occurrences were noted in the diversity of endophytic fungi across various Rhodiola varieties (Cui et al., 2015). High-throughput gene sequencing is a robust and leading technology for precise and quick exploration of the community structure and abundance analysis of endophytic bacteria in a given sample compared to traditional culturing techniques, which are laborious, time-consuming, and even unable to culture numerous endophytes. We observed significant variations in the number of OTUs, the composition of endophytic bacterial communities, and their diversity and richness among different bamboo species. The highest endophytic bacterial community richness was observed in YT and the lowest in MZ, while KZ and YT harbor more OTUs than MZ. These variations could be due to different physiological characteristics and the organizational structure of B. rigida, compared to Ph. edulis and Pl. amarus. Specific tissue structure and more extended localization of B. rigida clumps resulted in a higher accumulation of endophytic bacteria. The tissue structure of B. rigida (YT) is sympodial, and its genetic makeup is also unique as compared to monopodial and mixed bamboo (Gao et al., 2019), which facilitates the invasion and transmission of microbes (Les, 2020). PCoA revealed that the differences in community structure among the three bamboo endophytic bacteria provided further support for the above-stated hypothesis. The distance was close, and the three samples of B. rigida had good repeatability, whereas the Ph. edulis and Pl. amarus samples were poorly repeatable and relatively dispersed.

Numerous endophytic bacteria are localized inside bamboo leaves, and their genes complement specific biological functions (Suryanarayanan et al., 2022). For example, Proteobacteria, Actinobacteria, and Firmicutes significantly tolerate heavy metal stress and are adaptive to acidic soil, while bamboo also grows well in acidic and heavy metal contaminant soil (Chao et al., 2016; Liu et al., 2021). So, there would be a positive correlation between endophytes and bamboo, which further needs to be investigated. Studies have shown that Proteobacteria positively correlate with soil nutrients and nitrogen metabolism, denitrification under anaerobic conditions in a nitrate-rich environment, and nitrogen fixation in a nitrogen-deficient climate (Gao et al., 2019). Additionally, Proteobacteria can habitat water, sediments, soil, and alkaline and saline environments to support bamboo growth in all habitats (Deng et al., 2020). Actinobacteria produce and secrete secondary metabolites to regulate the carbon cycle of other microbes and promote the growth rate of bamboo plants (Jose et al., 2021). Firmicutes produce spores that can adapt to various environments and play a vital role in development of the bamboo ecosystem (Govil et al., 2021). This study determined the abundance of Proteobacteria, Actinobacteria, and Myxococcota in three kinds of bamboo, indicating an interaction between these bamboo species and endophytes. These endophytes can help bamboo adapt to the local acidic soil environment and humid climate and promote the growth of bamboo and the biosynthesis of secondary metabolites.

Many endophytes have been identified in various bamboo species, and bamboo endophytes are extensively distributed within the host. In their study, Liu et al. (2014) isolated 27 isolates of endophytic bacteria from Ph. edulis, the predominant genera of which were Bacillus, Arthrobacter, Staphylococcus, and Ochrobactrum. Bacillus and Pseudomonas were the most prevalent genera of endophytic bacteria in the leaves of six bamboo species, as compared and analyzed by Xu et al. (2014). From Ph. edulis, Yuan et al. (2014) isolated 34 endophytic bacteria strains. The prevailing genera were Arthrobacter, Bacillus, Curtobacterium, Alcaligenes, and Staphylococcus. Forty endophytic bacterial isolates were isolated from Bambusa blumeana by Hou et al. (2019), most of which belonged to the taxa Azospirillum, Aquaspirillum, Escherichia, and Pseudomonas. However, the community structure of endophytic bacteria in this study differs from that reported in previous studies. The most abundant species identified were P3OB-42, Aquabacterium, Methylobacterium-Methylorubrum, Sphingomonas, unclassified_f__Enterobacteriaceae, 1,174–901-12, Sphingomonas, Ralstonia, Pseudomonas, and Bacillus. Sphingomonas harbors particular cell membrane-localized components called glycosphingolipids, which can tolerate nutrient-deficient environments and have strong vitality. Sphingomonas also degrades macromolecular organic pollutants to control environmental pollution (Li et al., 2021). Enterobacteriaceae are harmless and widely distributed in soil, water, plants, insects, and animals (Ito et al., 2019). Pseudomonas is an opportunistic pathogen, and knowledge about its specific role in bamboo leaves is scarce (Williams et al., 2010). Bacillus is another widely distributed endophytic bacterium that can be isolated in many plant species. Members of the Bacillus genus are mostly probiotics, with numerous beneficial effects in the intestine, fecal frequency and characteristics, and skin properties of animals and humans. For example, Bacillus coagulans is a probiotic that can improve the flavor, taste, and shelf life of bamboo-based food (Endres et al., 2011).

In the past, the primary focus of high-throughput sequencing was only to explore the community structure of endophytic bacteria in plants (Ding et al., 2016). In metagenomic research, high-throughput sequencing-based PICRUSt function prediction is highly efficient, convenient, cost-effective, and reliable (Langille et al., 2013). In recent years, functional annotation of various habitats’ microbes has been investigated via PICRUSt (Zhu et al., 2016; Dong et al., 2018). This research predicted key endophytic bacterial species and their roles in biological functions in the leaves of three different bamboo species. The dominant sub-functions were amino acid metabolism, carbohydrate metabolism, cell motility, cellular processes and signaling, energy metabolism, and membrane transport, which are poorly characterized in all three experimental groups. These findings suggest that genetic characteristics, environmental conditions, and community structure are jointly affected by the metabolic functions of endophytes in bamboo. However, due to the limitations of PICRUSt function prediction, combining it with metagenomic sequencing is suggested to understand the microbial community functions of various bamboo species accurately.

Regarding bamboo distribution from the Shunan Bamboo Sea, the three bamboo species have extremely diverse endophytic bacteria, which provides a basis for screening bioactive substances of bamboo endophytic bacteria and developing bamboo resources. The above conclusion may have limitations as microorganisms have a high degree of functional redundancy and cannot accurately predict their functional characteristics. In contrast, functional genes can better predict the response of microbial communities to habitat changes. In the future, more bamboo samples from different regions will be collected for in-depth research using metagenomics methods to reveal the characteristics and diversity of endophytic bacteria in bamboo and their relationship with microbial function.



5 Conclusion

Bamboo has numerous ecological, commercial, ornamental, and industrial uses and is the fastest-growing forest resource. Endophytic microorganisms coexist symbiotically with an extensive variety of plant species. The composition of endophytic bacterial populations in the leaves of three different bamboo species was investigated using high-throughput sequencing. We determined that bamboo species have a particular impact on the structure and diversity of endophytic bacterial communities. Endophytic bacterial phyla that were exceptionally abundant included Proteobacteria, Actinobacteria, and Myxococcota. The dominant genera of the MZ sample were P3OB-42, Sphingomonas, and Pseudomonas, while the dominant genera of YT were Sphingomonas, 1,174–901-12, and Methylobacterium-Methylorubrum. B. rigida was the most diverse and abundant endophytic bacteria among the three bamboo species, followed by Pl. amarus and Ph. edulis. According to the PICRUSt function prediction analysis, endophytic bacteria in bamboo leaves are predominately enriched in the six biological pathways: human disease, metabolism, cellular processes, environmental information processing, genetic information processing, and organic systems. This indicates that the metabolic functions of endophytic bacteria in bamboo jointly affect bamboo’s genetic characteristics, environmental conditions, and community structure. In conclusion, the most advantageous microorganisms discovered in this study are beneficial, as they can regulate ecological pollution, perform biological control, and enhance food flavor. These results will guide the cultivation and management of bamboo forests, as well as a reference for the development of efficient and beneficial microorganisms with the potential to solve environmental pollution problems caused by climate change.
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Rice rhizosphere microbiota plays a crucial role in crop yield and abiotic stress tolerance. However, little is known about how the composition and function of rhizosphere soil microbial communities respond to soil salinity, alkalinity, and rice variety in rice paddy ecosystems. In this study, we analyzed the composition and function of rhizosphere soil microbial communities associated with two rice varieties (Jida177 and Tongxi933) cultivated in soils with different levels of salinity-alkalinity in Northeast China using a metagenomics approach. Our results indicate that the rhizospheres of Jida177 and Tongxi933 rice varieties harbor distinct microbial communities, and these microbial communities are differentiated based on both soil salinity-alkalinity and rice varieties. Furthermore, the observed differences in rice yield and grain quality between the Jida177 and Tongxi933 rice varieties suggest that these changes may be attributed to alterations in the rhizosphere microbiome under varying salinity conditions. These findings may pave the way for more efficient soil management and deeper understanding of the potential effects of soil salinization on the rice rhizosphere system.
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1 Introduction

Rice (Oryza sativa L.) is a critical staple crop in the world, playing a vital role in maintaining food security. According to the latest data from the Food and Agriculture Organization of the United Nations (FAO), approximately 331 million hectares of land worldwide are affected by varying degrees of salinization, which constitutes 6.5% of the total land area. In China, saline soils cover 99 million hectares, with 80% of these saline resources remaining underutilized (Wang et al., 2011; Nan et al., 2022).

China is the largest producer of rice, contributing over 37% of global rice production in 2020. Recently, rice-based agricultural systems have been increasingly employed for the reclamation and utilization of saline soils. Rice yield and grain quality are crucial indicators for evaluating the effectiveness of saline land improvement (Murtaza et al., 2009; Huang et al., 2021; Ma and Hu, 2023; Ma et al., 2024; Ma and Hu, 2024). Despite numerous studies reporting improvements in saline soils through rice cultivation, the underlying mechanisms remain poorly understood.

Microorganisms are highly diverse and inhabit various environments, forming intricate communities that play a crucial role in biogeochemical cycles, significantly influencing soil health, quality, and fertility (Xue et al., 2018; Hou et al., 2020). Among the plant-associated microbiomes, the rhizosphere is a key area of focus due to its rich microbial diversity and its role in essential ecological processes. The rhizosphere, a zone of interaction between plants and soil, is actively involved in organic matter decomposition, nutrient cycling, and other microbe-driven processes. Plant roots influence the microbial community by releasing exudates such as carbohydrates, amino acids, and other secondary metabolites, which attract a range of microorganisms. Functional groups of these microorganisms include phosphate solubilizers, iron reducers, nitrogen fixers, methane cyclers, and fermenters (Breidenbach et al., 2016; Ding et al., 2019). It is proposed that plants selectively modulate the rhizosphere microbiome, promoting the growth of beneficial microbes that enhance plant health and growth. In addition, plant genotype plays an integral role in shaping the root microbiome (Dhondge et al., 2022), with genotypic differences affecting the microbiome composition, particularly in annual crops, due to variations in plant physiology.

Despite the importance of understanding these interactions, the overall impact of rice cultivation on the ecosystem functions of saline soils, particularly in terms of nutrient cycles, remains insufficiently studied. Research on this area is critical for improving food supply and advancing global agricultural sustainability (Toju et al., 2018). A thorough understanding of the taxonomic and functional composition of the rhizosphere microbiome is crucial for developing strategies to enhance plant performance and reduce anthropogenic impacts, thereby promoting sustainable ecosystem functions (Ling et al., 2022). Although previous studies have explored the rice rhizosphere (Bhattacharyya et al., 2016; Sessitsch et al., 2012), the overall patterns of genomic and functional composition, particularly in relation to nutrient cycling, across different soil salinity levels and rice varieties have yet to be fully investigated. Metagenomic approaches provide a valuable tool for uncovering the taxonomic abundance and functional gene profiles within the rice rhizosphere microbiome, offering deeper insights into microbial diversity and their functional roles (Quince et al., 2017; Bhattacharyya et al., 2017).

In this study, we employed metagenomic techniques to investigate how the composition and functionality of rhizosphere soil microbial communities are influenced by soil salinity-alkalinity and rice varieties in rice field ecosystems in northeast China. Specifically, we aimed to address two key questions: (1) How do soil salinity-alkalinity and rice varieties impact the taxonomic composition of the rice rhizosphere microbiome? (2) How do these factors affect the functional structure of the microbial community?



2 Materials and methods


2.1 Analysis of rice yield and grain quality

Rice yield was determined by panicle number, grains per panicle, 1,000-grain weight (TGW), and seed setting rate. These traits were photographed and investigated using a Nikon digital camera and scanner. Seed length and width were measured for at least 20 mature seeds using vernier calipers. Grain quality was assessed using a grain analyzer, following the method described by Wu et al. (2014).



2.2 Soil sampling regime

A total of 12 samples (2 varieties x 2 fields x 3 replicates) were collected from rice fields located in Jilin Province (45°3′5.64840″N, 123°13′19.801200″E) in October 2023. Two rice varieties Jida177 (J177) and Tongxi933 (T933) were used in this study. Two rice fields were selected, each with distinct soil pH values (pH 7.56 and pH 8.20) and salinity (1.92 g/kg and 2.99 g/kg). The field with low pH and salinity was regarded as low saline-alkaline soil, the other one with high pH and salinity was regarded as high saline-alkaline soil. The soil sample was collected during the rice maturity stage. Soil samples from low saline-alkaline soil and high saline-alkaline soil planted J177 were designated as LJ177 and HJ177, respectively. Similarly, soil samples from fields planted T933 were named as LT933 and HT933, respectively.

For each replicate, five rice individuals obtained from designated plots within a 2 × 2 m area. These individuals were collected from the corners and center of the designated plot within a single rice field, in accordance with the sampling protocol established by Guo et al. (2022). To minimize disturbance to the rhizosphere, rice plants were carefully extracted using a gardening fork and shovel. The loosely bound soil surrounding the rhizosphere was gently shaken off, and rice plants along with their root systems were placed in sterile plastic bags. These samples were subsequently transported to the laboratory in an icebox to maintain optimal conditions. In the laboratory, soil tightly adhering to the roots was carefully brushed off, following the method described by Guo et al. (2022). The rhizosphere soil from five individual plants within one plot, serving as a replicate, was pooled and thoroughly mixed to ensure uniformity. One portion of this rhizosphere soil was immediately stored at −80°C for DNA extraction and sequencing. The remaining sample was utilized for the measurement of various soil parameters, including pH, salinity, soil organic carbon (SOC), total nitrogen (TN), soil alkaline hydrolysis nitrogen (AN), available phosphorus (AP), and available potassium (AK) (Olsen, 1954; Bremner, 1960; Mebius, 1960; Page et al., 1982).

In addition, we also collected soil samples from two distinct rice fields before rice planting. Soil samples collected from low saline-alkaline soil and high saline-alkaline soil were designated as LCK and HCK, respectively. Soil sampling method is the same as described above. These samples were also investigated the physiochemical properties.



2.3 Measurement of soil physical and chemical properties

Soil pH was investigated using a pH meter with a soil-water ratio of 1:2.5. Salinity was measured using a salinity meter with a soil-water ratio of 1:5. Soil organic carbon (SOC) content was investigated using potassium dichromate oxidation (Mebius, 1960). Total nitrogen (TN) content was determined using the Kjeldahl method (Bremner, 1960). Soil alkaline hydrolysis nitrogen (AN), available phosphorus (AP) and available potassium (AK) were measured according to Soil Agrochemical Analysis Method (Olsen, 1954; Page et al., 1982).



2.4 DNA extraction, library construction, and metagenomic sequencing

Total genomic DNA was extracted from soil samples using the Mag-Bind® Soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to manufacturer’s instructions. The concentration and purity of extracted DNA was determined with TBS-380 and NanoDrop2000, respectively. The quality of the DNA extract was checked on a 1% agarose gel. The DNA extract was fragmented to an average size of about 400 bp using the Covaris M220 (Gene Company Limited, China) for paired-end library construction. A paired-end library was constructed using NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters containing the full complement of sequencing primer hybridization sites were ligated to the blunt-end of fragments. Paired-end sequencing was performed on an Illumina NovaSeq (Illumina Inc., San Diego, CA, USA) using NovaSeq 6,000 S4 Reagent Kit v1.5 following the manufacturer’s instructions.1 Sequence data generated in this project have been deposited in the NCBI Short Read Archive database (SRA Number: xxxx).



2.5 Sequence quality control and genome assembly

The raw reads were trimmed of adaptors, and low-quality reads (length < 50 bp or with a quality value <20 or having N bases) were removed by fastp v0.20.0 (Chen et al., 2021). Clean reads after the quality control were assembled using MEGAHIT v1.1.2 (Li et al., 2015). Contigs with a length ≥ 300 bp were chosen as the final assembling result and used for following gene prediction and annotation.



2.6 Gene prediction, taxonomy, and functional annotation

Open reading frames (ORFs) from each assembled contigs were predicted using Prodigal. The predicted ORFs with a length ≥ 100 bp were retrieved and translated into amino acid sequences using the NCBI translation table.2 A non-redundant gene catalog was constructed using CD-HIT v4.6.1 (Fu et al., 2012) with 90% sequence identity and 90% coverage. Gene abundance of non-redundant genes was estimated for each sample by SOAPaligner v2.21 with 95% identity (Gu et al., 2013).

The non-redundant gene catalog was aligned against the NCBI NR database using DIAMOND with an e-value of 1e-5 (Buchfink et al., 2015). Reference protein IDs of best hits were deployed to disentangle the taxonomic affiliation. The functional annotation was also performed for the non-redundant gene catalog. The non-redundant genes were aligned to Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto, 2000) and the Carbohydrate-Active enZymes (CAZy) database (Drula et al., 2022) using DIAMOND with an e value of 1e-5 (Buchfink et al., 2015).



2.7 Statistical analyses

All statistical analysis were performed using R software (R Core Team, 2018). Significant differences among groups were estimated by duncan tests using R package “agricolae” (De Mendiburu, 2023). Pairwise correlation analysis between soil characteristics and composition of microbial community were calculated by mantel test using R package “ape” (Paradis and Schliep, 2019).




3 Results


3.1 Effect of saline-alkaline stress on rice yield and grain quality

In the investigation of rice yield, saline-alkaline soil was found to influence key parameters such as panicle number, grains per panicle, seed setting rate, and TGW, with significant differences observed between two rice varieties (Table 1). In the field with high saline-alkaline soil (pH 8.20 and salinity 2.99 k/kg), the panicle number of Jida177 and Tongxi933 increased by 15 and 4%, respectively, while grains per panicle increased by 7% for Jida177 and 9% for Tongxi933 in the field with low saline-alkaline soil (pH 7.56 and Salinity 1.92 k/kg). The seed setting rate was not affected by soil conditions for both Jida177 and Tongxi933. High saline-alkaline soil resulted in a reduction in TGW for Jida177, while no significant change was observed for Tongxi933. Jida177 showed better tolerance to high saline-alkaline soil than Tongxi933, as evidenced by its higher total grain number. TGW showed more differences between two rice varieties, while salinity-alkalinity affected TGW less for two rice varieties. Although a decrease in TGW was observed for Jida177, its total yield was still higher than that of Tongxi933. In high saline-alkaline soil, seed length and width of Jida177 decreased by 9 and 6%, respectively, while no significant changes were observed in Tongxi933 (Figure 1).



TABLE 1 Effect of soil saline-alkaline stress on rice yield and grain quality.
[image: Comparative table displaying agricultural data for four varieties: LJ177, LT933, HJ177, and HT933. It includes metrics such as panicle number, grains per panicle, seed setting rate, 1,000-grain weight, seed length and width, and percentages of protein, fat, and amylose. Different letters represent significant differences at p < 0.05 according to Duncan test.]
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FIGURE 1
 Grain morphology. LJ177, low saline-alkaline soil Jida177; LT933, low saline-alkaline soil Tongxi933; HJ177, high soil saline-alkaline Jida177; HT9333, high soil saline-alkaline Tongxi933.


The protein, fat, and amylose contents primarily determined the nutritional quality of the grain. We also found that the protein and amylose contents of rice seeds were impacted by soil salinity and alkalinity, while the fat content was not affected (Table 1). In high saline-alkaline soil, the protein content of Jida177 and Tongxi933 increased by 21.3 and 19.4%, respectively, while the amylose content of Jida177 decreased by 1% and that of Tongxi933 remained unchanged (Table 1).



3.2 Effect of rice cultivation on soil physicochemical properties

Rice cultivation has significant impact on soil physicochemical properties including pH, salinity, soil organic carbon (SOC), soil total nitrogen (TN), soil alkaline hydrolysis nitrogen (AN), soil available phosphorus (AP) and soil available potassium (AK) content (Table 2). After rice cultivation, soil pH and salinity decreased in two rice fields after rice cultivation. However, SOC, TN, AN, AP and AK showed diametrically opposite trends.



TABLE 2 Physical and chemical characteristics of rhizosphere soils of rice cultivated in saline-alkali rice fields.
[image: Table comparing soil properties across six samples: LCK, LJ177, LT933, HCK, HJ177, and HT933. Properties include pH, salinity, soil organic carbon (SOC), total nitrogen (TN), alkaline hydrolysis nitrogen (AN), available phosphorus (AP), and available potassium (AK). Each property has mean values with standard errors and Duncan test letters indicating significant differences (p < 0.05).]

In the rice field with low saline-alkaline soil, soil pH and salinity decreased by 13 and 59% after planting Jida177, and these decreased by 8 and 56% after planting Tongxi933 (Table 2). However, soil pH and salinity decreased by 15 and 73% after planting Jida177 and by 15 and 73% after planting Tongxi933 in the rice field with high saline-alkaline soil. The SOC contents in two rice fields were significantly increased after rice cultivation. However, the AN, AP and AK contents changed little after rice cultivation (Table 2).



3.3 Effect of rice cultivation on soil microbial diversity

We compared the community diversity of rhizosphere microbiomes among LJ177, HJ177, LT933, and HT933. There was no significant difference in the Chao1 richness of the rhizosphere communities among four samples (Table 3). This indicated that the rhizosphere microbiome of four samples possessed similar community diversity, regardless of the saline-alkaline level. Shannon’s diversity index and Simpson’s index showed that high saline-alkaline soils harbored more diverse bacterial and fungal taxa than low saline-alkaline soils, with HJ177 exhibiting the most diversity (Table 3).



TABLE 3 Alpha diversity analysis within the rhizosphere community of rice varieties under study.
[image: Table showing diversity indices and coverage for samples LJ177, LT933, HJ177, and HT933. Chao values range from 22,662 to 22,860; Shannon values range from 5.98 to 6.06; Simpson values range from 0.010 to 0.012. Coverage is consistently 1. Different letters in the same line indicate significant differences at p < 0.05 according to Duncan test.]

The taxonomic profiling of the metagenome was carried out at phylum and genus levels. The community composition of LJ177 and HJ177 were distinguished from that of LT933 and HT933 at both of levels (Figures 2A,D). This indicated that the rhizosphere microbiomes were different not only across different saline-alkaline soil types, but also between two rice varieties.

[image: Four panels display microbiome data analyses. Panel A: Hierarchical clustering tree at the phylum level with a stacked bar chart. Panel B: Bar chart of mean proportions for various phyla. Panel C: Venn diagram at the phylum level showing overlaps. Panel D: Hierarchical clustering tree at the genus level with another stacked bar chart. Panel E: Bar chart of mean proportions for different genera. Panel F: Venn diagram at the genus level indicating overlaps. Each chart is color-coded for comparison among LT933, LJ177, HJ177, and HT933 groups.]

FIGURE 2
 (A) The microbial community composition (phylum level) in saline-alkaline rice fields. (B) The relative abundance of the top 15 phylum in saline-alkaline rice fields. (C) Venn diagram of phylum distribution in saline-alkaline rice fields. (D) The microbial community composition (genus level) in saline-alkaline rice fields. (E) The relative abundance of the top 15 phylum in saline-alkaline rice fields. (F) Venn diagram of genus distribution in saline-alkaline rice fields. LJ177, Jida177 grown in low saline-alkaline soil; LT933, Tongxi933 grown in low saline-alkaline soil; HJ177, Jida177 grown in high saline-alkaline soil; HT9333, Tongxi933 grown in high saline-alkaline soil.


The abundance of the top 15 phyla in each sample was compared. The phylum Proteobacteria was found to be most abundant in LJ177 (43.04%), LT933 (42.06%), HJ177 (47.31%), and HT933 (45.84%), with a higher abundance in high saline-alkaline soils than in low saline-alkaline soils. Followed by Chloroflexi LJ177 (16.44%), LT933 (16.65%), HJ177 (14.94%), and HT933 (14.74%), with higher abundance in low saline-alkaline soils than in high saline-alkaline soils. The third most abundant phylum was Actinobacteria in LJ177 (14.32%), LT933 (13.84%), HJ177 (10.70%), and HT933 (14.40%) (Figure 2B). In terms of taxonomic composition, the relative abundance of the phyla Chloroflexi and Acidobacteria decreased significantly in HJ177 and HT933 compared with that in LJ177 and LT933, while the relative abundance of Proteobacteria and Actinobacteria increased significantly among comparisons (Figure 2B). However, the relative abundance of Actinobacteria decreased significantly in HJ177 compared with LJ177, while there is no significant change between LT933 and HT933. The relative abundance of the genera unclassified_p_Chloroflexi, Nocardioides, and unclassified_p_Acidobacteria decreased significantly in HJ177 and HT933 compared with that in LJ177 and LT933, while the relative abundance of Thiobacillus and unclassified_p_Bacteroidales increased significantly between LT933 and HT933, in contract, decreased significantly between LJ177 and HJ177 (Figure 2E). There are 215 phyla detected in LJ177 and LT933. Only one phylum, namely p_Candidatus_Harrisonbacteria, was exclusively belonged to LJ177 and two phyla namely p_Foraminifera and p_Preplasmiviricota were specific to LT933. Remaining 212 phyla were shared between LJ177 and LT933 (Figure 2C). A total of 216 phyla were detected in HJ177 and HT933. Of them, 208 phyla were shared between HJ177 and HT933. Only three phyla, namely p_Phixviricota, p_Euglenozoa and p_Cressdnaviricota, were exclusively belonged to HJ177, and remaining five phyla (p_Candidatus_Terrybacteria, p_Candidatus_Tagabacteria, p_Evosea, p_Candidatus_Hydrothermarchaeota, and p_Candidatus_Spechtbacteria were specific to HT933) (Figure 2C). In category of genera, the percentage abundance of the top 15 genera in each sample was compared. The genus unclassified_p__Chloroflexi was found to be most abundant in LJ177 (8.34%), LT933 (8.57%), HJ177 (7.33%), and HT933 (7.31%), with higher abundance in low saline-alkaline soils than in high saline-alkaline soils. Nocardioides LJ177 (5.35%), LT933 (4.92%), HJ177 (2.76%), and HT933 (3.54%) were found to be more abundant in low saline-alkaline soils than in high saline-alkaline soils. Thiobacillus LJ177 (3.92%), LH933 (3.33%), HJ177 (2.90%), and HT933 (4.22%) were the third most abundant phylum (Figure 2D). A total of 4,187 genera were detected in LJ177 and LT933. The specific genera found in LJ177 and LT933 were 61 and 71, respectively. The most of genera (4055) were common to LJ177 and LT933 (Figure 2E). In HJ177 and HT933, a total of 4,166 genera were detected. Of them, 92 genera were exclusively associated with HJ177, and 57 genera were specific to HT933. Remaining 4,017 genera were shared between HJ177 and HT933 (Figure 2F).



3.4 The response of microbial community composition and functional structure in relation to soil saline-alkaline

We found that soil physicochemical properties SOC, TN, AN, and AP were negatively correlated with soil pH and salinity. AK showed no significant correlation with soil pH and salinity (Figure 3). Taxonomic and functional gene composition of rhizosphere microbes were significantly affected by soil pH and salinity (Figure 3). The relative abundance of seven phyla presented a positive and significant correlation with soil pH and salinity, while their relative abundances were negatively and significantly correlated with SOC, TN, AN, and AP (Figure 3). These phyla included Bacteroidota, Candidatus_Bathyarchaeota, Candidatus_Cloacimonetes, Candidatus_Omnitrophica, Candidatus_Pacebacteria, Myxococcota, candidate_division_WWE3, candidate_division_Zixibacteria. Meanwhile, only Atribacterota, Calditrichaeota,Chloroflexi, Uroviricota, and unclassified_d_Bacteria were positively and significantly correlated with soil TN.

[image: Heatmap A illustrates a Mantel-test network at the Phylum level, showing correlations among pH, salinity, and environmental factors with colored squares. Heatmap B displays a Spearman correlation of various bacteria phyla across parameters marked by shades from blue to red, indicating correlation strength.]

FIGURE 3
 (A) Pairwise correlation analysis between soil characteristics and composition of microbial community in saline-alkaline rice fields based on the mantel tests. Color gradient and block size denote Pearson’s correlation coefficients. The color of the line represents the significance of the differences (p values) based on 999 permutations. The size of the line represents correlation coefficients (Mantel’s R). Asterisks in the block denote for different significance levels at *p < 0.05, **p < 0.01 and ***p < 0.001. (B) Correlation of species with environmental factors. Asterisks denote for different significance levels at *p < 0.05, **p < 0.01 and ***p < 0.001.


The relative abundances of functional genes at KEGG pathway were compared among LJ177, HJ177, LT933, and HT933. We obtained the top15 functional pathways with significant differences at four samples, including “microbial metabolism in diverse environments,” “carbon metabolism,” “biosynthesis of amino acids,” “biosynthesis of cofactors,” and “ABC transporters” (Figure 4A). In the differential KO functional categories, the relative contribution of microbial community composition is different (Figure 4B). The relative contribution of p_Proteobacteria was dominant in all top 10 functional categories. Of them, the relative contribution of p_Proteobacteria was the most in KO function involved in “Two-component system.” These 10 KO functional categories were involved in “Metabolic pathways,” “Biosynthesis of secondary metabolites,” “Microbial metabolism in diverse environments,” “Carbon metabolism,” “Biosynthesis of amino acids,” “Biosynthesis of cofactors,” “ABC transporters,” “Two-component system,” “Quorum sensing,” and “Pyruvate metabolism.” In these KO functional categories, the relative contribution of p_Chloroflexi in the functional gene affiliated with “ABC transporter” was the most, while the minimal relative contribution of p_Bacteroidota was found in this KO function. We also investigated the relationship between the relative contribution of species and the functional genes for carbohydrate-active enzymes (CAZy) (Figures 4C,D). The dominantly and significantly different CAZy included “GT2_Glycos_transf_2,” “Carbohydrate Esterase family 1,” “Glycosyl Transferase Family 4,” “Glycoside Hydrolase Family 94” (Figure 4C). The main species participating in the functions listed above were g_unclassified_p_Chloroflexi, g_unclassified_o_Bacteroidales, g_unclassified_c_Gammaproteobacteria, g_unclassified_o_Anaerolineales and g_Thiobacillus (Figure 4D). Meanwhile, Nocardioides presented a special relative contribution in the functional categories involved in “Glycosyl transferase family 4” and “Carbohydrate esterase family 10” (Figure 4D). Together, these results indicated that both rhizosphere community composition and functional gene are significantly diverse among all samples.

[image: Two sets of graphs analyze microbial functions. The first set includes a bar chart (A) comparing KEGG Level 3 pathways and a stacked bar chart (B) detailing species contributions to these pathways. The second set features a bar chart (C) for CAZy families and a stacked bar chart (D) showing species contributions to CAZy functions, highlighting different bacterial groups and their functional roles.]

FIGURE 4
 (A) The relative abundance of the top KEGG level 3 in saline-alkaline rice fields. (B) The species and functional contribution analysis on KEGG in saline-alkaline rice fields. (C) The relative abundance of the top 15 CAZy in saline-alkaline rice fields. (D) The species and functional contribution analysis on CAZy in saline-alkaline rice fields. LJ177, Jida177 grown in low saline-alkaline soil; LT933, Tongxi933 grown in low saline-alkaline soil; HJ177, Jida177 grown in high saline-alkaline soil; HT9333, Tongxi933 grown in high saline-alkaline soil.





4 Discussion


4.1 Effect of soil saline-alkaline stress on rice yield and grain quality

Soil salinity and alkalinity represents a major constraint to rice growth, adversely impacting both yield and quality. It significantly affects critical yield parameters, including seed setting rate, tiller number, panicle number, and panicle length (Shereen et al., 2005; Turan et al., 2007; Zhou et al., 2018).

In this study, the seed setting rate remained relatively stable under saline-alkaline conditions, while other yield traits exhibited considerable variation. Two rice varieties, Jida177 and Tongxi933, were grown in soils with high saline-alkaline levels. Jida177 showed a 15% increase in panicle number and a 6.3% increase in grains per panicle, whereas Tongxi933 exhibited a more modest 4% increase in panicle number and an 8.9% increase in grains per panicle. However, Jida177’s TGW decreased under the saline-alkaline condition, suggesting a possible association with decreased carbohydrate allocation to grain filling. Zeng and Shannon (2000) proposed a hypothesis that, under saline stress, a greater proportion of carbohydrates may be allocated to shoot growth during the post-anthesis phase in certain rice varieties, as opposed to being directed toward grain development. On the other hand, Tongxi933 was unaffected in terms of TGW under the same conditions.

Grain length is an important indicator of appearance quality, since longer grains are more likely to break down during the milling process, and rice planted in the saline soil showed a significantly decrease in the grain aspect ratio (Rao et al., 2013). Our findings indicated that rice grown in high saline-alkaline soil had shorter grains, resulting in a significantly reduction in grain aspect ratios. Specifically, Jida177 experienced a decrease in the grain length and width under these conditions.

Amylose and protein contents are essential indices of rice quality. Rice with low content of amylose is moist and sticky and has a good texture after cooked (Juliano, 1971). Protein is the second most important component after starch, and the higher the protein content, the better the rice quality (Chen et al., 2021). Compared with that of the normal condition, rice grown under salt stress had significantly lower amylose content, while the protein content increased (Zhou et al., 2018).

It has further been suggested that high salt stress increased the seed protein content, while low salt stress decreased the seed protein content (Sangwongchai et al., 2022). In our study, both Jida177 and Tongxi933 exhibited protein contents were increased under high saline-alkaline condition. Interestingly, amylose content was decreased in Jida177, while it was increased in Tongxi933. These trait differences also highlight the difference in saline-alkaline tolerance among rice varieties.

Higher yields in salt-tolerant cultivars can be attributed to differences in agronomic and physiological traits. As examples, greater photosynthetic rate, enlarged plant root system, elevated Na+/K+ ratio, higher proline content, better soluble carbohydrate content, and antioxidant enzyme activities have been observed in salt-tolerant cultivars (Li et al., 2023). These insights provide valuable information for breeding salt-tolerant rice varieties, enabling more effective utilization of saline-alkali soils.



4.2 Effect of rice cultivation on soil physicochemical properties

The findings of this study suggest that rice cultivation has a positive effect on soil physicochemical properties, particularly in terms of soil pH and salinity. During the cultivation period, both soil pH and salinity exhibited a gradual decrease, which aligns with the observations of Zhu et al. (2021). During the flooding phase of rice cultivation, the soil environment undergoes a shift from an oxidative state to a reductive state during the flooding phase, resulting in the consumption of alkaline ions, which subsequently reduces the soil pH value. In addition, the presence of water often dilutes the salt concentration in the soil in flooded fields. In this study, the soil salinity was decreased by 59 and 56% after planting Jida177 and Tongxi933 in the field with low saline-alkaline soil, respectively. Notably, the soil salinity was reduced more after planting Jida177 (73%) in the field with high saline-alkaline soil (Table 2), suggesting Jida177 exhibits a stronger tolerance to saline-alkaline stress compared to Tongxi933.

We found that rice cultivation improved SOC in saline soil, which was consistent with findings from Tan and Kang (2009) and Huang et al. (2012). The proportion of water-stable aggregates in paddy field soil was higher than that in saline-sodic wasteland (Feng et al., 2019), however, unstable soil aggregates caused by high sodium levels or erosion may heighten SOC exposure to microbial decomposition, leading to decreased SOC amounts (Wong et al., 2010). Moreover, the osmotic stress and poor soil structure in high-salt soils limit microbial activity, leading to reduce C turnover (Franklin et al., 2017). Rice cultivation mitigates soil salinity and alkalinity (Xu et al., 2020), which is beneficial for enhancing C levels in saline-alkaline soils. For instance, Xu et al. (2020) found that rice cultivation on coastal saline-alkaline soils increased the organic matter content by 44%. Similarly, Zhang et al. (2020) observed that 20 years of rice cultivation in saline-alkaline soil boosted the SOC content by 90.6%. This increase in SOC content may be attributed to long-term flooding of the paddy soil, in which the decomposition rate of SOC was slower than that of the dryland soil.



4.3 Effect of rice cultivation on soil microbial diversity

Previous studies reported on rice crops identified changes in the microbial community richness and diversity in the rhizosphere (Hussain et al., 2012). Imchen et al. (2019) also found variation in the richness and diversity of microbial communities in rice rhizosphere during various growth stages. Factors varying from soil-flood environment, temperature, pH, seasonal variations in different geo-climatic locations of rice fields, genotypes of host varieties, and their root exudates account for variations in the community structure (Okabe et al., 2000; Barreiros et al., 2011). In our study, the analysis of the composition of the overall rhizosphere microbial community revealed that the microbial associated with soil saline-alkali changed considerably in terms of richness and diversity. These differences may be caused by differences in soil saline-alkali at the sampling sites as well as differences in the genetic composition of rice varieties, both of which result in differences in root exudates that may be responsible for differences in species richness, diversity, and evenness. These factors have been identified as key influence shaping soil microbial communities.

The phylum-level taxonomic distribution indicated that the microbial community associated with the rhizosphere was composed of a number of taxa, among which the dominant taxon was proteobacteria. Proteobacteria are the largest and most metabolically diverse group of soil bacteria (Janssen, 2006). Arjun and Harikrishnan (2011) have identified Proteobacteria as the dominant phylum in rice. Apart from Proteobacteria, the most abundant taxa included Chloroflexi, Actinobacteria, Acidobacteria and Firmicutes (Chowdhury et al., 2009). Our findings are in line with these reports, the phylum Proteobacteria was found to be the most abundant in rice soil.

Previous studies have also revealed that environmental factors are the primary drivers shaping the organization of soil microbial communities (Philippot et al., 2013; Edwards et al., 2015). In addition to environmental factors, host genotype serves a key role in microbial associations (Wagner et al., 2016; Emmett et al., 2017). In our study, the proportion and abundance of unique microbial communities were lower than those of shared microbial communities at sampling sites with different soil salinity levels and rice varieties. Hence, our investigation may reveal that the soil saline-alkali content of different samples and rice varieties (Jida177 and Tongxi933) contribute critically to the formation of rhizobia communities.

The above results also suggest that, while genotype-induced differences in root exudates may also be responsible for the associated differences in the rhizosphere microbiota, the effect of the soil environment is much greater than genotypic differences in the same species.

Plants activate their stress defense systems in response to abiotic and biotic stress. Metabolites like salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA), indole-3-acetic acid (IAA), gibberellic acid (GA) and gamma-aminobutyric acid (GABA) regulate these responses and alter the rhizosphere microbiota (Kniskern et al., 2007; Carvalhais et al., 2013; Li et al., 2017). Accordingly, the defense mechanisms of Jida177 and Tongxi933 may differ, making Tongxi933 more susceptible to abiotic and biotic stresses. This may also explain the differences in the richness, diversity and composition of the microbiota associated with Jida177 and Tongxi933 varieties in the study.



4.4 The response of microbial community composition and functional structure in relation to soil saline-alkaline

Our results revealed that soil pH was the major driver of the rice rhizosphere microbial community composition and structure (Figure 3A). This result is consistent with the previous studies (Kuang et al., 2013). In our study, the bacterial phyla Chloroflexi and Acidobacteria were more abundant in low pH rhizosphere soils, whereas Proteobacteria were abundant in high pH rhizosphere soils (Figure 3B). Chloroflexi were well recognized for degrading polysaccharides in anoxic zones of rice field soils (Ahn et al., 2012). Acidobacteria thrived in well-drained cropland soils with low pH (Aguirre-von-Wobeser et al., 2018; Eichorst et al., 2018; Xu et al., 2022). Actinobacteria were involved in organic matter decomposition in oxic zones of rice paddies (Ahn et al., 2012) and were prevalent in higher pH and well-drained farmland soil (Wang et al., 2019). These were all enriched in rhizosphere microbial from soils with low pH in our work, possibly indicating greater nitrogen fixation activity in lower pH conditions.

In terms of overall functional genes, functional gene analyses of KEGG pathways showed clear differences in rice soil microbial functions at different soil pH and salinity (Figures 4A,B) as well as carbohydrate-active enzymes (Figures 4C,D). These results implied that the range of soil microbial functions is presumably influenced by soil pH and salinity.

The functional composition of microbial communities in natural environments such as soil depends strongly on environmental factors (Nelson et al., 2016; Gibbons, 2017; Louca et al., 2017). Microorganisms that live in similar habitats perform similar ecological functions, but the composition of the microbial species that perform those functions may be quite different (Gibbons, 2017). Therefore, revealing the functional profile of microbial communities is particularly important, as is revealing which microorganisms reside in the environment (Nelson et al., 2016; Gibbons, 2017; Louca et al., 2017). Microorganisms with diverse functional groups maintain soil functions, and functional complementarity exists within specific functional groups of species. A decline in any one group of species has little effect on soil ecosystem function since other bacteria and fungus can assume their functions (Delgado-Baquerizo et al., 2017). Our results demonstrated that the functional structure of soil microorganisms was maintained by different rhizosphere microbiome assembly (Figures 4B,D).




5 Conclusion

In conclusion, this study provides valuable insights into the rhizosphere microbial communities of different rice cultivars grown in saline-alkaline soils in northeastern China. The results highlight the significant influence of soil salinity-alkalinity and rice variety on the composition of rhizosphere microbiomes, which in turn affects rice yield and grain quality. The distinct microbial communities associated with Jida177 and Tongxi933 suggest that the rhizosphere microbiome plays a critical role in enhancing salinity-alkalinity tolerance. This research opens new avenues for the selection and potential reintroduction of specific rhizosphere bacteria to improve microbial diversity and rice productivity under saline-alkali stress. To realize the full potential of these microbiomes, further investigation of the microbial community structure and its mechanisms of action is essential. Future metagenomic and metaproteomic studies will be crucial to identify microbial consortia that can be used as biofertilizers to promote sustainable rice production, thus providing an environmentally friendly approach to saline-alkali soil management.
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With the growing human population worldwide, innovative agricultural development is needed to meet food security needs. However, this has inadvertently led to problematic irrigation practices and overuse of agrochemicals. Such practices can exacerbate soil salinization, which prevents plant growth. As a progressively widespread and escalating problem, soil salinization poses a major threat to global food security. Compared with the traditional use of microalgae or microorganisms that act on plant growth, microalgae–microorganism symbiosis has significant advantages in promoting plant growth. Microalgae and microorganisms can work together to provide a wide range of nutrients required by plants, and they exhibit nutrient complementarity, which supports plant growth. Here, the development potential of microalgae–microbial symbiosis for enhancing plant salt tolerance was investigated. Our review demonstrated that the metabolic complementarity between microalgae and microorganisms can enhance plant salt tolerance. The diversity of a microalgae–microorganism symbiotic system can improve ecosystem stability and resistance and reduce the incidence of plant disease under salt stress. These systems produce bioactive substances (e.g., phytohormones) that promote plant growth, which can improve crop yield, and they can improve soil structure by increasing organic matter and improving water storage capacity and soil fertility. Exploiting the synergistic effects between microalgae and beneficial microorganisms has biotechnological applications that offer novel solutions for saline agriculture to mitigate the deleterious effects of soil salinity on plant health and yield. However, there are several implementation challenges, such as allelopathic interactions and autotoxicity. To make microalgae–bacteria consortia economically viable for agricultural applications, optimal strains and species need to be identified and strategies need to be employed to obtain sufficient biomass in a cost-effective manner. By elucidating the synergistic mechanisms, ecological stability, and resource utilization potential of microalgae–microbial symbiotic systems, this review clarifies salt stress responses and promotes the shift of saline–alkali agriculture from single bioremediation to systematic ecological engineering.
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1 Introduction

The human population is growing worldwide, and solutions to pressing food security issues are urgently needed, driving the need for innovative agricultural development (Ren et al., 2022). However, agricultural expansion has also inadvertently led to problems such as irrational irrigation practices and overuse of agrochemicals, which exacerbate soil salinization (Mustafa et al., 2019; Singh, 2021). This secondary soil salinization, which results from human activities, is also affected by poor drainage and environmental factors (Cuevas et al., 2019).

Soil salinization prevents plant growth by causing soil salt concentrations to exceed the osmotic pressure of plant tissues, which reduces water uptake (Rengasamy, 2010). Additionally, excess soil salinity causes osmotic stress, deficiency of nutrients that can reduce oxidative stress, and results in ion toxicity to plants. Consequently, salinization can negatively impact vegetative growth, germination, and reproductive development of plants, thereby decreasing crop yield (Machado and Serralheiro, 2017; Mustafa et al., 2019). The consequences of soil salinization threaten the ecological balance, agricultural productivity, and the sustainable and rational use of water and land resources (Daliakopoulos et al., 2016; Singh, 2022).

Despite the negative effects of saline and alkaline environments on plant growth and crop yield, plants show some adaptive capacity by having their own response factors that affect gene expression (Verma et al., 2023), and externally through rhizosphere organisms and other factors (Munns and Gilliham, 2015). Therefore, possible strategies to improve salt and alkali tolerance in plants include inoculation with salt- and alkali-tolerant microorganisms and regulating the balance of the microbial community to promote plant growth (Pan et al., 2024).

Microalgae, bacteria, and fungi are beneficial organisms that constitute soil microbial communities, and microalgae–microorganism symbiosis can greatly enhance plant growth in saline conditions (Gonzalez-Gonzalez and De-Bashan, 2023). Furthermore, they are renewable resources that have various applications in agriculture (Alvarez et al., 2021). Microalgae and microorganisms can work together to provide a wide range of nutrients required by plants, providing complementary nutrients, which supports plant growth, and they can alleviate salt stress (Mutale-Joan et al., 2021; Maurya et al., 2024).

Here, the potential of using microalgae–microbial symbiosis to enhance plant salt tolerance and synergize plant growth in saline and alkaline environments is investigated. By elucidating the synergistic mechanisms, ecological stability, and resource utilization potential of microalgae–microbial symbiotic systems, we help elucidate cross-kingdom interactions in salt stress responses and promote the shift of saline–alkali agriculture from single bioremediation to systematic ecological engineering. Compared with existing reviews, we combined synthetic biology, circular economy, and field validation knowledge to offer a solution with both scientific value and prospects for application in sustainable agriculture.



2 Advantages of microalgal–microbial symbiosis

Microalgae are members of the microbial community with promising applications (González-González and de-Bashan, 2021). They have been shown to be effective biofertilizers for a wide range of crops, increasing soil fertility and reducing dependence on synthetic fertilizers (Ng et al., 2024), improving plant salt tolerance (Carillo et al., 2020), and providing large amounts of nutrients to support extensive plant cultivation on saline soils (Ergun et al., 2020). Moreover, they have gained interest as a source of biofuel (Hoang et al., 2023).

Plant growth-promoting bacteria (PGPB) are found mainly in the inter-root soil, foliage, and stem surfaces of plants and promote growth by enhancing the plant’s resistance to salt stress (Compant et al., 2010; Mishra et al., 2021). Rhizosphere microorganisms, especially members of phylum Ascomycota and arbuscular mycorrhizal fungi, can positively affect a variety of plant physiological properties, including exchange capacity, stomatal conductance, photosynthetic pigments, proline, and phenolic content, by interacting with the root system of the plant under conditions of salt stress (Alam et al., 2019; Bencherif et al., 2019). These microbial interactions offer new perspectives for promoting plant growth in saline environments.

Compared with the traditional single microalgae or microorganisms acting on plant growth, microalgae–microorganism symbiosis has significant advantages in promoting plant growth. Microalgae and microorganisms can work together to provide a wide range of nutrients required by plants, such as nitrogen, phosphorus, and potassium, and undergo nutrient complementarity. Joint application of microalgae and nitrogen-fixing bacteria can result in both performing more complex tasks than either can complete alone, and the execution of functions that are difficult for or unachievable by individual strains or species; this can even enhance certain processes that have biotechnological applications (Llamas et al., 2023). Croft et al. (2005) found that photosynthetic oxygen produced by microalgae or cyanobacteria is used by bacteria as an electron acceptor for degradation of organic matter. In turn, bacteria can provide microalgae with other micronutrients such as vitamin B, thus providing a selective advantage for microalgae and ultimately promoting plant growth (Croft et al., 2005). The combined effect of the microalgae and microorganisms can stimulate the plant’s defense system and secrete fungal enzymes as well as antibiotics, helping the plant to avoid pests and diseases (Najdenski et al., 2013; Michalak and Chojnacka, 2015; Fuentes et al., 2016). Furthermore, consortia of microalgae and bacteria, including nitrogen-fixing bacteria, have been found to have biotechnological potential, such as for biofuel production, as biofertilizers for agriculture, and for decontamination of wastewater (Zhang et al., 2020; Llamas et al., 2023).

The oxygen and organic matter produced by microalgae photosynthesis provide the microorganisms with an energy and carbon source, which indirectly improves the photosynthetic efficiency of the plant. Ma et al. (2023) showed that Chlorella had a positive effect on the growth and photosynthetic characteristics of quinoa under salt stress conditions. Furthermore, plant growth regulators and antibiotic substances produced during the combined microalgae–microbial application could improve plant stability under salt stress, such as by producing polysaccharides and phytohormones (e.g., growth hormones and cytokinins) that can promote plant growth (Michalak and Chojnacka, 2015). Additionally, Chlamydomonas produce phytohormones such as indole-3-acetic acid (IAA), which is an essential signaling molecule that controls various aspects of plant development and promotes plant–bacteria symbiosis (Calatrava et al., 2024).

Considerable research progress has been made in the individual application of microalgae, bacteria, and fungi in plant growth (Kang et al., 2021), but research on their joint application is still relatively scarce. To mitigate the range of pressures from secondary soil salinization in the future, it will be necessary to explore the joint application of microalgae–microbial symbiosis in saline agriculture to fully exploit their value.



3 Microalgal and microorganism effects on plant growth under salt and alkali stress

Microalgae have a variety of molecular mechanisms to cope with salt and alkali stress, including ion transport, accumulation of anti-osmotic substances, and enhanced antioxidant function (Shetty et al., 2019). The phycosphere is the region around an algal cell that is rich in various compounds, including nutrients and phytohormones such as IAA (Calatrava et al., 2024).

Microbial colonies with the ability to promote plant growth live near the plant root system and can help the plant to re-establish ionic and osmotic homeostasis, reduce cellular damage to the plant in response to stress, and restore growth under salt and alkali stress (Bhattacharyya and Jha, 2012). Some of the known effects of microalgal and microbial species on plant growth under saline and alkaline conditions are shown in Table 1.



TABLE 1 Use of microalgae or microorganisms to promote plant growth under alkali or salt stress conditions.
[image: Table listing various microorganisms and their effects on different crops under saline-alkali stress conditions. It includes microalgae/microorganism species, crop, type of stress, application mode, effect, and references. For example, Dunaliella salina and Phaeodactylum tricornutum applied via root irrigation to pepper showed improved germination and root growth, referenced by Kapoore et al. (2021). Other combinations include various crops like tomato, wheat, and soybean, showing effects such as increased yields and stress responses through methods like soaking seed and foliar spraying.]

Plant hormones play a crucial role in enhancing the ability of plants to cope with salt–alkali stress environments through the consortium of microalgae and microbes. These hormones, such as auxins, gibberellins, cytokinins, and abscisic acid, are involved in various physiological processes, including cell elongation, root development, stomatal regulation, and stress response. For example, auxins promote root growth and development, thus enhancing the plant’s ability to absorb water and nutrients (Palacios et al., 2016); gibberellins are involved in cell elongation and promote plant growth, and can enhance growth under salt stress (Sahoo et al., 2014); cytokinins are involved in cell division and differentiation and can help plants maintain their growth and productivity under saline conditions (Ansari et al., 2019); and abscisic acid regulates stomatal closure, osmotic adjustment, and the expression of stress-related genes (Barnawal et al., 2017).

The cooperation between microalgae and microbes enhances plant salt tolerance through multiple mechanisms, including nutrient acquisition and metabolic complementarity (Maurya et al., 2024); production of extracellular compounds that can improve soil structure, enhance water retention, and protect plants from salt stress (Gheda and Ahmed, 2015); modulation of plant stress response by producing stress-related compounds and enzymes, such as antioxidants, which protect plants from oxidative damage caused by salt stress (Bhagat et al., 2021); enhancement of plant growth and development by promoting root elongation, increasing biomass, and improving photosynthetic efficiency (Marulanda et al., 2010); and the improvement of soil health by increasing organic matter content, enhancing soil aggregation, and promoting nutrient cycling (Rocha et al., 2020). These mechanisms provide a comprehensive approach that can be harnessed to improve plant productivity in saline–alkali environments.



4 Mechanisms of interaction between microalgae and microbial co-cultures

Current applications of microalgal biotechnology essentially require large amounts of microalgal biomass (Rizwan et al., 2018). This increases the risk of contamination of microalgae with bacteria or fungi, which may lead to a decrease in microalgal biomass or even mass mortality in the culture (Bui-Xuan et al., 2022). However, it has been demonstrated that the combined application of microalgae and microorganisms can positively affect plant growth while retaining normal growth of the microalgae and microorganisms (Dao et al., 2018). Therefore, the specific balance mechanism between microalgae and microorganisms needs to be further explored to lay the foundation for the enrichment of microbial metabolites and to improve biomass production.

Figure 1 reveals the three main mechanisms by which microalgae interact with microorganisms: substrate exchange, chemical mediators, and intercellular exchange (Zhang et al., 2021a). Typically, interactions between microalgae and microorganisms occur in the form of symbiosis (Chia et al., 2023). Microalgae can attract beneficial bacteria while repelling dangerous bacteria through the production of antibiotic compounds (Yang et al., 2022). In the symbiotic consortium of microalgae and bacteria, bacteria benefit from microalgae because they produce extracellular compounds and oxygen; in exchange, microalgae obtain carbon dioxide, vitamins, and other nutrients from the bacteria (Solomon et al., 2023).
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FIGURE 1
 Proposed mechanisms and construction processes of microalgal–microbial symbiotic systems. Indigenous and exogenous microorganisms are distinguished by origin. Exogenous strains (e.g., algae/bacteria) are isolated via native habitat sampling, gradient dilution, selective media, and functional screening, followed by synthetic co-cultivation. Genome editing enhances stress resilience and growth-promoting traits. (right): Metabolic synergy involves algae fixing CO₂ and secreting dissolved organic carbon (DOC; e.g., glycoproteins, exopolysaccharides), while bacteria respire CO₂ and supply siderophores, phytohormones, and extracellular polymeric substances (EPS). Complementary EPS compositions (polysaccharide–protein in algae vs. lipopeptides in bacteria) stabilize biofilm matrices. pH homeostasis is achieved via algal photosynthesis (pH↑) and bacterial organic acid secretion (pH↓). Molecular crosstalk via extracellular enzymes and hormones coordinates growth and gene expression.


In a symbiotic system, nitrogen-fixing bacteria convert atmospheric nitrogen into inorganic nitrogen, while microalgae provide the nitrogen-fixing bacteria with an essential carbon source (Zhang et al., 2021b). For example, Synechococcus sp. forms a long-term symbiotic relationship with a heterotrophic bacterium. This interaction promotes the self-sustainability of the nitrogen cycle, encompassing the processes of nitrogen fixation, denitrification, and organic nitrogen degradation (Zhang et al., 2021b). As a result, the symbiotic system is able to maintain healthy growth of the cyanobacterium for up to two years, even in the absence of exogenous nutrient supply (Zhang et al., 2021b). Furthermore, because consortia of microalgae and nitrogen-fixing bacteria can perform more complex tasks than they can alone, this can be harnessed to improve biotechnological applications, such as by reducing production costs and increasing microalgal biomass yields (Llamas et al., 2023).

In addition to bacteria, fungi have the potential to form a mutually beneficial symbiotic relationship with microalgae in the form of lichens. Microalgae–fungal symbiotic relationships are usually established by introducing fungal mycelial particles into microalgal media and mixed cultures (Molins et al., 2018; Wang et al., 2023; Bonito, 2024). The surface of microalgae is negatively charged and the polysaccharides on the surface of fungi are positively charged, which causes the microalgae and fungal culture to aggregate because the microalgae become trapped in the fungal hyphae and separate from the surrounding fluid; this structure easily immobilizes microalgae (Laezza et al., 2022), which is beneficial for the fixation of the consortium in saline–alkali soil and the exertion of its beneficial effects.

Filamentous fungi, in addition to forming a symbiotic relationship with microalgae, can be used as a carrier material for immobilizing microalgae (Talukdar and Barzee, 2025). The symbiotic relationship between microalgae and yeast such as Saccharomyces is based on the complementary nature of nitrogen and carbon metabolism. Nitrogen is essential for synthesizing antioxidant enzymes and substances in plants, whereas carbon is the foundation for plant growth and metabolism. During fermentation, yeast produces carbon dioxide, which microalgae use for photosynthesis, thereby promoting their growth; simultaneously, the oxygen produced by microalgal photosynthesis can be used by yeast to facilitate its fermentation activities. This relationship enhances the metabolic efficiency and stability of the entire system and has been implemented as an effective method for wastewater treatment (Abdalla et al., 2024). From a biomass point of view, the reciprocal symbiosis between fungi and microalgae can increase the biomass and reduce the cost of cultivation (Wang et al., 2022). The co-cultivation of suitable microalgae and microbial members has the potential to promote plant growth or enhance stress resistance in specific environments, such as those under salt–alkali stress.



5 Microalgae and microorganisms synergize to promote plant growth under saline and alkali stress

In agriculture, the application of microalgae–microbial co-culture technology aims to enhance nitrogen fixation and increase phosphorus and potassium, especially under saline and alkaline conditions, and to improve environmental adaptability for plant growth (Gavilanes et al., 2020). However, the current research on the interaction between microalgae and microorganisms in agricultural environments is relatively limited (Zhou et al., 2023). By simulating the microalgae–microbial co-culture system, as shown in Figure 2, we conducted an in-depth review of the synergistic effects of microalgae and microorganisms in the soil.
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FIGURE 2
 Symbiotic dynamics of microalgae and microorganisms in enhancing plant growth and saline soil adaptation. The symbiotic relationship among microalgae, soil microorganisms, and plants enhances plant salt tolerance. Microalgae supply plants with water, nutrients, and chlorophyll via photosynthesis, enhancing soil organic matter, enzyme activity, and crop yield. Microorganisms modulate soil fertility, plant hormones, and water content, and refine microbial community structure through root exudates. In this bidirectional interaction, microalgae release dissolved organic carbon (DOC), hydrogen (H₂), oxygen (O₂), and extracellular polymeric substances into the soil, which increase soil pH and promote microbial growth. In return, microorganisms produce carbon dioxide (CO₂), nitrogen (N), phosphorus (P), vitamin B12, and vitamin B2. These vitamins protect microalgae from invasion and facilitate phosphate precipitation under alkali conditions. This synergistic relationship enhances plant stress resistance and accelerates adaptation to saline–alkali environments, demonstrating the potential of soil microorganisms to improve agricultural sustainability.


As shown in Table 2, the microalgae–microbial symbiosis system has significant plant growth promotion effects in agriculture, which result in improved plant nutritional status, stress tolerance, and regulation of growth environment. Cyanobacteria provide plants with oxygen and organic matter through photosynthesis, and simultaneously convert atmospheric nitrogen into plant-available forms through nitrogen fixation. Microorganisms then act as decomposers of plants, releasing nutrients such as nitrogen, phosphorus, and potassium (Llamas et al., 2023). In particular, microorganisms such as bacteria and fungi can decompose plant cell walls in litter by secreting enzymes that release nutrients required by living plants (Schroeter et al., 2022).



TABLE 2 Examples of how microalgae and microbes work together to boost plant growth.
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This symbiotic system improves plant salt tolerance by promoting antioxidant enzyme activity, ion homeostasis control, and synthesis of osmoregulatory compounds. Additionally, it strengthens the plant antioxidant system by reducing soil salt concentration through photosynthesis (Pei and Yu, 2023). Some other ways by which a plant’s antioxidant defense can be enhanced by microalgae–bacteria consortia include increased production of bioactive compounds such as carotenoids, activation of defense enzymes, ascorbate system modulation that mitigates oxidative stress, phenylpropanoid pathway stimulation that increases reactive oxygen species scavenging, and synergistic nutrient exchange that enhances stress tolerance (Kang et al., 2021; Abate et al., 2024). Strengthening of the plant antioxidant system can consequently improve tolerance to oxidative stress (Zhou et al., 2023). For instance, co-culture of Chlorella vulgaris with PGPB that was applied to lettuce was found to increase total carotenoid content and plant weight under stress conditions (Kopta et al., 2018).

In addition, microalgae and microorganisms in the symbiotic system interact with each other to promote the production of beneficial compounds such as phytohormones, amino acids, and polysaccharides, which enhance plant resistance to salt stress (Hristozkova et al., 2018; Maurya et al., 2024). For example, G-protein-coupled receptor (GPCR)-mediated signal transduction is a pathway used by most bacteria and cyanobacteria in the phyllosphere and rhizosphere to detect and respond to salt stress (Canfora et al., 2014). Key microbes containing GPCRs and G-proteins produce compatible solutes like glycine betaine, sucrose, and glucosylglycerol under salt stress; these solutes bind to GPCRs and trigger downstream signaling pathways that help mitigate the effects of salt stress (Canfora et al., 2014). Furthermore, Azotobacter beijerinckii and C. pyrenoidosa were found to provide each other with hormones, carbon dioxide, and organic matter for growth, demonstrating the critical role of their symbiosis in plant growth and stress tolerance (Chia et al., 2021).

Symbiotic systems can also improve the soil environment and mitigate the negative effects of salinity on plants, such as by increasing soil organic matter, improving crop growth, nutrient mobilization, and nutrient status, and increasing water retention capacity (Prasanna et al., 2012). In contaminated soils, symbiotic systems are involved in bioremediation, restoring soil function by degrading organic pollutants and absorbing heavy metals. For example, the combined application of Bacillus and Chlorella improved rice soil pH, promoted soil microbial activity, increased soil phosphorus, nitrogen, and organic carbon content, and improved soil quality (Prasanna et al., 2012).

Symbiotic microalgae and bacteria regulate plant–soil microbial interactions and improve plant salt tolerance by influencing the structure and function of soil microbial communities (Zhou et al., 2023). Plant salt tolerance can be improved by microbial communities by induction of leaf senescence as a result of protein synthesis and inhibiting photosynthesis in response to accumulation of reactive oxygen species, which occurs under high salinity, and decreasing photosynthesis in response to salt stress (Maurya et al., 2024). A study showed that the combined application of Bacillus megaterium and C. vulgaris significantly increased the metabolic activity and proliferation rate of the soil microbial community, and increased the relative abundance of B. megaterium and C. vulgaris in the soil (Dao et al., 2018). Thus, microalgae–microbial symbiosis provides an important strategy for sustainable agriculture by modifying the soil microbial community and promoting plant growth under salt stress, providing a new strategy for sustainable agricultural development.


5.1 Exogenous microalgae promote plant growth by altering soil microbial communities

A mutually beneficial symbiotic relationship may be formed between microalgae and soil-originating microorganisms, in which the microalgae provide oxygen, organic matter, and phytohormones (Gonzalez-Gonzalez and De-Bashan, 2023), while the microorganisms decompose the organic matter to release nutrients for the microalgae to utilize; together, they promote the stability of the soil ecosystem. However, the extent to which exogenous microalgae affect soil microbial communities is influenced by a variety of factors, including microalgae species, the amount of microalgae added, soil type, and climatic conditions (Maity et al., 2014; Gonçalves et al., 2023). For example, different microalgae species such as Chlorella (Ma et al., 2023), Spirulina (Bahmani Jafarlou et al., 2021), Scytonema hofmanni (Rodríguez et al., 2006), and Chlamydomonas (Calatrava et al., 2023) have varying effects on soil microbial communities, and increased microalgae additions may lead to increased nutrient competition among soil microbes.

In addition, soil moisture, salinity conditions, and climatic factors affect the growth and metabolism of microalgae, which in turn affects the soil microbial community. Studies have shown that the combination of microalgae with PGPB, such as Bacillus subtilis, can significantly increase the activity of carbon and nitrogen-fixing microorganisms in the soil, thereby improving soil fertility (Setubal et al., 2009; Renuka et al., 2018). Exogenous cyanobacterial treatments have also been shown to improve soil fertility and promote crop growth, development, and yields (Prasanna et al., 2009; Nain et al., 2010).

Furthermore, the microalgae Chlamydomonas has emerged as a promising candidate for bioremediation and biofuel production (Banerjee et al., 2021; Bellido-Pedraza et al., 2024; Torres et al., 2024). Chlamydomonas employs several mechanisms to remove pollutants from wastewater, such as biosorption, in which the cell wall, rich in various chemical groups, acts as a sorbent to capture contaminants (Leong and Chang, 2020); bioaccumulation, in which pollutants are taken up and stored within Chlamydomonas (Hoyos et al., 2023); and biotransformation, in which pollutants are broken down through enzymatic processes into simpler, less toxic compounds (Touliabah et al., 2022). Chlamydomonas has shown significant potential as a biofertilizer because of its rich nutrient profile and ability to enhance soil properties and plant growth. It can improve soil structure and stability (Metting, 1986) and organic matter and microbial activity (Miranda et al., 2024); it has biostimulant properties, such as auxin-like activity, which can increase root development and improve overall plant health (Stirk et al., 2002); it enhances nutrient uptake of plants, which can improve growth and yield (Gitau et al., 2021; Martini et al., 2021); it reduces the need for chemical fertilizers that may have negative environmental impacts (Miranda et al., 2024); and its production can be cost effective if integrated with wastewater treatment (Sido et al., 2022). Given the multifunctional capabilities of Chlamydomonas in pollutant removal, soil improvement, and plant growth promotion, it holds significant potential for application in saline–alkali soil remediation and enhancing plant salt tolerance. Therefore, more research is needed on how Chlamydomonas affects plant growth under saline stress.

However, the introduced exogenous microalgae may also compete with native soil microorganisms for resources, triggering competition that leads to a reduction in the size of native microbial populations or changes in ecological niches (Xie et al., 2025), ultimately disrupting the natural balance of the soil ecosystem. In agricultural practices, the use of exogenous microalgae or bioinoculants can also raise other concerns, such as risks of introducing pathogens or harmful substances that could affect plant health, soil quality, and potentially human health if they enter the food chain, and unintended consequences, such as changes in soil chemistry or the release of substances harmful to other organisms in the ecosystem (García et al., 2017; Yu et al., 2024).

Currently, relatively few studies on the effects of exogenous microalgae on soil native microorganisms have been conducted under laboratory simulation conditions, and the complexity and diversity of soil ecosystems make it challenging to predict and quantify the effects of exogenous microalgae on native microorganisms. To more fully assess the effects of microalgae application in agro-soil ecosystems, future studies need to consider multiple factors such as soil type, climatic conditions, and vegetation type.



5.2 Exogenous microorganisms can promote plant growth by enhancing microalgal soil communities

The effect of exogenous microorganisms on soil microalgal communities is a complex process involving the interaction of multiple factors, and its effect is influenced by the microbial species, their number, and the characteristics of the microalgal communities. A study showed that inoculation of salt-tolerant Bacillus shortus (STR2), salt-tolerant Aeromonas (STR8), and oxidation-tolerant Bacillus exotica (STR36) had a significant effect on the microbial community associated with maize roots, with salinity and inoculation of plant growth-promoting rhizobacteria being the key factors. Inoculation of salt-tolerant rhizobacteria helped to maintain the stability of the microbial community structure and enhance its resilience, which may indirectly affect the abundance of soil microalgal populations (Bharti et al., 2015).

As a result of the benefits of microalgae–microorganism symbiosis (e.g., providing nutrients to microalgae, promoting nutrient cycling, and alleviating environmental stress), inoculation of soil with functional microorganisms can recruit and stimulate other microalgae or rhizosphere microorganisms to play an active role in helping heterotrophic microorganisms grow rapidly and increasing their metabolic activity (Papin et al., 2025). Nitrogen-fixing bacteria such as Pseudomonas aeruginosa play an active role in the development of maize plants through the expression of the nitrogen-fixing enzyme gene nifH, and the maize population increases under co-inoculated conditions (Ke et al., 2019).

Microalgae–bacteria symbiotic systems increase soil fertility and control inter-root microalgae by altering the abundance and composition of soil microorganisms and enzymes, soil fertility, and controlling the composition and activity of inter-root soil microbial populations. However, the introduction of exogenous microorganisms may trigger competition for resources with native soil microorganisms or the secretion of inhibitory substances that can negatively affect plant growth (Solomon et al., 2024). Although plant growth-promoting microorganisms play a key role in soil ecosystems, participating in processes such as nutrient cycling, organic matter decomposition, and increasing plant resistance to saline and alkali stress, there is a lack of clarity about (1) how added microorganisms help plants cope with the negative impacts of changes in the microbial community and (2) the types of microorganisms that should be added and the criteria for doing so.

Specific cyanobacterial species, such as Anabaena and Nostoc, can significantly enhance plant growth and yield by fixing atmospheric nitrogen, thereby increasing soil nitrogen availability (Renuka et al., 2018). For example, cyanobacterial inoculants can improve the growth and yield of crops such as maize (Prasanna et al., 2016). Additionally, cyanobacteria secrete polysaccharides and proteins that contribute to soil aggregation and stability, and research has demonstrated that the application of specific cyanobacterial inoculants can significantly increase the levels of glomalin-related soil proteins and polysaccharides, which are crucial for soil structure (Prasanna et al., 2016). Cyanobacterial inoculants can also induce the production of defense enzymes in plants, such as phenylalanine ammonia-lyase and polyphenol oxidase, thereby enhancing resistance to pathogens (Prasanna et al., 2015), and cyanobacterial inoculants are eco-friendly and cost-effective alternatives to chemical fertilizers. Therefore, they may help reduce reliance on chemical inputs while maintaining soil biodiversity and health (Prasanna et al., 2016).

However, there are also limitations associated with using particular microalgae. There can be variable effectiveness of cyanobacterial inoculants, which can be influenced by soil type, climate conditions, and plant variety. This variability may limit their consistent application across different agro-ecological systems (Prasanna et al., 2016). The cultivation and application of cyanobacteria require specific technical conditions, including appropriate culture media, temperature, and light conditions, which may pose challenges for widespread adoption in some regions (Prasanna et al., 2016). Furthermore, their overgrowth can lead to ecological issues such as algal blooms. Thus, careful assessment of ecological risks is necessary when using cyanobacterial inoculants. Finally, while cyanobacteria can improve soil fertility, completely replacing chemical fertilizers with cyanobacterial inoculants may not be feasible in high-yield agricultural systems, and they are more likely to serve as a supplement to chemical fertilizers (Prasanna et al., 2016).

Additionally, there are some drawbacks and challenges that need to be considered. In complex microbial communities, different microbial species may compete, which can affect their synergistic effects. For example, certain bacteria and algae may compete for nutrients, thereby reducing the overall effectiveness of biofertilizers (Mutum et al., 2022). Microorganisms may also exhibit different activities under various environmental conditions, such as soil pH, moisture, and temperature; certain algae and bacteria may show good synergistic effects under specific soil conditions but perform poorly under others (Prasanna et al., 2012). Moreover, the long-term survival and activity of microorganisms in soil may be affected by various factors, including changes in the soil microbial community and environmental stress, and some microorganisms may show good effects in the short term, but their activity may decline over time (Ramakrishnan et al., 2023).

Allelopathic interactions and autotoxicity should also be considered. Different microbial species may compete for limited resources such as nutrients, water, and space. For example, some bacteria and fungi may produce allelochemicals that inhibit the growth of other microorganisms to gain a competitive advantage (Lal and Biswas, 2023). Allelopathy can change the composition and structure of microbial communities (Weidenhamer et al., 2023) and affect plant growth by inhibiting seed germination, root growth, and plant nutrient uptake (Lal and Biswas, 2023). Some microorganisms may produce allelochemicals that not only affect other species but also inhibit their own growth; this autotoxicity can limit the population density and growth of the microorganisms themselves (Lal and Biswas, 2023).

Genetic engineering and synthetic biology approaches offer powerful tools to enhance production in agriculture and bioremediation by optimizing plant–microbe interactions. These strategies can lead to more sustainable and efficient systems for food production and environmental cleanup (Basu et al., 2018; Ke et al., 2021). Synthetic microbial communities (SynComs) technology can be utilized to design microorganisms with genetically defined properties (Tang, 2019), such as microbes that can tolerate high-salt environments, suppress disease, and help degrade harmful substances in the soil of the native habitat (Pradhan et al., 2022; Schmitz et al., 2022; Zhou et al., 2022; Bu et al., 2024). Although SynComs technology is in development and still being optimized, microbial community construction may effectively reduce antagonistic interactions, achieve optimal strain ratios, and address existing drawbacks and challenges.




6 Conclusion

This review suggests that a high degree of integration of microalgae and microorganisms can promote sustainable development under saline agriculture. This concept has the following obvious advantages: (1) the metabolic complementarity between microalgae and microorganisms can further enhance the salt tolerance of plants and help to increase the overall growth rate of the symbiotic system; (2) the diversity of microalgae–microorganism symbiotic system can help to improve the stability and resistance of the whole ecosystem and reduce the incidence of plant diseases; (3) the microalgae–microbial symbiosis system can produce bioactive substances to promote plant growth, such as phytohormones, which can help to improve the seedling rate, survival rate and biomass of crops; and (4) microalgae–microbial symbiosis can improve the structure of the soil, increase the content of organic matter, and improve the water storage capacity and fertility of the soil.

The interactions between microalgae and bacteria are highly significant in the context of the circular economy, particularly for biomass derived from wastewater remediation that can be utilized as a biostimulant. These interactions enhance the efficiency of wastewater treatment and the productivity of biomass, which can subsequently be used for various purposes, such as bioenergy production or as a biostimulant to promote plant growth (Li et al., 2018; Rodrigues de Assis et al., 2020). The circular economy approach using microalgae–bacteria consortia can also reduce production costs and minimize the release of pollutants into the environment; treated effluent can be safely discharged or used for irrigation, while the biomass can be converted into biofuel or biofertilizers, reducing waste and promoting sustainable practices (Rodrigues de Assis et al., 2020).



7 Future perspectives

Microalgae–microbial symbiotic systems, although a key strategy in saline agriculture, also face several challenges in their research and application. The high cost of microalgae cultivation and application is the main factor limiting its wide application in agriculture (Zhao et al., 2019; Song et al., 2022). Therefore, reducing cost and increasing efficiency are essential. However, scaling up laboratory-scale microalgae culture technology to large-scale production in native soils requires solving a series of technical problems, including light intensity distribution, nutrient supply, and pest and disease control.

To make the process of using microalgae–bacteria consortia economically viable for biostimulant or agricultural applications, strategies need to be employed to efficiently obtain the necessary biomass, such as by using high-density cultivation techniques and using techniques to reduce harvesting costs (Menegazzo and Fonseca, 2019; Jin et al., 2021), and determine the most cost-effective sources of nutrients (Kumar et al., 2020; Kuo et al., 2021), such as by obtaining organic carbon sources from lignocellulosic biomass or industrial waste products and implementing nutrient recycling strategies (Chia et al., 2023).

To optimize the efficiency of these systems, species selection of microalgae and microorganisms should focus on screening and cultivation of saline-tolerant species to improve the efficient utilization of both in saline soils and to promote plant growth and development in saline environments. Genetic engineering and SynComs technology offer substantial opportunities to enhance agriculture by designing microorganisms that help plants better absorb water and nutrients, thus improving their salt tolerance, or that promote soil nutrient cycling, which can reduce chemical fertilizer use, improve soil structure, and increase soil fertility (Basu et al., 2018; Ke et al., 2021; Srikanth et al., 2025).

Despite recent advancements, critical knowledge gaps persist in optimizing microalgae–microbial systems for saline agriculture. For instance, the long-term ecological impacts of introducing engineered microbial consortia into saline soils remain underexplored, particularly regarding their interactions with native soil microbiomes and ecosystem stability. Additionally, there is limited understanding of how environmental variables (e.g., fluctuating salinity, temperature, and light regimes) influence the functional resilience of these systems under field conditions. Further studies are needed to elucidate the metabolic crosstalk between microalgae and specific microbial taxa, and to develop predictive models for scaling up co-culture systems while maintaining cost-effectiveness and sustainability. Bridging these gaps will require interdisciplinary approaches integrating omics technologies, advanced bioreactor design, and real-world field trials to translate laboratory findings into practical agricultural solutions.
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Soil types create different rhizosphere ecosystems and profoundly affect the growth characteristics of ratoon sugarcane
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Introduction: Rhizosphere ecological factors play a crucial role in the soil feedback function of ratoon sugarcane. However, limited information exists regarding the differences and relationships among these factors across various soil types (sandy, loam, and clay) and their impact on sugarcane growth and yield characteristics. This study aims to address this knowledge gap by investigating the rhizosphere ecological dynamics of ratoon sugarcane in different soil types.
Methods: A combination of biochemical experiments and high-throughput sequencing was employed to analyze the rhizosphere ecological factors of ratoon sugarcane. The study examined biochemical function- and enzymatic activity-related factors in the rhizosphere soil, as well as the microbial community composition and their relationships with sugarcane growth and yield characteristics.
Results: Biochemical function- and enzymatic activity-related factors in the rhizosphere soil were generally positively correlated with each other and with sugarcane growth characteristics. For instance, soil respiration and soil catalase activity showed significant positive correlations with theoretical sugarcane yield (correlation coefficients of 0.773, p < 0.05 and 0.863, p < 0.01, respectively). Symbiotic relationships were observed between the rhizosphere soil microbial and root system endophyte communities. Functional differences in microbial communities among different soil types were significant (p < 0.05), indicating that soil type strongly influences the functional expression of rhizosphere soil microbial communities. The abundance of bacteria and fungi in the ratoon sugarcane rhizosphere soil was negatively and positively correlated with most soil biochemical functions, respectively. Additionally, correlations existed between the abundance of endophytic bacteria and fungi in the root system and sugarcane yield. Eleven soil biochemical and functional factors were positively correlated with theoretical sugarcane yield and theoretical sugar yield indicators.
Discussion: Our findings suggest that different feedback directions and correlation strengths exist between sugarcane growth characteristics and various ecological factors in their rhizosphere across different soil types and spatial scales. These results provide insights into the complex interactions between sugarcane and its rhizosphere environment, highlighting the importance of soil type in shaping these interactions. The study offers guidance for improving soil microbial community structure to enhance sugarcane growth and yield, serving as a valuable reference for soil management in sugarcane fields.
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1 Introduction

Correlations exist between soil ecological factors and the growth characteristics of crops. In sugarcane, Saccharum officinarum, many rhizosphere ecological factors correlate with the growth characteristics of the plant, including allelochemicals, physicochemical properties, the heavy metal content and biochemical functional factors of the soil, rhizosphere soil microbes and root system endophytic microbes (Wang et al., 2024). These growth characteristics are agronomic indicators related to sugarcane yield and quality formation during the maturation stage of the plant, which include the number of green leaves, plant height, stem diameter, effective stem count, single stem weight, theoretical sugarcane yield, sucrose content and theoretical sugar yield (Xiao et al., 2023). Sugarcane growth and development have specific demands on the nutrient elements within the soil. With the long-term adoption of no-till practices in the cultivation of ratoon sugarcane, rhizosphere ecological factors may evolve in specific directions over time. These include deficiencies in essential nutrient elements and the accumulation of allelochemicals secreted or decomposed by the root system, which may cause the deterioration of overall rhizosphere ecological factors, thereby affecting the normal growth and development of subsequent sugarcane crops. For instance, the stress resistance of sugarcane may be reduced during the growth process, ultimately impacting the formation of agronomic traits, yield, and quality (Valentina et al., 2021; Yang et al., 2021; Zhang et al., 2021). It has been shown that the application of goat manure and sugarcane straw in soil can affect the colony structure in soil, change the soil pH value and significantly improve the soil nutrients, especially C, N and P (Tayyab et al., 2018).

Soil bacteria and fungi are closely related to soil properties. A large number of bacteria and fungi associated with the quality of sugarcane have been found in the process of continuous sugarcane planting, which is of great significance for studying obstacle mechanisms in continuous sugarcane planting (Pang et al., 2021). In China, sugarcane is mainly planted in Guangxi, Yunnan, Guangdong and Hainan, and these regions have different soil types, including sandy soil, loam soil and clay soil (Luo et al., 2015). A study by Fallah et al. (2023) explored bacteria biocontrol agents, biochar and secondary metabolites to rejuvenate ratoon sugarcane traits and stimulate soil fertility, and this demonstrated how the multifunctionality of plant secondary metabolites (BCAs-BC) interactions remediated soil fertility and suppressed the presence of pathogens/parasites (such as Exserohilum, Aphis gossypii Glover, and Colletotrichum), thereby rejuvenating ratoon sugarcane growth and productivity. Smith-Ramesh and Reynolds (2017) argued that three broad factors drive plant–soil feedback, namely soil microbes (including pathogens and symbiotic microbes), soil physicochemical/biochemical factors and the secondary metabolites of organisms. In addition, a study by Liu et al. (2017) found that long-term continuous cropping of potatoes led to a decrease in single tuber weight and a reduction in the tuber yield by up to 30%. Continuous potato cropping causes a significant decrease in the sink capacity and source activity of plants, which shortens the dry matter rapid growth period, reduces and significantly increases the rate of dry matter accumulation and the proportion allocated to the root organs, respectively, and ultimately results in lower yields. During tuber formation, dry matter is stored in the tubers by the nutrient organs transport before flowering, and the direct input of assimilates to the tubers is decreased after flowering. Kuerban et al. (2020) found that continuous cropping caused growth inhibition, yield reduction and growth cycle delays in sweet sorghum; this was manifested as significant decreases in plant height, stem diameter, single plant weight and single stalk weight, and a delay in the maturation period after 2 years of continuous cropping.

Yang et al. (2019) found that sugarcane plants infected with ratoon stunting disease exhibited a decrease in bacterial diversity and richness in the rhizosphere soil compared with those in the uninfected plants. The dominant bacterial community structure also changed considerably at the phylum and genus taxonomic levels. With long-term continuous cropping, allelopathic and autotoxic substances can alter the ecological environment of the rhizosphere (Wang et al., 2022). For instance, these substances can change the pH, the ability to provide nutrient elements, the microbial community structure and enzymatic activities of the soil and the resistance of plants to diseases and pests; this consequently affects the physiological development, yield, and quality of the crops (Liu et al., 2021; Chen et al., 2022).

The plant–soil feedback loop is driven by the intricate interplay of complex factors including rhizosphere physicochemical properties, soil biochemical functions, soil biological community structures, endophytic community compositions and their secondary metabolites (Chen et al., 2021; Wang et al., 2021b). The diversity of soil types (sandy, loam and clay) in the Laibin sugarcane growing area of Guangxi, China reflects its complex geomorphology and ecological conditions. Different soil types influence rhizosphere environment, nutrient utilization and root development, leading to differences in sugarcane yield and planting strategies. As it is of great significance to study the growth of sugarcane on different soil types, we analysed the rhizosphere ecological characteristics of ratoon sugarcane (same variety) grown on different soil types (across spatial scales) under identical climatic and environmental conditions. We investigated the correlations among ecological factors (such as rhizosphere soil biochemical, functional factors and soil microbes) and the diversity, community structure and function of root system endophytes across spatial scales (different soil types). Additionally, we analysed the relationships between these ecological factors and sugarcane growth characteristics. Our results serve as a reference for improving soil conditions in sugarcane fields.



2 Materials and methods


2.1 Overview of sampling area

The sampling area was within the National Modern Agricultural Industrial Park in Laibin City, Guangxi Province, China (N 23°48′, E109°12′), located in central Guangxi downstream of the Hongshui River. Laibin City is the second largest sugarcane planting city in China, with a planting area expected to reach 130,000 hectares by 2024. The high-quality sugarcane varieties and circular economy model of Laibin National Modern Agricultural Industrial Park provide reference for other regions. The research site is located in the transitional zone between the southern and central subtropical climatic zones. The average annual temperature is approximately 21°C, with relatively dry winters and springs and abundant rainfall during summer and autumn. The average annual precipitation is approximately 1,300 mm, with an average of 1,500 h of sunshine annually. The research site comprises an area of 10 hectares and is characterised by relatively flat terrain. Three different soil types were selected in the experimental area: sandy soil (mainly sand (0.05–2 mm), accounting for about 50%), loam soil (mainly coarse soil powder (0.1–0.5 mm), accounting for about 40%, and fine sand less than 30%), and clay soil (mainly fine powder (<0.05 mm), accounting for more than 30%). The soil types in the sugarcane planting area of Laibin City are mainly sandy soil, loam soil and clay soil, presenting a complex and diverse terrain, landforms and soil ecological conditions. Different soil types create different rhizosphere ecological environments and nutrient supply conditions, leading to differences in sugarcane yield and planting strategies. The preceding crop in each plot was sugarcane. New sugarcane (Guiliu 05136 variety) was planted in the three different soil types in February 2019. The field management measures of sugarcane were the same. Sugarcane was harvested manually in January 2020. After harvest, the perennial roots were left, representing the first-year perennial sugarcane roots. The sugarcane field was cleaned immediately and managed according to the unified perennial root sugarcane cultivation measures.

Five sample plots, each measuring 10 m × 10 m, were established in the plots containing each soil type, totalling 15 sample plots. Sample collection was conducted in the first-year sugarcane ratoon plot containing sandy, loam or clay soil. Field investigations were conducted during the sugarcane harvest period (mid-November 2020) to obtain samples and data from ratoon sugarcane rhizosphere sandy (SS), loam (LS), and clay (CS) soils, and ratoon sugarcane root systems in sandy (GSS), loam (GLS), and clay (GCS) soils, as well as the sugarcane growth characteristics. The fertilization regime involved two applications (Wang et al., 2019): a base fertilizer of compound fertilizer (N:P:K = 15:15:15; total nutrients ≥45%) at 375 kg/hm2 and urea at 225 kg/hm2, followed by a mid-tillage application (early July annually) of compound fertilizer (375 kg/hm2), urea (525 kg/hm2) and potassium chloride (225 kg/hm2). The weather and time during sample collection were consistent; samples were collected in the morning when the weather was fine and the wind scale was less than or equal to level 3.



2.2 Sample collection procedure

Soil sample collection (Panke-Buisse et al., 2015): five sample plots were set for each soil type (five replicates). Refer to the “Technical Specification for Soil Testing and Formula Fertilization (2011 Revised Edition)” issued by the Ministry of Agriculture of China. Five soil samples were collected from each sample plot using the “S”-shaped five-point mixed sampling method, and the mixed samples formed a replicate. After removing surface weeds and scraping off the topsoil, rhizosphere soil was collected from 10 to 20 cm below the ground. Five soil samples were collected from each sample plot using the “S”-shaped five-point mixed sampling method, and the mixed samples formed a replicate. After excavating the sugarcane roots, they were gently shaken to remove large clumps of soil, loose soil, and debris. A sterile brush was then used to collect residual soil from the root surface. Soil samples from multiple points within the plot were combined in equal volumes, mixed thoroughly and placed in sterile bags before being transported to the laboratory on dry ice for further processing. A portion of the samples was stored in a refrigerator at 4°C, and soil biochemical and enzyme activity tests were completed within 1 week. Another portion was rapidly frozen with liquid nitrogen and stored in a freezer at −80°C to determine the microbial diversity of rhizosphere soil (16S rRNA/ITS).

When collecting sugarcane rhizosphere soil samples, sugarcane root samples were also collected within the plots using the “S-shaped” five-point composite sampling method. We randomly selected 3–5 healthy root tissues of varying lengths as one sample (approximately the length of fingers) and ensured that the soil adhering to the root surface was removed. The samples were placed in sterile bags and transported to the laboratory on dry ice. The root samples were first rinsed with sterile water for 30 s, followed by immersion in 70% ethanol for 2 min. Finally, the roots were washed thrice with sterile water for surface sterilization (Edwards et al., 2015). The pretreated root samples were then placed in sterile EP centrifuge tubes (with screw caps), quickly frozen with liquid nitrogen, and stored in a − 80°C refrigerator for root microbial diversity (16S/ITS) testing.



2.3 Analytical parameters and methods

To determine the biochemical functional activities in the sugarcane rhizosphere soil, we measured ammonification, nitrification and nitrogen fixation activities following the methods described by Lin (2010) and Xu and Zheng (1985). Soil respiration was determined using a soil carbon flux measurement system to assess the respiratory activity.

Various analytical approaches were used to determine enzyme activities in the sugarcane rhizosphere soil. The activity of polyphenol oxidase (PPO) was measured using the pyrogallol colourimetric method (enzyme assay kit, produced by Shanghai Youxuan Biotechnology Co., Ltd., China, and refering to the instructions of Sinobestbio enzyme activity detection kit, using the microcalorimetry method, same as below), where the production of 1 mg of pyrogallol per gram of sample per day was defined as one unit (U) of enzyme activity. The activity of CAT, peroxidase (POD), ACP, cellulase (CL), sucrase (SC), UE and fluorescein diacetate hydrolase (FDA) were determined using the microquartz colourimetric (enzyme assay kit), microglass colourimetric (purpurogallin) (enzyme assay kit), disodium phenyl phosphate (enzyme assay kit), 3-dinitrosalicylic acid colourimetric (enzyme assay kit), 3,5-dinitrosalicylic acid colourimetric (enzyme assay kit), indophenol blue colourimetric (enzyme assay kit) and microquartz colourimetric dish (enzyme assay kit) methods, respectively, where the production of 1 μmol of H2O2, 1 mg of purpurogallin, 1 nmol of phenol, 1 mg of glucose, 1 mg of reducing sugar, 1 μg of NH3-N and 1 μmol of fluorescein per gram of sample per day was defined as one unit (U) of enzyme activity, respectively.

Data on agronomic traits, the yield and sugar content of sugarcane were collected in corresponding sample plots according to different treatments at the designated sampling sites. During harvesting, the data collection method involved randomly selecting 10 sugarcane plants from each replicate plot to conduct a sucrose content analysis, which was conducted using the double polarisation method (Pu and Lin, 2015). Additionally, for each replicate plot, three rows of sugarcane were randomly selected (with each row measuring 3 m in length) to estimate the field yield of sugarcane. The collected data included the number of green leaves, plant height (measured 30 cm below the thickest part of the sugarcane stalk), stem thickness and effective stem count. The average collected data values of each group were used for further analysis. The theoretical sugarcane (t/hm2) and sugar (t/hm2) yields were calculated as follows: single stalk weight (kg) = (stem thickness (cm))2 × plant height (cm) × 0.7854/1,000; theoretical sugarcane yield (t/hm2) = single stalk weight (kg) × effective stem count (stems/hm2)/1,000; theoretical sugar yield (t/hm2) = sucrose content (%) × theoretical sugarcane yield (t/hm2).



2.4 Microbial DNA extraction and sequencing

The extracted DNA from the root-zone soil and root samples was stored at −80°C and then subjected to DNA extraction, PCR amplification and Illumina MiSeq sequencing. DNA extraction and PCR amplification were performed according to the instructions from the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, United States). The quality of DNA extraction was verified using 1% agarose gel electrophoresis, and the DNA concentration and purity were measured using a NanoDrop 2000 spectrophotometer. For the 16S rRNA gene region, and for the ITS1–ITS2 region, the 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) primer pairs were used for PCR amplification, respectively. The PCR products from the same sample were pooled and recovered using a 2% agarose gel, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) and checked for quality using 2% agarose gel electrophoresis. The recovered products were quantified using a Quantus™ Fluorometer (Promega, Madison, WI, United States). Library preparation was performed using the NEXTFLEX® Rapid DNA-Seq Kit, and sequencing was conducted using the Illumina MiSeq PE300 platform. The sequencing work was conducted by Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China (Dineen et al., 2010; Zhang et al., 2016). The sequencing reads of those samples were submitted to NCBI- Sequence Read Archive (SRA) and obtained the accession code PRJNA12471731 and PRJNA1249922.2 Q20 98.02% percentage above were obtained after removing adapters, low-quality regions (<100 bp) and possible contamination from 5 biological replicates of the 30 soil and root system samples.



2.5 Data processing methods


2.5.1 Non-microbial data analysis method

Data statistics and analysis results were recorded using WPS Office 2016 XLSX spreadsheets. Minitab 16 was used to perform the analysis of variance (ANOVA) (including standard deviation and p-value analysis for significance of differences). Experimental data are presented as the “mean ± standard deviation.”



2.5.2 High-throughput sequencing data analysis method

The fastp software was used to perform quality control on paired-end raw sequencing sequences and the FLASH software for merging in accordance with the following procedure: (1) Bases with a read tail quality value below 20 were filtered, and a 50-bp window was thus set. If the average quality value within the window was lower than 20, the back-end bases were truncated from the window, and the reads below 50 bp after quality control were filtered and those containing N bases were removed. (2) According to the overlap relationship between the PE reads, the paired reads were spliced (merged) into one sequence. The minimum overlap length was 10 bp. (3) The maximum mismatch ratio allowed in the overlap region of the spliced sequence was 0.2, and the unmatched sequences were screened out. (4) The samples were distinguished according to the barcode and primers at the beginning and end of the sequence, and the sequence direction was adjusted. The number of mismatches allowed by the barcode was 0, and the maximum number of primer mismatches was 2. The UPARSE software was used to perform operational taxonomic unit (OTU) clustering on the quality control-spliced sequences based on 97% similarity and eliminate chimeras. The RDP classifier was used to compare the Silva 16S rRNA gene and the UNITE 8.0 ITS databases for taxonomic annotation of OTU species, with a confidence threshold of 70%. Microbial community is based on the R package “Phyloseq” for sample homogenisation of total abundance. Alpha and beta diversity analyses of microbial communities, correlation analyses between environmental factors and microbial communities, and Spearman correlation analyses were performed using the R language (version 4.2.1) and the “vegan” package. Dissimilarities among the microbial community structures of the different groups were tested and analysed using three methods: permutational multivariate analysis of variance (PERMANOVA or ADONIS), analysis of similarities (ANOSIM), and multiple response permutation procedure (MRPP). The significance of community composition disparities and Generalised Additive Model (GAM) were analysed using the R package “vegan” and “mgcv,” respectively. Then, the Mantel Test was conducted using the mantel function from the R package “vegan.” Species composition stacked plots were generated using the Python library “Pandas” for “Groupby” analysis, and GraphPad Prism 8 was used for plotting and significance calculations (based on Student’s t-test and ANOVA). Functions of all microbial communities were predicted using Tax4Fun2.





3 Results


3.1 Soil biochemical function in the sugarcane rhizosphere on different soil types


3.1.1 Biochemical activities of sugarcane rhizosphere on different soil types

The soil respiration of LS was significantly higher than that of SS and CS (p < 0.05), and the difference in soil respiration between SS and CS was not statistically significant (Table 1). LS and SS showed significantly higher ammonification and nitrogen fixation rates than those in SS and CS (p < 0.05) and CS (p < 0.05), respectively. Ammonification and nitrogen fixation in LS were 152.67 and 248.26% higher than those in CS, respectively. SS and LS showed significantly higher nitrification rates than those in CS (p < 0.05), although the difference in nitrification between SS and LS was not statistically significant. Nitrification in SS and LS was 158.13 and 144.54% higher than those in CS, respectively. These results indicate that the respiratory, ammonification, nitrification and nitrogen fixation activities of LS were high, the nitrification activity of SS was high and the biochemical activities of CS were comparatively weaker. These contrasting results may be related to differences in the physicochemical properties or microbial diversity among the different soil types.


TABLE 1 Biochemical activities of sugarcane rhizosphere within different soil types.


	Soil type
	Soil respiration
	Ammonification
	Nitrification
	Nitrogen fixation



	μmol/(m2·s)
	mg/kg
	mg/kg
	mg/kg

 

 	Sandy soil (SS) 	1.68 ± 0.12 b 	265.82 ± 9.66 b 	940.1 ± 63.0 a 	70.97 ± 3.66 b


 	Loam soil (LS) 	1.96 ± 0.11 a 	347.41 ± 13.11 a 	859.3 ± 21.2 a 	88.01 ± 4.14 a


 	Clay soil (CS) 	1.50 ± 0.11 b 	227.56 ± 11.51 c 	594.5 ± 33.3 b 	35.45 ± 2.10 c





The data represent the mean ± standard deviation. Different lowercase letters after each factor in the same row indicate significant differences between different soil types at a significance level of 0.05.
 



3.1.2 Enzymatic activities of sugarcane rhizospheres on different soil types

In this study, the differences in PPO and CL activities among the various soil types were not significant, with the activities of SS and LS being generally higher than those of CS (Table 2). The CAT and POD activities of LS were significantly higher than those of SS and CS (p < 0.05), and the CAT and POD activities of LS were 135.54 and 162.91% and 134.65 and 167.83% higher than those of SS and CS, respectively. The ACP and UE activities of LS were significantly higher than those of SS and CS (p < 0.05) and those of SS were significantly higher than those of CS (p < 0.05). The CAT and POD activities of LSs were 279.51 and 169.23% higher than those of CS. The invertase and hydrolase activities of LS were significantly higher than those of CS (p < 0.05). The enzymatic activities of LS were higher than those of SS, and those of SS were higher than those of CS, although the differences were not significant. Generally, the sugarcane rhizosphere soil enzymatic activities of different soil types exhibited a trend of LS > SS > CS, which may be related to differences in the physicochemical properties or microbial diversity among the different soil types.


TABLE 2 Enzymatic activities of sugarcane rhizosphere within different soil types.


	Soil type
	Polyphenol oxidase activity
	Catalase activity
	Peroxidase activity
	Acid phosphatase activity
	Cellulase activity
	Invertase activity
	Urease activity
	Hydrolytic enzyme activity



	U/g
	U/g
	U/g
	U/g
	U/g
	U/g
	U/g
	U/g

 

 	Sandy soil 	25.47 ± 1.61 a 	40.18 ± 4.57 b 	28.83 ± 4.12 b 	2454.0 ± 412.2 b 	123.20 ± 19.64 a 	203.58 ± 20.67 ab 	82.22 ± 10.38 b 	40.81 ± 5.06 ab


 	Loam soil 	25.32 ± 2.28 a 	54.46 ± 4.75 a 	38.82 ± 5.55 a 	3660.7 ± 627.7 a 	132.38 ± 20.37 a 	229.69 ± 21.36 a 	102.47 ± 10.89 a 	45.23 ± 5.96 a


 	Clay soil 	22.12 ± 1.93 a 	33.43 ± 5.54 b 	23.13 ± 3.80 b 	1309.7 ± 308.8 c 	112.32 ± 18.64 a 	174.01 ± 17.08 b 	60.55 ± 7.63 c 	33.76 ± 5.12 b





The data represent the mean ± standard deviation. Different lowercase letters after each factor in the same row indicate significant differences between different soil types at a significance level of 0.05.
 



3.1.3 Agronomic traits, yield, and quality indicators of sugarcane grown on different soil types

The number of green leaves of sugarcane grown on LS was significantly higher (p < 0.05) than that on SS and CS (Table 3). The number of green leaves was higher in sugarcane grown on SS than that on CS, but not significantly. During the harvest period, the number of leaves of sugarcane grown on LS was significantly higher, which may be related to the stronger ability of the physicochemical factors in LS for sustained nutrient provision. The plant heights of sugarcane grown on SS and LS were not significantly different, although both were significantly greater than that on CS (p < 0.05). Furthermore, the mean plant height of sugarcane grown on SS and LS was approximately 17 cm greater than that grown on CS. Stem diameter, effective stem count, single stem weight and sucrose content did not differ significantly among sugarcane grown on different soil types, and the overall trend was LS > SS > CS. However, the sucrose content decreased in the order of SS > LS > CS; this may be attributed to the weaker water retention and supply abilities of SS, leading to the concentration and elevation of sucrose content during the harvest period due to the transpiration of water content from sugarcane. The theoretical yield of sugarcane did not differ significantly between sugarcane grown on SS and LS, although it was significantly higher in sugarcane grown on LS compared with that on CS (p < 0.05). The same trend was observed with respect to the theoretical yield of sugar: the theoretical sugarcane and sugar yields were, respectively, higher in sugarcane grown on SS (12.44 t/hm2 and 2.33 t/hm2) and LS (15.38 and 2.63 t/hm2) than that on CS (83.51 and 11.67 t/hm2). These results indicate that different soil types influenced sugarcane growth characteristics and sugar yield.


TABLE 3 Agronomic traits, yield and quality indicators of sugarcane grown in different soil types.


	Soil type
	Number of sugarcane leaves
	Sugarcane plant height
	Sugarcane stem diameter
	Number of sugarcane effective stems
	Single stem weight of sugarcane
	Theoretical sugarcane yield
	Sugar content of sugarcane
	Theoretical sugar yield



	count/plant
	cm
	cm
	plants/hm2
	kg/plant
	t/hm2
	%
	t/hm2

 

 	Sandy soil 	6.80 ± 0.84 b 	269.00 ± 6.00 a 	2.69 ± 0.14 a 	62,629 ± 1,032 a 	1.53 ± 0.13 a 	95.95 ± 6.47 ab 	14.63 ± 0.45 a 	14.06 ± 1.39 a


 	Loam soil 	8.20 ± 0.84 a 	270.67 ± 5.03 a 	2.72 ± 0.14 a 	62,779 ± 1,058 a 	1.58 ± 0.14 a 	98.89 ± 6.81 a 	14.45 ± 0.41 a 	14.30 ± 1.20 a


 	Clay soil 	6.00 ± 0.71 b 	253.67 ± 6.03 b 	2.61 ± 0.11 a 	61,365 ± 1,027 a 	1.36 ± 0.08 a 	83.51 ± 6.31 b 	13.98 ± 0.35 a 	11.67 ± 0.79 b





The data represent the mean ± standard deviation. Different lowercase letters after each factor in the same row indicate significant differences between different soil types at a significance level of 0.05.
 




3.2 Correlation analysis between non-microbial ecological factors and sugarcane growth characteristics

Figure 1 shows the correlation coefficients obtained by analysing various non-microbial ecological factors in sugarcane rhizosphere soil. The sugarcane growth characteristics measured in the current soil were correlated with each other and with the sugarcane growth characteristics.
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FIGURE 1
 Correlation analysis between non-microbial ecological factors in rhizosphere soil and sugarcane growth characteristics. X1: Soil respiration; X2: Ammonification; X3: Nitrification; X4: Nitrogen fixation; X5: Polyphenol oxidase activity; X6: Catalase activity; X7: Peroxidase activity; X8: Acid phosphatase activity; X9: Cellulase activity; X10: Sucrose activity; X11: Urease activity; X12: Hydrolytic activity; X13: Number of sugarcane leaves; X14: Sugarcane plant height; X15: Sugarcane stem diameter; X16: Number of sugarcane effective stems; X17: Single stem weight of sugarcane; X18: Theoretical sugarcane yield; X19: Sugar content of sugarcane; X20: Theoretical sugar yield. * Significant correlation at p < 0.05, ** significant correlation at p < 0.01.


Soil respiration, ammonification, nitrification and nitrogen fixation were positively correlated with soil enzymatic activities and sugarcane growth characteristics. For instance, soil respiration was highly significantly positively correlated with ammonification, nitrogen fixation, CAT activity, POD activity, UE activity of the soil and the number of green leaves of sugarcane (p < 0.01). Soil respiration was also significantly positively correlated with PPO activity, hydrolase activity of the soil and the effective stem count, single stem weight, the theoretical sugarcane yield and the theoretical sugar yield of sugarcane (p < 0.05). Soil ammonification was highly significantly positively correlated with nitrogen fixation, CAT activity, ACP activity and UE activity of soil (p < 0.01) and significantly positively correlated with the number of green leaves, plant height, single stem weight and the theoretical sugarcane yield of sugarcane (p < 0.05). Soil nitrification was significantly positively correlated with nitrogen fixation, PPO activity, UE activity of soil, plant height and the effective stem count of sugarcane (p < 0.05). Soil nitrogen fixation was highly significantly positively correlated with CAT activity, ACP activity, UE activity of the soil and the theoretical yield of sugarcane (p < 0.01), and significantly positively correlated with the POD activity of the soil, the number of green leaves, single stem weight and the theoretical sugar yield of sugarcane (p < 0.05).

Various enzymatic activities in soil exhibited positive correlations with each other and the sugarcane growth characteristics. Specifically, soil CAT, ACP, invertase, UE and hydrolase activities were strongly positively correlated with sugarcane growth characteristics, those of soil PPO and POD activities were weakly positively correlated, and soil CL activity was weakly positively correlated with all other enzymes and sugarcane growth characteristics.

Sugarcane growth characteristics showed strong positive correlations with each other (Figure 1). For instance, sugarcane plant height was highly significantly positively correlated with single stem weight, theoretical sugarcane yield, sucrose content and theoretical sugar yield (p < 0.01); sugarcane stem diameter was highly significantly positively correlated with single stem weight (p < 0.01); effective stem count was significantly positively correlated with theoretical sugar yield (p < 0.05); single stem weight was highly significantly positively correlated with theoretical sugarcane yield and sucrose content (p < 0.01); theoretical sugarcane yield was highly significantly positively correlated with sucrose content and theoretical sugar yield (p < 0.01); and the sucrose content of sugarcane was highly significantly positively correlated with theoretical sugar yield (p < 0.01).



3.3 Correlation analysis between microbial ecological factors and sugarcane growth characteristics


3.3.1 Diversity and relative abundance of microbes

The results of the PCA of the rhizosphere soil microbial communities (Figure 2A) revealed that, except for one SS point, all other points were clustered according to their respective soil types. The PCA of the root system endophyte communities (Figure 2B) showed that, except for two GSS points, all other points were clustered together according to their respective groups. After excluding these three outliers (one SS point and two GSS points), significant intergroup differences existed in the rhizosphere soil microbial communities and root system endophyte communities. Simultaneously, high similarity was maintained within groups. As shown in Table 4, the composition of the rhizosphere soil microbial community and root system endophyte community differed significantly among the three soil types (p < 0.05) (Ren et al., 2022a).
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FIGURE 2
 Principal component analysis (PCA) of rhizosphere soil microbial (A) and root system endophyte communities (B). PC1 and PC2 represented the first and second principal component, respectively, whereas percentages indicated the explanatory power of these principal components on the dataset. The samples and data from ratoon sugarcane rhizosphere sandy (SS), loam (LS), and clay (CS) soils, and ratoon sugarcane root systems in sandy (GSS), loam (GLS), and clay (GCS) soils. Each point in the figure represented a biological sample, with samples belonging to the same group indicated by the same colour.



TABLE 4 Significance testing of rhizosphere soil microbial and root system endophyte community structures.


	Category
	Index
	ADONIS
	ANOSIM
	MRPP



	
F

	
p

	
R

	
p

	
δ

	
p


 

 	Rhizosphere soil microorganisms 	Jaccard 	7.968 	0.001 	1.000 	0.001 	0.658 	0.001


 	Bray-Curtis 	6.829 	0.001 	0.891 	0.001 	0.678 	0.001


 	Root system endophytes 	Jaccard 	3.069 	0.001 	0.994 	0.001 	0.848 	0.001


 	Bray-Curtis 	3.191 	0.001 	0.774 	0.002 	0.898 	0.001




 

The results for the Alpha species diversity index of Richness (Figure 3A) and Chao1 (Figure 3B) of the microbial communities were similar, with both indicating that alpha diversity in the rhizosphere soil was consistently higher than that of the root system endophytes (p < 0.05). Alpha diversity of the rhizosphere soil microbes showed an increasing trend with changing soil type in the order of CS < LS < SS. Contrastingly, alpha diversity in the root system endophytes showed a slightly different pattern of change involving an initial increase and subsequent decrease, increasing in the order of CS < SS < LS.
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FIGURE 3
 Alpha diversity analysis of rhizosphere soil microbes and root system endophytes. (A) Results for species richness. (B) Results for Chao1 estimated species richness index. Each point in the figure represented a biological sample, with samples belonging to the same group indicated by the same colour.


Figure 4 shows the analysis of beta diversity (Bray-Curtis distance) using the combined non-metric multidimensional scaling (NMDS) analysis of rhizosphere soil microbes and root system endophytes. The stress for rhizosphere soil microbes NMDS analysis was 0.056, and the stress for root system endophytes NMDS analysis was 0.091. A significant difference was found between the overall beta diversity of the two microbial communities (rhizosphere soil microbes and root system endophytes) (p < 0.05). The two confidence intervals represented the two microbial communities, and the distance between different points was a measure of their similarity or dissimilarity, with closer distances indicating higher similarity. Across different soil types, dissimilarities in microbes were greater in the root system endophyte community than those in the rhizosphere soil microbial community. Both microbial communities possessed similar structures, with the microbes in CS and endophytes in GCS exhibiting a shorter inter-community distance and higher degree of clustering with microbes in LS and endophytes in GLS, respectively, and a longer inter-community distance and higher degree of separation from microbes in SS and endophytes in GSS, respectively. These results demonstrate the presence of greater similarity between CS and LS in both the rhizosphere soil microbes and root system endophytes, with these communities showing higher similarity. CS and LS exhibited greater dissimilarity with SS, manifested as more significant differences in the microbial communities.

[image: Non-metric multidimensional scaling (NMDS) plot showing two groups. The first group, with pink circles, represents the rhizosphere, marked with a red ellipse. The second group, with blue and green shapes, represents soil, marked with a teal ellipse. Shapes represent different treatments: circles, squares, triangles. NMDS1 and NMDS2 are the axes, and the stress value is 0.15.]

FIGURE 4
 Beta diversity analysis of rhizosphere soil microbes and root system endophytes based on the non-metric multidimensional scaling (NMDS). Stress for rhizosphere soil microbes NMDS analysis was 0.056, and that for root system endophytes NMDS analysis was 0.091. Stress less than 0.1 shows good sorting; stress less than 0.05 shows that the analysis results are representative; stress less than 0.2 indicates that the NMDS analysis has certain reliability. The closer the sample on the coordinate diagram, the higher the similarity.


Figures 5A,B show the relative abundance of bacteria and fungi at the phylum level in the root system endophytic species and rhizosphere soil microbial species. In the bacterial communities (Figure 5A), the top 5 dominant phyla for the root system endophytic and rhizosphere soil bacteria were identical and comprised Actinobacteriota, Chloroflexi, Gammaproteobacteria, Acidobacteriota and Alphaproteobacteria. However, the 6th and 7th most abundant phyla differed, with Firmicutes and WPS-2 for the root system endophytic bacteria and Bacteroidota and Patescibacteria for the rhizosphere soil bacteria; these results indicate that changes occurred in the microbial community composition from the rhizosphere soil to the root system endophytes, causing partial substitution among the dominant phyla.

[image: Bar charts labeled "A" and "B" show the relative abundance of microbial groups in root systems and rhizosphere soil across different sample types: GLS, GCS, GSS, LS, CS, SS. Chart A highlights endophytes like Firmicutes and Alphaproteobacteria, while Chart B focuses on fungal groups like Ascomycota and Rozellomycota. Each bar is color-coded by microbial group.]

FIGURE 5
 Relative abundance of root system endophytic and rhizosphere soil microbial species at the phylum level. (A) The relative abundance of bacteria. (B) The relative abundance of fungi.


The relative abundances of the top five dominant phyla also underwent changes. Proteobacteria (Gammaproteobacteria and Alphaproteobacteria) were the dominant phyla in the root system endophyte community, accounting for >57% of bacteria in the entire microbial community and exhibiting a highly significant dominance. During the outward transition to the rhizosphere soil microbial community, considerable changes occurred in the pattern of dominance by Proteobacteria. Specifically, the relative abundance of Proteobacteria decreased, and significant changes occurred in the relative abundances of Actinobacteriota and Chloroflexi. In this respect, the transition from the rhizosphere soil to the root system endophytes involved changes in the bacterial community composition and structure. The relative abundance of Proteobacteria in the top seven dominant phyla increased, whereas that of the other dominant phyla decreased; indicating that Gammaproteobacteria. Alphaproteobacteria, Firmicutes and WPS-2 could effectively colonise and grow the root system.

The diversity of bacterial species was also reduced during the transition from rhizosphere soil to root system endophytes, with the rhizosphere soil and root system endophytes containing 39 and 34 bacterial species (at the phylum level), respectively. Actinobacteriota in both the rhizosphere soil and root system endophytic bacterial communities exhibited a trend of increase in relative abundance in the order of LS < SS < CS (p < 0.05), this demonstrated that Actinobacteriota possessed different levels of adaptability to different soil types, and adaptability was the highest and lowest in CS and LS, respectively.

Within the fungal communities (Figure 5B), Ascomycota and Basidiomycota were the dominant phyla in the root system endophytic and rhizosphere soil fungi. Other phyla in the top seven dominant fungal phyla were Chytridiomycota, Glomeromycota, Mortierellomycota, Mucoromycota and Rozellomycota. Both fungal communities contained 13 fungal phyla (excluding unclassified phyla). In CS, the relative abundance of Ascomycota in the root system endophytic fungi was >97%, which was far higher than that in fungal communities under other soil conditions. However, the relative abundance of Ascomycota in the rhizosphere soil fungal community in CS was only >50%, indicating a considerable decrease in abundance. In CS and SS, the relative abundance of Ascomycota exhibited a decrease from the root system endophytes to rhizosphere soil, suggesting that Ascomycota were better adapted to growth in the root system endophytic environment than that in the rhizosphere soil. Among the three soil types, CS showed the best growth of Ascomycota, followed by SS and LS. Mortierellomycota also demonstrated different levels of growth adaptability in the three soil types, with growth adaptability increasing in the order of CS < LS < SS.



3.3.2 Analysis of microbial community functions

Functions of all microbial communities were predicted using Tax4Fun2, with 46 KEGG secondary metabolic pathways obtained. The overall relative abundance distribution patterns of these pathways were similar between the rhizosphere soil microbes and root system endophytes. In each soil type, global and overview maps had the highest relative abundance (>34%), followed by carbohydrate metabolism (>8.8%), amino acid metabolism (>7.6%), membrane transport (>5.3%), cellular community-prokaryotes (>4.5%), xenobiotic biodegradation and metabolism (>3.7%) and lipid metabolism (>3.5%). These pathways showed high relative abundances in both types of microbial communities. Rhizosphere soil microbial community functions differed significantly across different soil types (p < 0.05) (Figure 6C: a). Among the 46 metabolic pathways, there was no significant difference among only 5 pathways in the rhizosphere soil for the different soil types, whereas there was no significant difference among 23 pathways in the root system endophytes for the different soil types, (Figure 6C: b) (p > 0.05). The biosynthesis of other secondary metabolites, endocrine and metabolic diseases and energy metabolism functions did not differ significantly in both microbial communities, indicating that soil type did not influence their metabolic capabilities. Across the different soil types, no significant differences in infectious diseases were observed (i.e., viral and the metabolism of terpenoids and polyketides) between the rhizosphere soil microbes. However, these differed significantly in the root system endophytes (p < 0.05), suggesting that soil type did not affect the expression of these two microbial community functions in the rhizosphere soil but it influenced the expression in the root system endophytes. For instance, the viral metabolic pathway is an antiviral toxicity pathway, which may be due to the interaction between rhizosphere soil microorganisms and endophytic bacteria in the root system, affecting the antiviral toxicity of different soil microorganisms (Figures 6A,B).

[image: Bar charts labeled A and B depict the relative abundance percentage of various biological processes, with categories including metabolism, immune system, diseases, and cellular processes. Each chart uses different color codes; Chart A shows CS, LS, and SS, while Chart B uses GCS, GLS, and GSS. The side chart, C, displays a color key for reference.]

FIGURE 6
 Relative abundances of 46 KEGG secondary metabolic pathways predicted by Tax4Fun2 in (A) rhizosphere soil microbes and (B) root system endophytes. (C) Results of the Kruskal-Wallis test for significant differences in mean values among different soil types for the two microbial communities, where (a) indicates the p values for functional differences among rhizosphere soil groups and (b) indicates the differences among root system endophyte groups. Red and light blue denotes p < 0.05, and white denotes p > 0.05.


Generally, correlations between rhizosphere soil microbes and soil biochemical functions (Figure 7A) were stronger than those between root system endophytes and soil biochemical functions (Figure 7B), suggesting that the metabolic activities of the former exerted a greater influence on soil biochemical functions. An analysis of the correlations between rhizosphere soil microbes and soil biochemical functions revealed that the amino acid metabolism, biosynthesis of other secondary metabolites, carbohydrate metabolism, digestive system, excretory system, folding, sorting and degradation, global and overview maps, glycan biosynthesis and metabolism, immune diseases, membrane transport, transcription, translation, nucleotide metabolism, replication and repair and metabolism of cofactors and vitamins pathways were all negatively correlated with most soil biochemical functions. The remaining metabolic pathways were mostly positively correlated or not correlated to soil biochemical functions. Nitrification showed a higher degree of correlation (positive or negative) with metabolic pathways such as transport and catabolism, substance dependence, membrane transport, and signalling molecules and interaction; this shows that nitrification was jointly regulated by multiple metabolic pathways, leading to complex correlations. Similar results were observed in other soil biochemical functions, such as nitrogen fixation.

[image: Heatmap comparing various biological functions across two datasets labeled A and B. Rows represent different biological processes, such as amino acid metabolism, cardiovascular diseases, and immune system. Columns labeled with activities like enzyme activity and nitrogen fixation. Colors range from orange (positive correlation) to black (negative correlation) through white (neutral).]

FIGURE 7
 Spearman correlation heatmap of KEGG secondary metabolic pathways predicted by Tax4Fun2 in (A) rhizosphere soil microbes and (B) root system endophytes with soil biochemical functions.




3.3.3 Correlations between microbial communities and environmental factors and sugarcane growth characteristics

Figure 8 shows the results of the Mantel test used to assess the correlations between rhizosphere soil microbial species, the top seven relative abundances at the phylum level, and soil biochemical functions. We found that nitrification and nitrogen fixation in the rhizosphere soil were highly and significantly positively correlated with rhizosphere soil microbial species and the top seven relative abundances at the phylum level (except for Basidiomycota) (p < 0.01). Contrastingly, CL and PPO activity in the rhizosphere soil were not significantly correlated with rhizosphere soil microbial species and the top seven relative abundances at the phylum level, suggesting that these enzymatic activities were not influenced by the soil microbial community or were influenced by a smaller extent. Other soil biochemical functions were roughly influenced by certain species belonging to the top seven phyla, where correlations were statistically significant (p < 0.05).

[image: Correlation heatmap showing relationships between microbial groups (Basidiomycota, Ascomycota, Actinobacteria, Chloroflexi, Alphaproteobacteria, WPS-7, Firmicutes) and soil enzyme activities. Color intensity indicates correlation strength, with red denoting higher correlations. Lines connect microbial groups to activities, with line thickness representing relationship strength according to Mantel's R and P values.]

FIGURE 8
 Results of the Mantel test were used to assess correlations between rhizosphere soil microbial species, the top seven relative abundances at the phylum level, and soil biochemical functions. The orange, blue, and grey lines denote Mantel p < 0.01, Mantel p < 0.05, and Mantel p > 0.05, respectively, and the thickness of the lines represents the correlation coefficient (R-value). Square boxes represent the correlations between soil biochemical functions, with red denoting a positive correlation and darker colours indicating a higher degree of correlation; *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively, for correlations between soil biochemical functions.


The Spearman correlation analysis of rhizosphere soil bacterial and fungal abundance, theoretical sugarcane yield, and theoretical sugar yield with soil biochemical functions (Figure 9) indicated that rhizosphere soil bacterial and fungal abundance were negatively and positively correlated with 12 and 10 soil biochemical functions, respectively. However, fungal abundance was not correlated with nitrification and PPO activity (i.e., R = 0), indicating the presence of mutual promoting effects between fungal species abundance and soil biochemical functions. Considering the composition of rhizosphere soil fungal species shown in Figure 5, it can be observed that the top seven fungal phyla included many saprophytic taxa. Such fungi play a positive role in soil biochemical functions, are the main contributors to soil enzymatic activities, and can effectively promote the cycling of carbon, nitrogen, and phosphorus cycling. Positive correlations were found between the 2 sugarcane yield indicators (theoretical sugarcane and sugar yield) and 11 soil functions (soil enzymatic activities and biochemical functions, excluding nitrification); therefore, soil biochemical functions mainly influenced sugarcane yield by exerting promoting effects.

[image: Heatmap showing correlations between enzyme activities and ecological factors such as bacterial and fungal abundance, and theoretical sugarcane yield. Color gradient from black to orange represents correlation values from -0.4 to 0.4.]

FIGURE 9
 Spearman correlation analysis of rhizosphere soil microbial abundance and sugarcane yield indicators with soil biochemical functions.


Linear regression analysis indicated that sugarcane root system endophytic bacterial abundance was significantly positively correlated with both the sugarcane yield indicators (p < 0.05), which increased with a rise in the alpha diversity of the root system endophytic bacteria (Figure 10). The root system endophytic fungal abundance was weakly positively correlated with the two sugarcane yield indicators, although the correlations were not statistically significant (p > 0.05), indicating that endophytic bacterial abundance in the root system of sugarcane was a significant factor influencing the theoretical sugarcane and sugar yields.

[image: Scatter plots showing relationships between microbial abundance and yield. Plot A: Positive correlation between bacterial abundance and theoretical sugarcane yield (R² = 0.2706, P < 0.05). Plot B: Positive correlation between bacterial abundance and theoretical sugar yield (R² = 0.3338, P < 0.05). Plot C: Weak correlation between fungal abundance and theoretical sugarcane yield (R² = 0.07034, P > 0.05). Plot D: Weak correlation between fungal abundance and theoretical sugar yield (R² = 0.05541, P > 0.05). Each plot has a linear trend line.]

FIGURE 10
 Linear regression analysis of root system endophytes with sugarcane yield indicators. (A) Linear regression between bacterial abundance and theoretical sugarcane yield. (B) Linear regression between bacterial abundance and theoretical sugar yield. (C) Linear regression between fungal abundance and theoretical sugarcane yield. (D) Linear regression between fungal abundance and theoretical sugar yield.






4 Discussion


4.1 Influence of non-microbial ecological factors in the sugarcane rhizosphere on sugarcane growth characteristics

Our study revealed positive correlations between soil biochemical functions and sugarcane growth characteristics. For instance, soil ammonification was highly significantly and positively correlated with POD, ACP and UE activities in soil, with correlation coefficients of 0.958, 0.927 and 0.911, respectively. For example, by regularly detecting enzyme activity in soil and using these indicators to evaluate soil health, it is possible to accurately guide the application of organic fertilizers, accelerate the ammonification process, and improve nutrient effectiveness. POD in the soil is a redox enzyme catalysing the hydrolysis of H2O2, thereby reducing the harm caused by H2O2 accumulation to the root systems of crops and promoting crop growth (Lu and Li, 2020). POD in the soil can catalyse the cycling of phenolic substances, such as aromatic compounds (Mei et al., 2021). Zhu et al. (2022) showed that a close correlation exists between soil enzyme activity and the number and composition of soil microorganisms, and soil enzyme activity and soil microbial community structure can be used as important references for soil fertility evaluation. Earlier research also reported that soil enzymes influence soil material cycling, optimizing the microbial community composition and diversity of rhizosphere soil, and increasing plant biomass and improving chemical quality (Reardon et al., 2022; Zhou et al., 2023). For example, by regularly detecting enzyme activity in soil and using these indicators to evaluate soil health, it is possible to accurately guide the application of organic fertilizers, accelerate the ammonification process, and improve nutrient effectiveness.



4.2 Influence of sugarcane rhizosphere microbial ecological factors on sugarcane growth characteristics

Reduced bacterial abundance could mean poor soil health, which could affects nutrient uptake and utilization by plants, which in turn affected their growth and yield (Bobul'ská et al., 2020). When the abundance of soil fungi is positively correlated with soil biochemical function, fungi play an important role in soil, such as participating in the decomposition of organic matter, the transformation and circulation of nutrients. An increase in fungal abundance may enhance these biochemical processes in the soil, favouring plant growth and development. Some fungi, such as arbuscular mycorrhizal fungi (AMF), can also form a symbiotic relationship with plant roots, which can promote the absorption of water and nutrients by the plant, thereby improving the plant’s stress resistance (Ge et al., 2022).

In this study, PCA and three methods were adopted to test and analyse differences in the microbial community structure composition between different groups. We found significant differences in the microbial community composition between the rhizosphere soil microbial and root system endophyte communities in the three different soil types. Simultaneously, high similarity was maintained within each group. Alpha diversity of the rhizosphere soil microbes was consistently higher than that of the root system endophytes. The alpha diversity of the rhizosphere soil microbes increased with soil type in the order of CS < LS < SS.

Contrastingly, the alpha diversity of the root system endophytes showed a slightly different pattern of change, increasing in the order CS < SS < LS. Therefore, greater homogeneity was present between CS and LS in both the rhizosphere soil microbes and root system endophytes, with both microbial communities showing higher similarity and both CS and LS exhibiting greater heterogeneity than those in SS. The top five dominant phyla of the root system endophytic and rhizosphere soil bacteria were identical. Ascomycota and Basidiomycota were the dominant phyla of the root system and rhizosphere fungi. These results suggest the presence of interactions and symbiotic relationships between species of the rhizosphere and endophyte communities of ratoon sugarcane. For example, some soil borne pathogens enter the root system from the rhizosphere soil, causing sugarcane disease.

The functions of all microbial communities were predicted using Tax4Fun2, and 46 KEGG secondary metabolic pathways were obtained. The overall relative abundance distribution patterns of these pathways were similar between the rhizosphere soil microbes and root system endophytes; this was similar to the those of findings reported by Cao et al. (2021), who suggested that rhizosphere soil microbes and root endophytes undergo co-evolution and growth and thus share a high similarity. Global and overview maps, carbohydrate metabolism, and amino acid metabolism were metabolic pathways with high relative abundances in both microbial communities. Rhizosphere soil microbial community functions differed significantly across different soil types. Among the 46 metabolic pathways, only 5 in the rhizosphere soil did not differ significantly between soil types, whereas half (23) of the pathways in root system endophytes did not differ significantly between soil types. Across different soil types, infectious diseases, such as viral and metabolism of terpenoids and polyketides, did not exhibit significant differences in the rhizosphere soil microbial community. Yet, they differed significantly in the root system endophytes, suggesting that soil type does not affect the expression of these two microbial community functions in the rhizosphere soil, but it influences the expression in the root system endophytes. Soil biochemical functions were more strongly correlated with rhizosphere soil microbes than those with root system endophytes, suggesting that the metabolic activities of the rhizosphere soil microbial community exert a greater influence on soil biochemical functions. A possible explanation for this is that plant root system endophytes indirectly regulate the rhizosphere microbial community by influencing the secretion of allelochemicals by the root system, which in turn affects soil biochemical functions (Wu et al., 2017). Some studies have proposed that “correlation does not equal causality” (Schoeler et al., 2016). Therefore, it is possible that some of our research findings have certain limitations and further experimental verification is warranted.

Nitrification and nitrogen fixation in the rhizosphere soil were significantly and positively correlated with the top seven relative abundances at the phylum level of rhizosphere soil microbial species (except for Basidiomycota). This correlation can be attributed to enhancements in soil physical and chemical properties, which in turn increase the relative abundance of dominant bacterial phyla in the soil, thereby promoting nitrification and nitrogen fixation activities. Contrastingly, CL and PPO activity in the rhizosphere soil were not significantly correlated with the top seven most abundant phyla, suggesting that these enzymatic activities were not influenced by the soil microbial community or were influenced to a lesser extent. Other soil biochemical functions were more or less influenced by particular species belonging to the top seven phyla, with statistically significant correlations. Rhizosphere soil bacterial abundance was negatively correlated with 12 soil biochemical functions, and fungal abundance was positively correlated with 10 soil biochemical functions. However, fungal abundance was not correlated with nitrification and PPO activity (i.e., R = 0), indicating the presence of mutual promoting effects among fungal species abundance and soil biochemical functions; this may be related to increased nitrogen and energy conversion in fungal pathways involved in the decomposition of organic matter in the sugarcane rhizosphere (Wang et al., 2021a). Ren et al. (2022b) reported that fungal abundance was positively correlated with the soil biochemical function-related soil α-glucosidase, N-acetyl-β-D glucosaminidase, and ACP activities, making it an environmental factor significantly influencing soil enzymatic activity, which agrees with the results of this study.

The fungal phyla with the top seven relative abundances included many saprophytic fungi. Such fungi play a positive role in soil biochemical functions; they are the main contributors to soil enzymatic activities and can effectively promote the cycling of carbon, nitrogen and phosphorus. Positive correlations were found between the 2 sugarcane yield indicators (theoretical sugarcane and sugar yields) and 11 soil functions (excluding nitrification): soil biochemical functions mainly influenced the sugarcane yield by exerting promoting effects. Bacterial abundance was significantly and positively correlated with the 2 sugarcane yield indicators, indicating that endophytic bacterial abundance in the root system of sugarcane significantly influenced theoretical sugarcane and sugar yields, and root system endophytic fungal abundance was weakly positively correlated with the two sugarcane yield indicators. This phenomenon may be related to several common fungal diseases in sugarcane, such as pineapple and red rot. These diseases primarily infect sugarcane seedlings, causing an inability to germinate and resulting in severe losses. Sugarcane smut, top rot disease and brown stripe disease are also fungal diseases infecting sugarcane buds, the bases of young leaves and tender shoot leaves (Li H. Y. et al., 2022; Li W. F. et al., 2022; Zhang et al., 2022). Overall, the findings of this study suggest that non-microbial and microbial conditions of rhizosphere created in different soil types significantly influence the growth characteristics of sugarcane. These results provide theoretical guidance for improving the soil composition and physical structure of sugarcane fields, as well as the application of chemical fertilizers, organic fertilizers, microbial agents and other amendments.




5 Conclusion

By integrating the results of field experiments, laboratory analyses, and high-throughput sequencing techniques, we conducted an in-depth study of the biochemical functions, enzymatic activities, and microbial ecological factors within the rhizosphere soil in sugarcane. This research provides comprehensive insights into the ecological characteristics of the rhizosphere in ratoon sugarcane across different soil types and their influence on the growth and yield of the crop. The ultimate goal of this integrated approach was to establish a scientific foundation for the sustainable cultivation of sugarcane. A positive correlation was observed between soil respiration, ammonification, nitrification, nitrogen fixation, soil enzyme activity and sugarcane growth characteristics. A positive correlation was also observed between various enzymes in the soil and the growth characteristics of sugarcane. We found symbiotic relationships between the rhizosphere soil microbial and root system endophyte communities, with significant functional differences evident between rhizosphere soil microbial communities from different soil types, confirming associations between functional expression and soil type. The abundance of bacteria and fungi in ratoon sugarcane rhizosphere soil was negatively and positively correlated with most soil biochemical functions, respectively, and correlations existed between the abundance of endophytic bacteria and fungi in the root system and sugarcane yield. Eleven soil biochemical and functional factors were positively correlated with theoretical sugarcane yield and theoretical sugar yield indicators. Our findings suggest that different feedback directions and correlation strengths exist between sugarcane growth characteristics and various ecological factors in their rhizosphere within different soil types across spatial scales.
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Sample ID Plant Leaf length, Leaf Stem Leaf blade Stem Stem

height/(cm) (cm) width/(cm) thickness/(ci (leaves) length/(cm) diameter/(cm)
s1 1574650 18+ 150 754150 064045 1854 154400 6+3.00
$2 104£7.00 154300 232110 052020 319 134300 54250
$3 942800 14300 212085 052025 2649 124450 35200
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G2 704650 17200 26075 032010 1459 852375 231085
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Properties K L3177 LT933 HCK HJ177 HT933

pH 7.56+0.05b 6.58:+0.08¢ 696+ 0,064 822002 6960054 717201¢
Salinity (g kg™) 192:0.04b 078+0.01d 08420.04d 2994008 079:+005d 1162007
S0C (gkg™) 17584075 20634097 282341316 1424057 2834 104b 2142077
TN (ghg™) 075002 0922001 089+001b 056+ 0.02f 063001 06:001e
AN (mgkg) 7094+097d 9591+27a 816+3.16¢ 67425 104 90.17 + 3.08b 7217+3.024
AP (mgkg™) 4133 £0.49d 5492+ 1.84a 4876 + 0.96¢ 37.25.£0.94¢ 5163+ 1.38b 4355+ 1.71d
AK (mg kg™ 17224 +2.33d 203.41 +2.65b 188.07+ 1.89¢ 17114 + 1.95d 208.86 + 2,342 189.92 % 112¢

SOC, soil organiic carbon; TN, soil total nitrogen; AN, soil alkaline hydrolysis nitrogen; AR, soil available phosphorus; AK, soil available potassium. Different letters in the same line represent
significant differences at p < 0.05 according to Duncan test.
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L3177 LT933 HJ177 HT933

Panicle number 13.50 £ 1.29b 1725275 15.50 £ 1.00ab 18+ 14la
Grains per panicle 18042+ 142 136,58 +7.07b 192.03 2059 148.75 + 14.56b
Seed setting rate 0.92+001a 0.94£0.040 093002 093£0.02
1,000-grain weight (g) 2505+ 1.702 20.18+0.37¢ 2259 £0.56b 2139 £0.39bc
Seed length (mm) 7.21£005¢ 7.37 £ 0.06b 6.55+0.03d 7,56 0,03
Seed width (mm) 3710040 3024002 3.48 £ 0.05b 307 £001c
Protein (%) 6.81%0.65bc 643039 826073 7.68 +0.84ab
Fat (%) 20140218 2410400 21605% 254£043
Amylose (% total starch) 18.04+0.05 17.990.18a 17.79+0.13b 181140162

ifferent letters in the same line represent significant differences at p < 0.05 according to Duncan test.
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The first column comprises predicted sub-functions in the KEGG pathway, and columns 2-4 comprise abundance values of the KEGG function in each sample.
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Sample hannon Simpson ACE Chao Coverage
Mz 227320132 0.169:+0.124° 267.792+7.789" 285139+ 11.23¢° 09990
Kz 46520159 004220037 617892+ 23.942° 509.076 + 13926 09986
YT 5.191£0219° 0.024:£0011" 718705 £ 16,093 543533 £ 2501 09988

The first column comprises the sample names of bamboo leaves. The second, third, fourth, and ifth columns comprise the Shannon, Simpson, ACE, and Chao indices, respectively. The last
column comprises the average values of the diversity indices. Lowercase superscript leters indicate significant differences among samples (p < 0.05).
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Reads  Totalbases  Average

length (bp)

Mz1 55,924 21,156,612 37831
Mz2 46,171 17,376,789 37636
MZ3 55,504 20,965,289 377.73
KZ1 52,248 19,694,141 37694
Kz2 44,537 16,761,712 37636
KZ3 47,033 17,699,957 37633
YT1 51,696 19,475,490 37673
Y12 57,030 21458273 37626
Y13 48274 18,169,785 37639

Column 1 comprises the sample names in triplicate, column 2 comprises the number of
sequence reads in each sample, column 3 comprises the total number of bases, and column 4
comprises the average length of sequence reads.
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Microbial species

Beneficiated host plant

(Species)

Plant growth-promoting activities
under salt stress

References

Trichoderma koningiopsis and Trichoderma
asperellum

Rice (Oryza sativa)

Increased plants’ osmoprotectors and defense system.
Improved grain production

Anshu etal,, 2022

Trichoderma harzianum and biochar

Spinach (Spinacia oleracea 1.)

Improved plant growth parameters, chlorophyll
content, mineral contents and the levels of endogenous
phytohormones

Sofy etal, 2022

Trichoderma longibrachiatum

Wheat (Triticum aestivim L.)

Improved resistance to pathogens attack (Fusarium
pseudograminearum) and increased the superoxide
dismutase (SOD), peroxidase (POD), and catalase
(CAT) activities

Boamah et al,, 2021

Trichoderma yunnanense, Trichoderma
afroharzianum, and Bacillus licheniformis

Wheat (Triticum aestivum L.)

Enhanced net photosynthesis, water use efficiency, and
growth of wheat plants

Oljira et al., 2020

Trichoderma harzianum, Achromobacter
xylosoxidans, Bacillus subtilis),
Brevibacterium halotolerans, Burkholderia
cepacia, and Halomonas desiderata

Holi Basil (Ocimum sanctum)

Lower concentrations of Na+ and activities of
malondialdehyde, H202, catalase, and peroxidase.
Lower accumulation of ACC

Singh etal., 2023

Trichoderma atroviride

Cucumber (Cucumis sativus L.)

Ameliorated salt stress and diminishes cucumber root
rot caused by the phytopathogen Fusarium oxysporum

Zhang et al., 2022

Bacillus subtilis and Pseudomonas
Sfluorescence

Bacillus subtilis and AMF

Common bean (Phaseolus vulgaris)

Sulla (Sulla carnosa)

Augmentin plant growtha and yield. Some biochemical
activities

Increment in plant growth and nutrition (N, P, K, Mg,
Cu, and Fe)

Kumar V. etal.,
2020

Hidri et al,, 2019

Bacillus firmus

Alfalfa (Glycine max)

Better performance and plant growth increment

El-Esawi et al,, 2018

Bacillus paralicheniformis

wheat (Triticum turgidum subsp.
durum)

Mitigation of the negative effects of saline soil on wheat

Ibarra-Villarreal
etal, 2021

Brevibacterium epidermidis and Bacillus
aryabhattai

Canola (Brassica campestris L.)

Increment in amylase, invertase, and protease activities,
and decreased ethylene levels

Siddikee et al,, 2015

Brevibacterium iodinum, Bacillus
licheniformis, and Zhihengliuela alba

Pepper (Capsicum annuum)

Lower ethylene production, plant biomass increment

Siddikee etal., 2011

Bacillus megaterium, Bacillus subtilis subsp.
subtilis, and Bacillus subtilis

Alfalafa (Medicago sativa L.)

Increased dry weight

Zhu etal,, 2020

Bacillus tequilensis

Rice (Oryza sativa)

Improved biochemical attributes and nutrient
accumulation

Shultana etal,, 2021

Bacillus marisflavi and Bacillus cereus

Pea (Pisum sativim)

Improved plant biomass, increment in plant
carbohydrates and antioxidant enzymes levels.
Upregulation of plant ROS scavenging and defense
genes

Gupta etal,, 2021
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Location Sample pH EC(dSm™) SOM TN P(mgKg™?) CEC(cmolyKg?) K(cmol, Kg™) Soil

(%) (%) texture
Ixtenco | 1 65 034 180 0042 303 330 019 Sandyloam
2 58 029 167 | 0049 371 310 029 Sandy loam
3 55 0.60 257 0113 590 524 069 Sandy loam
Ixtenco Il 4 56 018 167 | 0021 10 039 0.27 Sandy loam
5 54 028 154 0064 248 155 042 Sandy loam
6 55 018 142 0035 122 097 027 Sandy loam

EC, electrical conductivity; SOM, soil organic matter; TN, total nitrogen; P, available phosphorus; CEC, cation exchange capacity; K, exchangeable potassium.
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A)

Ixtenco Il (R6 stage)

SAMPLING LOCATION:
o Ixtenco | (19° 14'47.2'N 97° 53' 21.7"W)
o Ixtenco Il (19° 14' 30.4"N 97° 52’ 59.4"W)
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1AA 16S rRNA Accession

(ng/ml) No.
1 SUWK1 2p+om ++ + 4+ ++ 5.4 + ND -
2 SUWK7 21+008 ++ ++ 4 ++ 9.4 ++ No match =
3 SUWK16 | 2.0%00 ++ ++ HHt + 5.3 + Stenotrophomonas PP430630
4 SUWK24 200+ 003 + ++ ++ + 3.7 + ND =
5 SUWK29 25+012 ++ ++ ++ + 11.8 ++ ND -
6 SUWK34 210903 ++ + ++ ++ 159 ++ No match =
7 SUWK47 | 2.3%006 +Ht ++ HHH HHt 7.2 HHt Chryseobacterium PP430633
8 SUWK49 2.0+ 003 ++ + +++ +++ 7.6 o+ ND -
9 SUWKS50 20+ 003 ++ + ++ + 9.7 ++ No match =
10 SUWK55 2.1£005 + ++ ++ + 5.8 + ND —

—’ negative/absent, ‘+’ mild positive/present, ‘++” moderately positive, ‘+++ strongly positive, SP, siderophore production; PSI, phosphate solubilization index; IAA, Indole Acetic Acid
production (jLg/mL); ACC, ACC deaminase activity; PA, protease activity; Cat, catalase production; NF, nitrogen fixation; ND, not done.
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1AA 16s rRNA
(ng/ml)
1 SUWK9 23.6%F 047 Massilia
2 SUWKI14 10.6+ 920 ND
3 SUWKI19 23,0+ 043 ND
4 SUWK26 10,3080 ND
5 SUWK29 113+ 1.3 ND
6 SUWK34 15.4 028 No Match
74 SUWK37 172519 Chryseobacterium
8 SUWK41 12;8031 ND

ND, not done.
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1AA 16S rRNA Accession
(Lg/ml) No.
1 SUWK1 apEon ++ + ot ++ 4.,9°+8012 + ND 2
2 SUWK4 - 4 4 ++ + 4.6+ 0.02 - No match —
3 SUWK5 21+000 ++ - o+ ++ 745048 + Pseudomonas PP430627
4 SUWK6 - + + 4+ ++ 7.3+ 018 ++ Massilia PP430628
5 SUWK?7 2.1+ 008 ++ ++ o+ ++ gg+018 ++ No match =
6 SUWK9 - + + ++ - 23.6F 047 - Massilia PP430629
7 SUWKI11 - ++ - ot +++ 9.0+ 024 - No match -
8 SUWKI12 - ++ - o+ ++ 5.4+ 022 = ND =
9 SUWK16 | 2.0%00 ++ ++ e + a7eEl2y + Stenotrophomonas PP430630
10 SUWK18 2.0 %003 - 4+ - ot 3 g7i00 = ND -
11 SUWK19 - o+ + - + 230+ 043 - ND -
12 SUWK24 2.6+003 + ++ ++ + 3.1 003 + ND -
13 SUWK25 2r3B000 = ++ ++ 4+ 1.875907 = No Match —
14 SUWK29 It ++ ++ ++ + TTgAE3 ++ ND -
15 SUWK34 2.0 %003 ++ + ++ ++ 15.4 £ 028 ++ No match —
16 SUWK36 23003 + ++ - + 5,000 +++ Pseudomonas PP430631
17 SUWK37 - o o - + 17:2:5192 - Chryseobacterium PP430632
18 SUWK39 2pE00e - 4 - ++ 6.6 036 + ND 2
19 SUWK40 245005 —~ ++ - ++ 49+ 009 = ND -
20 SUWK42 210+ 006 - ++ - + 8.8+009 ++ ND =
21 SUWK47 | 2.3%000 +H+ ++ HHH +H+ 6.7 =018 +Ht Chryseobacterium PP430633
22 SUWK48 2 F0.08 = 4+ ++ + 6.77037 - ND =
23 SUWK49 2,0+ 003 ++ + 4+ 4+ 7.1 %016 4 ND —
24 SUWKS50 20003 ++ + ++ + 9.1.7402 ++ No match =
25 SUWKS51 - - - ++ + 52+ 036 ++ ND -
26 SUWK52 2.1+ 005 + ot ot + 6.0 £ 019 - No Match -
27 SUWK53 | 2.3%000 - ++ ++ + 5.5+ 06l - Stenotrophomonas PP430634
28 SUWK54 2,0+ 003 - + ++ ++ 85+ 043 ++ Stenotrophomonas PP430635
29 SUWK55 2.4 £005 + ++ ++ + 5.3+:033 + ND -
30 SUWK56 - +++ + +++ + 5275020 - Variovorax PP430636
31 SUWKS57 - ++ - ++ 4+ g2 =010 4+ No Match -

production (pg/mL); ACC, ACC deaminase activity; PA, protease activity; Cat, catalase production; NE, nitrogen fixation; ND, not done.

—’ negative/ absent, ‘+" mild positive/ present, “++” moderately positive, “+++ strongly positive, SP, siderophore production; PSI, phosphate solubilization index; IAA, Indole Acetic Acid
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Location Salinity P K \|
(mg/Kg)| (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)| (mg/Kg)

Zn Fe Cu Mn S

(mg/
Kg)
Greenville 7.9 0.65 14.5 106 6.56 2.35 7.74 0.77 4.46 4.1 29
Campus 7.7 0.77 65.4 439 20.4 6.65 44.1 4.95 5.6 9.6 6.1
Kaysvi]le 7.7 2.02 9.45 231 53 1.76 9.09 1.37 7.39 19 29
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SN Location Coordinates
1 USU Logan campus 41°44'27" N
111°48'39"” W
2 USU Greenville farm 41°44'16"' N
111°48'39" W
3 USU Kaysville farm A1°121" N
111°56'1" W
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1.94°C 1 min: Initial denaturation
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3.64°C 15 5: annealing
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5.72°C 3 min: final extension

6 4°C- HOILD

Repeated for 15 cycles
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1.947C 3 min : initial denaturation
2.94°C 45 s: denaturation
3.50°C 60 s: annealing

4.72°C 90 : extension Repeated for 35 cycles
5.72°C 10 min: final extension

6. 4°C HOLD: infinite hold
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Helianthus annuus L.

Phaseolus vulgaris

Onion (Allium cepa L.)

Lettuce

Zea mays

Rice

Cucumber

Chlorella pyrenoidosa Nitrogen-fixing bacteria

Azotobacter beijerinckii

C. vlgaris SAG 211 19 B. subtilis MT300403

Leptolyngbya sp. XZMQ

Anabaena cylindrica Rhizobium (R. tropici+R. reirei)

Fresh water algae (Chlorella Bacteria that promote growth
include Herbaspirillum sp.
Azotobacter sp., Azospirillum

sp..and Bacilus licheniformis

Anabaena cylindrica Azospirilum brasilense

Cyanobacterial strains CR1, CR2 PR3, PR7, and PR10

and CR3 (Anabaena sp. (Providencia sp., Brevundimonas

Calothrix sp., Anabaena sp.) sp. Ochrobacteriun sp.)

Effect

Microalgae and microbes
together were more successful in
reducing salt stress and nitrogen
shortage than either alone.
Bacillus subtilis isolated from
‘microalgae-bacteria co-cultures
demonstrated tolerance under
extremely harsh conditions,
alleviating salinity and pH stress.
Double inoculation enhanced
‘microbial carbon and nitrogen
fixation, boosting soil fertility.
Co-inoculation with Riz + Azo +
Ana improved soybean plant
height, oot dimensions, above-
‘ground biomass, thizome count
and dry matter at flowering, seed
pod density and overallyield.

S. platensis extract and P.stutzeri
inoculation synergistically
enhanced onion growth and
yield.

Total carotenoids, total
antioxidant capacity, and lettuce
output were all positively
impacted by mycorrhizal
treatments.

Co-inoculation of A. cylindrica
and A. brasilense enhanced
hybrid maize growth,
development, and yield
compared with uninoculated A.
brasilense controls.

PRI0 (Ochrobacterium sp.) and
CR2and CRI (both Anabaena
5p.) were effective in increasing
rice growth and grain output
while also promoting soil health.
“They also contributed to the
40-80 kg/ha nitrogen savings.
Asa measure of growth,
photosynthetic pigments
increased two to three times, and
defense and antioxidant enzyme
activity were triggered. There
was significant improvement of

plants in the infected treatments.

References

Zhou et al. (2023)

Bui-Xuan etal. (2022)

Mao etal. (2024)

Horicio et al. (2020)

Geries and Elsadany (2021)

Maestre etal. (2012)

Gavilanes et al. (2020)

Prasanna etal. (2012)

Simranjit et al. (2019)
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Microalgae /

microorganism
species

Dunaliella salin and

Phacodactylum tricornutum

Chlorella pyrenoidosa

Microalgae-cyanobact

extract

Enterobacter cloacae PM23

Stenotrophomonas maltophilia
Bjo1

Kosakonia sacchari MSK1

Sphingobacterium BHU-AV3

Pseudomonas fluorescens,
Bacillus pumilus, and
Exiguobacterium aurantiacum

(alone and in consortium)

Aneurinibacillus aneurinilyticus
and Pacnibacillus sp. ACC02
and ACC06

B. pumilus FAB10

Pinophilic Talaromyces

pinophilus

Mycorrhiza of Rhizophagus

iregularis

Bacillus sp. Jrh14-10

Bacillus sp. NBRI YN4.4

Bacillus licheniformis (strain
SA03)

Streptomyces paradoxus D2-8

Halophilic, alkaliphilic, and
haloalkaliphilic strains

Chlamydomonas sp.

Pepper

Chenopodium quinoa

Tomato

Zea mays

Arachis hypogaca (Peanut)

Vigna radiata

Tomato

Wheat

Phaseolus vulgaris

Wheat

Rice

Colocasia esculenta L.
Schott cv. Criolla

Arabidopsis seedlings

Zea mays

Chrysanthemum

Soybean

Wheat

‘Camarosal strawberry
(Fragaria x ananassa
Duch)

Saline-alkali
stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Salt stress

Alkali stress

Alkali stress

Salt-alkali stress

Salt-alkali stress

Salt-alkali stress

Salt stress

Application
mode

Root irrigation

Root irrigation

Root

Soaking seed

Root irrigation

Root rrigation

Root irrigation

Root irrigation

Soaking seed

Soaking seed

Root irrigation

Roots inoculation

Root rrigation

Soaking seed

Root irrigation

Soaking seed

Synthetic soil microbial

communities

Foliar spraying

Improved pepper
germination and root
growth

Increased quinoa yields
5% mixed microalgae-
cyanobacteria extract
promoted tomato plant
growth

Promoted corn plant
growth

Promoted peant plant
growth

Increased Vigna radiata
production

Reduced tomato plant

senescence

Promoted wheat growth

Promoted growth of
string bean roots and

sprouts

Improved stress response
of wheat under salt stress
conditions

Increased rice plant

length

Spore colonization

suggested that symbi
associations had a
positive effect on plant
development with or

without salt stress

Promoted growth and
development of
Arabidopsis seedlings
Protective effect on Zea
mays plant growth under
osmotic stress

Increased survival of
Chrysanthemum plants
and reduced sodium
concentration in

inoculated plants

Promoted soybean
seedling growth and
increases yield
Promoted root growth
and higher yields in
‘wheat

Enhanced growth, yield,

and physiological traits
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L177 LT933 HJ177 HT933
Chao 22,800 + 99 22,662 + 752 22,673 + 102a 22,860 + 1702
Shannon 5.98+0.02b 5.98+0.02b 6.06 +0.01a 6.04£0.0la
Simpon 0.012+0.00a  0.012 +0.00a 0.010 + 0.00b 0.011£0.01b
Coverage 1 1 1 1

Different leters in the sameline represent significant differences at p < 0.05 according to
Duncan test





OPS/images/fmicb-15-1378273/fmicb-15-1378273-g005.jpg
JQ660267.1 Pseudomenes psychrotolerans stain $5-641
JQG60L36 1 Prendomonas psycirotolerans stain $3-407
KX390639.1 Pseudomonas oryzihabitans stiain HT2

JQO60156.L Fsetudomonas psychrotolerans strain $4-439
Q6600821 Psetudomonas psychrotolerans strain $2-404

106602

L Pseudomonas psychrotolerans strain $9-H8
J0660223.1 Feudemonas psychrotolerans stiain $6-402

38 70660249.1 Psesdomonas paychratolerans strain $8-435

420

TO660230.1 Peudorsonas paydrotolerans stiain §
TX004049.1 Peevedomonas psychrotolerans strain Y42

—
0.00050

[B2 MZ350225.1 Pseudomonas psychrotolerans strain TL2

A
A

1638 1 Baeillus subtili sram CICC10028
MN493777.1 Bactllus subtils stram MDLA
EF530208.2 Bacillus subtilis strain FS321
FI237278.1 Bacillus subtiis stioin XTAS-ZB-43

FI1237279.1 Bacillus subtiis stiain XTAS-ZB-42

FI1237281.1 Bacillus subtiis stiain XTAS-ZB-15

JQ062993 1 Bacillus subtilis strain XGL0S

B3 MZ350226.1 Bacdlus subtilss strain TL3

TJOS8798L.1 Bacillus subtlis strain RSAS

—
0.000050

OK2870071 Bacillus subtilis strain BSY28





OPS/images/fmicb-15-1378273/fmicb-15-1378273-g006.jpg
Spote germination inhibition ralc (%)

3
:
i

250000

200000

150000

Copymumber
g
H

50000

Haciilus subritis Preudomonas psyehrotolcrans

ion o7 bactorial inhibition capacity of endophytic bacteria

A

st s o o B LAt o oo,
e i o Fo B Hene o rennon ot matmer )

(%) s vowtany

2
S
H
:
Z
:
i
g

2
£
:
i,
£
=
&

Discase il of bt o st v e o

i on ke of )
T ubiion e of Ty

Bacilivs subrifls Peudomonas prycheiolerons

Determination of bacterial inhibition ability of
endophytic hacterial fermentafion hroth

e e o B ifctivenes o proventian and treaunent o 3
Discasc o of 17 iechiness o Freventi s e o1

Haciius subiis hcudomonas prrcirotierars acitus subits Presdaonis pyeiioterans
Inhibitior of Sactria i isolated leaves Bacterial inhibition testof poted living lesses
c D
G 700000
P ot
™
o0
000000
|
g
g
& oo
2000000
1000000
o
on T e e Ty o T T T
Inoculation with pathogenic bacteria al difTerent times. Inoculation with pathegenic bacteria at different times
| {

Saaton B o0 10 i 1 o





OPS/images/fmicb-15-1378273/fmicb-15-1378273-g007.jpg
P——

P
Strids e detyeg

-
w
e






OPS/images/fmicb-15-1378273/fmicb-15-1378273-g001.jpg
NMDS1 < NMDS2

S0 2 R 4 5

sz

sz

Cluaol imdex

Chaol index

r—

Group

B ok
& oo

S o o o &
c D
oz
sefe
P f
Group g
|« E
| E
B«
2
1
" & oK ﬁw cx
E F





OPS/images/fmicb-15-1378273/fmicb-15-1378273-g002.jpg
Common romh
Tk

To procesiog
_common grovin

[ —

e

B gt
B b
[ —
fr—
B B
[y

[r——"

B Gt
e
[y
[ p—
B s
Smmtonus
3 gingmans
B s
s
= B @
D
. o
B Ot
 soiaton
- .
B i
n =
B it
B it





OPS/images/fmicb-15-1378273/fmicb-15-1378273-g003.jpg
B postive

W negtive






OPS/images/fmicb-15-1378273/fmicb-15-1378273-g004.jpg
B-neg
s
a:.—:-

L /,{/f’m"/@’/f ‘/ 2 ///xxzzz///ay

«e’”

=
B
=
=
=
=
e

N s

S

,/"

ecgepidine @phosphate (4CP)

G






OPS/images/fmicb-15-1361117/fmicb-15-1361117-t002.jpg
KDCK

XBTb
XBCK
XYTb
XYCK

/kg)
142.6 + 2.70e
161.8 +3.24c
127.6 + 1.76f
1578+ 171d
36.4+0.28h
1246+ 0.64g
2526 1302

1768 + 2.65b

AP (mg/kg)

11330150

260 0.2¢
3400.17d
550 0.10b
270+ 0.16¢
65040072
330+0.20d

480+ 0.10¢

AN (mg/kg)
252,10 £ 1.90F
21580+ 361g
322,10 £0.95¢
30220 £ 2,104
283.10 £ 1.50¢
327.70 £ 0,99
34820 £ 161

283.10 +2.05¢

TK (%)
241£0.10a
213£0.03b
163 +0.05d
133 £0.03¢
139 £00le
121£0.01f
178 £0.02¢

1234001f

TP (%)
0.069 £ 0.00¢
0,087+ 0.00a
0059+ 0.00g
0.072£000d
0.065 £ 0.00f
0,079 +0.00b
0,054 +0.00h

0075+ 0.00c

TN (%)
0402 +0.01e
0489 +0.00a
0.412£0.00d
0.452£0.00c
0348 +0.00f
0461 £ 0.00b
0.398 +0.00¢

0.413+0.00d

OM (g/kg)
108 £ 2.65d
116 £ 1.73¢
122+ 1.73b
116 £ 2.00c
106 + 1.41d
117 £ 1.58¢
136+ 173

121+ 1.00b

5414003
5.66:+0.02c
531+0.11e
581007b
5244002
6194002
6170012

5.04+0.03

Values are presented as the means of ll replicates. Means in a column followed by different letters are significantly different at p <0.05, according to the Duncans multiple range test.

Sand (%)
57333 £0.58b
48.00£0.00¢
49333 £ 0.58¢
3400+ 1.00e
36,00 1.00d
3500+ L4lde
6000 1.00a

30,00+ 1.00f

Silt (%)
28,00+ 100g
37.00 £ 1.00d
33333 £0.58¢
47.00 1006
4200+ 1.22¢
50.00 £ 1.00a
30.00 £ 1.00f

50,00+ 1.00a

Clay (%)
14,667 +0.58d
15.00 + 1.00d
17.333+0.58¢
19.00 £ 0.00bc
2200+ 1222
15.00 + 1.00d
10.00 £ 2.00¢

20,00+ 0.00b.





OPS/images/fmicb-15-1361117/fmicb-15-1361117-t003.jpg
AK Available potassium

AN Available nitrogen

AP Available phosphorus

A Anshan

BCP ‘Burkholderia-Caballeronia-Paraburkholderia
cca Canonical correspondence analysis

cK Q mongolica thizosphere soil

ECM Ectomycorrhizal

KD Kuandian

KEGG Kyoto Encyclopedia of Genes and Genomes
MHB Mycorrhization helper bacteria

N Nitrogen

NMDS Non-metric multidimensional scaling

oM Organic matter

OTUs Operational taxonomic units

3 Phosphorus

PCR Polymerase chain reaction

PGPB Plant growth-promoting bacteria
PICRUS2 Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
RDA Redundancy analysis

RNA Ribosomal RNA

T . bakamatsutake shiro soil

TK “Total potassium

™ Total nitrogen

™ “Total phosphorus

XB Xinbin

XY Xiuyan





OPS/images/fmicb-15-1378273/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e005.jpg
Car (Cy) =

[(-(2.05xCa)-(114.8xCb)]
245

(5)





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e004.jpg
Car content (mg fresh weight) = Cy x

VxD
1,000x W

(4)





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e003.jpg
Chl content (mg/g fresh weight) =
[(6.63x AA665) +(18.08 x AA649) | x

VxD

1,000x W

3)





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e002.jpg
Chlb content (mg/g fresh weight) =

[(24.96x AA649~7.32x AAGGS Jx

VxD

1,000x W

@)





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e001.jpg
Chla content (mg/g fresh weight) =
[(13.95%AA665) (6.8 x AA649) ] x

VxD

1,000x W





OPS/images/fmicb-15-1497987/crossmark.jpg
©

2

i

|





OPS/xhtml/Nav.xhtml


Contents



		Cover


		Plant microbiome: interactions, mechanisms of action, and applications, volume III

		Editorial: Plant microbiome: interactions, mechanisms of action, and applications, volume III

		Conclusion


		Author contributions


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher's note


		References







		Soil microbiome of shiro reveals the symbiotic relationship between Tricholoma bakamatsutake and Quercus mongolica

		1 Introduction


		2 Materials and methods

		2.1 Soil sampling and determination of soil physicochemical properties


		2.2 DNA extraction, polymerase chain reaction (PCR) amplification, and Illumina MiSeq sequencing


		2.3 Data processing


		2.4 Statistical analysis







		3 Results

		3.1 Physicochemical properties of the soil samples


		3.2 Diversity of the microbial community


		3.3 Differences in the microbial relative abundance and community structure


		3.4 Correlation between soil physicochemical properties and microorganisms


		3.5 Functional predictions of the microorganisms







		4 Discussion

		4.1 Physicochemical properties of T. bakamatsutake shiro


		4.2 T. bakamatsutake alters microbiome diversity


		4.3 Changes and interactions of bacterial communities in shiro


		4.4 Characteristics of the fungal communities in the soils of shiro and Q. mongolica forest


		4.5 Potential functions of T. bakamatsutake in symbiotic associations


		4.6 Prediction of bacterial functions in shiro soils







		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References


		Glossary







		The endophytic microbiome response patterns of Juglans regia to two pathogenic fungi

		1 Introduction


		2 Materials and methods

		2.1 Sample treatment and collection


		2.2 Microbiome extraction and data analysis


		2.3 Metabolite extraction and data analysis


		2.4 Determination of the antagonistic effect of endophytic bacteria







		3 Results and analysis

		3.1 Endophytic microbial community assembly

		3.1.1 Endophytic microbial diversity analysis


		3.1.2 Endophytic microbial community composition


		3.1.3 Endophytic microbial community co-occurrence network







		3.2 Plant differential metabolite screening


		3.3 Combined microbiome and metabolome analysis

		3.3.1 Endophytic microbiome: differential genera and metabolite associations







		3.4 Screening of endogenous antagonistic bacterial strains and identification of inhibition ability


		3.5 Expression of endophytic antagonistic bacteria in response to pathogenic fungal infection


		3.6 Metabolite analysis of two antagonistic bacterial strains







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Suillusgrevillei and Suillus luteus promote lead tolerance of Pinus tabulaeformis and biomineralize lead to pyromorphite

		1 Introduction


		2 Materials and methods

		2.1 ECM fungi, plant material, and growth substrate


		2.2 Experimental design


		2.3 Plant growth and ectomycorrhizal colonization


		2.4 Determination of Pb concentration, photosynthetic pigments content, and antioxidant capacity and oxidative stress


		2.5 Pb transformation by ectomycorrhizal fungi in vitro


		2.6 Statistical analysis







		3 Results

		3.1 Plant growth and ectomycorrhizal colonization


		3.2 Influence of ECM fungi inoculation on plant Pb absorption and distribution


		3.3 Photosynthetic pigments content


		3.4 Antioxidant capacity and oxidative stress


		3.5 Pb transformation in vitro







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		References







		Next generation sequencing-aided screening, isolation, molecular identification, and antimicrobial potential for bacterial endophytes from the medicinal plant, Elephantorrhiza elephantina

		Introduction


		Materials and methods

		Plant sample collection and surface sterilization


		Metagenomics analysis


		Isolation of bacterial endophytes and gram staining


		Genomic DNA extraction, 16S rRNA PCR and DNA sequencing


		Phylogenetic analysis


		Bacterial growth analysis and extraction of secondary metabolites


		Antimicrobial assay


		Metabolite identification using liquid chromatography mass spectrometry


		Statistical analysis







		Results

		Metagenome analysis, phylum and genus-level distribution of leaf, and rhizome bacterial communities


		Isolation of bacterial endophytes, morphological, and phylogenetic identification


		Bacterial growth and metabolite extraction


		Antimicrobial assay


		Metabolite identification







		Discussion and conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		Supplementary material


		Footnotes


		References







		Culture-based diversity of endophytic fungi of three species of Ferula grown in Iran

		1 Introduction


		2 Materials and methods

		2.1 Sampling and fungal isolation


		2.2 Morphological identification of endophytic fungi


		2.3 Molecular identification of endophytic fungi


		2.4 Diversity analyses of cultivable endophytic fungi







		3 Results

		3.1 Isolation rate and classification of endophytic fungi


		3.2 Alpha diversity of endophytic fungi isolated from F. ovina, F. galbaniflua, and F. persica


		3.3 Species richness


		3.4 Species evenness


		3.5 Extrapolation of fungal endophytic species diversity of F. ovina, F. galbaniflua, and F. persica


		3.6 Beta diversity analysis of endophytic fungi from F. ovina, F. galbaniflua, and F. persica


		3.7 Community ordination and classification


		3.8 Specificity of community composition


		3.9 Occurrence percentage of endophytic fungal species in F. ovina, F. galbaniflua, and F. persica







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Mangrove sediments-associated bacterium (Bacillus sp. SW7) with multiple plant growth-promoting traits promotes the growth of tomato (Solanum Lycopersicum)

		1 Introduction


		2 Materials and methods

		2.1 Study site and sampling collection


		2.2 Bacterial isolation, identification, NaCl and heat stress analyses


		2.3 In vitro assessment of multiple PGP traits

		2.3.1 Phosphate and potassium solubilization


		2.3.2 Ammonia and indole acetic acid production


		2.3.3 Hydrogen cyanide production


		2.3.4 Siderophore assay


		2.3.5 Oxidase and catalase enzyme







		2.4 Seed preparation, surface coating, in-vitro/in-vivo germination assay under shade-house conditions


		2.5 Preparation of coated tomato seeds for greenhouse assay


		2.6 In vitro plant growth promotion attributes


		2.7 DNA extraction and whole genome characterization


		2.8 Multilocus sequence typing and phylogenomic analysis







		3 Results

		3.1 Isolation, biochemical characterization and identification of bacterial strain


		3.2 Seed germination and shade house assay


		3.3 Whole-genome characterization of strain SW7


		3.4 Molecular evidence of PGP potential of strain Bacillus sp. SW7


		3.5 Genes conferring for PGP fitness


		3.6 Phylogenetic analysis


		3.7 MLST analysis and ANI







		4 Discussion

		4.1 Bacillus sp. SW7 inoculation enhanced the tomato seed germination and plant growth


		4.2 Genomic analysis for PGP traits in Bacillus sp. SW7 and in-vitro confirmation through shade-house experiment


		4.3 Strain SW7 phylogenetically different from B. anthracis and B. cereus and represent novel species







		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Supplementary material


		References







		Synergistic impact of Serendipita indica and Zhihengliuella sp. ISTPL4 on the mitigation of arsenic stress in rice

		1 Introduction


		2 Methodology

		2.1 Microorganisms


		2.2 In vitro rice experiment


		2.3 Plant experimental conditions


		2.4 Microbial inoculation


		2.5 Phenotypic traits


		2.6 Root colonization


		2.7 Biochemical traits

		2.7.1 Chlorophyll content


		2.7.2 Protein content


		2.7.3 Total soluble sugar (TSS)


		2.7.4 Phenolic and flavonoid content


		2.7.5 Malondialdehyde assay (MDA)







		2.8 Total antioxidant activity

		2.8.1 DPPH (1,1- diphenyl-2- picrylhydrazyl)







		2.9 Antioxidant enzyme activity

		2.9.1 Lipoxygenase (LOX)


		2.9.2 Phenylalanine ammonia lyase (PAL)


		2.9.3 Polyphenol oxidase (PPO)


		2.9.4 Superoxide dismutase (SOD)


		2.9.5 Catalase (CAT)







		2.10 Phytohormone production


		2.11 Atomic absorption spectroscopy (AAS)


		2.12 Statistical analysis







		3 Results

		3.1 In vitro experiment


		3.2 Phenotypic traits


		3.3 Biochemical traits


		3.4 Production of secondary metabolites


		3.5 Antioxidant activities


		3.6 Influence of microorganisms on enzymatic antioxidant activity


		3.7 Phytohormones and heavy metal accumulation







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Quality analysis and function prediction of soil microbial communities of Polygonatum cyrtonema in two indigenous-origins

		1 Introduction


		2 Materials and methods

		2.1 Experimental design and sampling


		2.2 High-throughput marker gene library preparation and sequencing


		2.3 Bioinformatics analysis and statistical methods


		2.4 Determination of polysaccharides and saponins contents from PCH

		2.4.1 Instruments and chemicals


		2.4.2 PCH polysaccharides and saponins extraction and content determination


		2.4.3 Determination of polysaccharides and saponins content


		2.4.4 Construction of glucose and diosgenin standard curve












		3 Results

		3.1 High-throughput sequencing results







		4 α-diversity


		5 β-diversity

		5.1 Heatmap analysis


		5.2 Relationship between morphological characteristics of PCH from different regions and microorganisms


		5.3 Differential analysis of microbial communities in PCH from two regions


		5.4 Metabolic characteristics analysis of bacteria microbial communities


		5.5 The correlated analysis between total polysaccharides, saponins, and microbiota







		6 Discussion


		7 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Global citrus root microbiota unravels assembly cues and core members

		Introduction


		Materials and methods

		Experimental design, sample collection, and amplicon sequencing


		Amplicon data analysis


		Comparison analysis of microbial communities across locations, compartments, and rootstock genotypes


		Characterization and functional analysis of the core microbiome







		Results

		Overview of the global citrus root microbiota based on the 16S rDNA and ITS2 amplicon sequencing


		Comparison of citrus root, rhizosphere and bulk soil microbiota


		Effect of citrus genotype on the microbial diversity of the root prokaryotic and fungal communities


		Core members of global citrus root microbiota







		Discussion


		Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Trichoderma and Bacillus multifunctional allies for plant growth and health in saline soils: recent advances and future challenges

		1 Introduction

		1.1 Impact of salt stress on plants


		1.2 Osmotic stress


		1.3 Ion toxicity and nutrient imbalance


		1.4 Effect on photosynthesis


		1.5 Oxidative stress







		2 Impact of salt stress on soil microbes

		2.1 Biosynthesis and accumulation of compatible solutes


		2.2 Toxic Ion homeostasis and compartmentalization


		2.3 Antioxidant system







		3 Impact of salt stress on soil microbes


		4 The role of ACC deaminase in salt-tolerant microbes

		4.1 Ethylene


		4.2 ACC deaminase model


		4.3 ACC deaminase in Trichoderma spp.


		4.4 ACC deaminase in Bacillus spp.







		5 Stimulation of plant growth and health under salt stress

		5.1 Plant growth promotion by Trichoderma spp.


		5.2 Plant growth promotion by Bacillus spp.







		6 Microbial-assisted phytoremediation processes of salt-affected soils


		7 Trichoderma-Bacillus synergisms and consortia

		7.1 Individual effects


		7.2 Evaluate strain compatibility


		7.3 Determine dual or synergistic effects of action mechanisms


		7.4 Determine the tripartite interaction plant-pathogen-inoculant


		7.5 What is the effect of the consortium on the host's endemic microbiota?







		8 Future challenges


		9 Conclusion


		Author contributions


		Funding


		Conflict of interest


		Publisher's note


		References







		Soil and root microbiome analysis and isolation of plant growth-promoting bacteria from hybrid buffaloberry (Shepherdia utahensis ‘Torrey’) across three locations

		1 Introduction


		2 Materials and methods

		2.1 Collection and processing of soil, rhizosphere, and root

		2.1.1 Collection


		2.1.2 Processing the samples in laboratory

		2.1.2.1 Surface sterilization of roots and nodules


		2.1.2.2 Processing rhizosphere samples


		2.1.2.3 Processing bulk soil sample












		2.2 DNA extraction

		2.2.1 Preparation of root samples for DNA extraction


		2.2.2 Extraction of DNA from soil, rhizosphere, root, and nodule samples







		2.3 Sequencing the isolated DNA


		2.4 Data analysis


		2.5 Bacteria isolation and identification


		2.6 Characterization of bacterial isolates







		3 Results

		3.1 Bulk soil from the campus is the richest in NPK and micro-nutrient content among the three locations


		3.2 Alpha diversity of bacterial community is similar in all cases except in the nodule samples


		3.3 Bacterial community composition is different in bulk soil and nodule but not in root and rhizosphere


		3.4 Proteobacteria and Actinobacteriota are the dominant phyla in the bulk soil and rhizosphere however Actinobacteriota is the dominant phylum in the root and nodules from all locations


		3.5 The genus classification is highly diverse in bulk soil and rhizosphere from all the locations however genus Frankia is dominant in the root and nodules from all the locations


		3.6 Fifty-nine isolates showing different plant growth promoting (PGP) traits were isolated







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary Material


		Footnotes


		References







		Evaluation of functional plant growth-promoting activities of culturable rhizobacteria associated to tunicate maize (Zea mays var. tunicata A. St. Hil), a Mexican exotic landrace grown in traditional agroecosystems

		Introduction


		Materials and methods

		Site description and sample collection


		Physical and chemical analysis of soil samples


		Isolation of culturable rhizobacteria


		Amplification of the 16S rRNA gene, sequencing, and molecular identification


		Nucleotide sequence accession numbers


		Functional characterization of bacterial isolates


		Data analysis of the in vitro functional assays







		Results

		Physical and chemical properties of rhizosphere soil


		Molecular identification of 16S rRNA of culturable rhizobacteria


		Taxonomic composition of the culturable rhizobacterial community


		Functional characterization of culturable rhizobacterial community


		Functional contributions of rhizobacteria at tasseling (VT) stage


		Functional contributions of rhizobacteria at maturity/senescence (R6) stage







		Discussion


		Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		References







		Study on effect of plant growth promoting rhizobacteria on sorghum (Sorghum bicolor L.) under gnotobiotic conditions

		Introduction


		Materials and methods

		Soil sampling and isolation of strains


		Rapid screening of the native isolates by the seed germination test (the paper towel method)


		Root, shoot lengths (cm), and vigor index (VI)


		Functional characterization


		The indole-3-acetic acid production test


		Estimation of gibberellic acid


		The phosphate solubilization test


		The potassium releasing test


		The zinc solubilization test


		Nitrogen estimation from a bacteria


		The HCN production test


		The siderophore test


		Antagonistic activity of the isolates


		Pot culture evaluation of elite rhizobacterial isolates on Sorghum


		Molecular characterization of the isolate


		Statistical analysis


		Accession numbers of the isolates







		Results

		Isolation of rhizosphere microorganisms


		Seed bio-priming and germination tests


		Morphological and biochemical characteristics


		Plant invigorating attributes


		Antagonistic activity of rhizobacteria against phyto fungal pathogens


		Sorghum pot experiment


		Sequence alignment, identification, and ORF finding







		Discussion


		Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Effects of osthole and Bacillus amyloliquefaciens on the physiological growth of Panax quinquefolius in a forest

		1 Introduction


		2 Materials and methods

		2.1 Materials


		2.2 Plant growth conditions


		2.3 Experimental design


		2.4 Plant morphological indicators


		2.5 Plant physiological indicators

		2.5.1 Measurement of photosynthesis


		2.5.2 Determination of chlorophyll content


		2.5.3 Determination of plant defense enzyme activities


		2.5.4 Disease severity index







		2.6 Analysis of the plant microbiome


		2.7 Bioinformatics analysis


		2.8 Data processing and statistical analysis







		3 Results

		3.1 Morphological indicators


		3.2 Effectiveness of anthrax control


		3.3 Chlorophyll content


		3.4 Photosynthesis parameters


		3.5 Antioxidant enzyme activity


		3.6 Microbiome analysis of aboveground parts and the roots of Panax quinquefolius







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		References







		Diversity and functional traits based indigenous rhizosphere associated phosphate solubilizing bacteria for sustainable production of rice

		Introduction


		Materials and methods

		Soil sample collection


		DNA extraction, amplicon library preparation, and sequencing


		Bioinformatics analysis


		Isolation of phosphate solubilizing bacteria


		Microcosm studies of PSB for P solubilization efficiency in sterilized soil


		Optimization of the cultural conditions


		Kinetics of phosphate solubilization by PSB


		Evaluation of PSB for rice yield parameters

		Microplot experiment


		Multilocational field trials


		Detection of inoculated PSB from rice rhizosphere







		Data analysis







		Results

		Bacterial diversity in rhizosphere of Basmati rice


		Relative distribution of bacteria in rhizosphere at genus level


		Relative abundance of plant growth promoting genera


		Bacterial strains


		Microcosm studies for evaluation of PSB in sterilized soil


		Optimization of culture conditions using RSM


		Response surface plots for solubilization of phosphate


		Growth kinetics of phosphate solubilizing bacteria


		Evaluation of PSB for P uptake and rice yield

		Microplot experiment


		Multilocational field trials


		Effect of bacterial consortium on P contents of rice







		Detection of inoculated-PSB strains from rice rhizosphere







		Discussion


		Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Effects of combined inoculation of arbuscular mycorrhizal fungi and plant growth-promoting rhizosphere bacteria on seedling growth and rhizosphere microecology

		1 Introduction


		2 Materials and methods

		2.1 Materials


		2.2 Experimental design


		2.3 Measurement indices and methods

		2.3.1 Plant biomass and nutrient content


		2.3.2 Determination of mycorrhizal colonization rates


		2.3.3 Root scanning


		2.3.4 MiSeq sequencing







		2.4 Data processing and analyses







		3 Results

		3.1 Tobacco seedling growth and nutrient uptake


		3.2 Agronomic traits of tobacco seedlings


		3.3 Root morphology of tobacco seedlings


		3.4 AMF colonization of tobacco seedling roots


		3.5 Bacterial α-diversity indices of tobacco seedling rhizosphere soil


		3.6 Bacterial β-diversity indices of tobacco seedling rhizosphere soil


		3.7 Bacterial community compositions in tobacco seedling rhizosphere soil


		3.8 Differential bacterial taxa in tobacco seedling rhizosphere soil


		3.9 Predictive analysis of microbial metabolic functions







		4 Discussion


		5 Conclusions


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher's note


		Supplementary material


		References







		Effects of biological and abiotic factors on dark septate endophytes distribution and heavy metal resistance in different environments

		1 Introduction


		2 Materials and methods

		2.1 Collection of plant and soil samples


		2.2 Measurement of soil physiochemical parameters


		2.3 Quantification of fungal colonization


		2.4 Isolation of root-colonizing DSE


		2.5 Molecular identification of DSE


		2.6 Diversity of the DSE community


		2.7 Heavy metal tolerance of DSE


		2.8 Illumina sequencing and bioinformatics analysis


		2.9 Statistical analysis







		3 Results

		3.1 DSE colonization status


		3.2 DSE species composition and diversity


		3.3 Soil physiochemical parameter


		3.4 Root-associated fungal community diversity


		3.5 Screening for heavy metal-tolerant DSE


		3.6 Correlation analysis of DSE colonization and isolation rates







		4 Discussion

		4.1 Colonization and diversity of DSE in heavy metal sites


		4.2 The effects of soil factors and microbial community on DSE distributions


		4.3 Growth and distribution of heavy metal-tolerant DSE







		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Superiority of native seed core microbiomes in the suppression of bacterial wilt disease

		1 Introduction


		2 Materials and methods

		2.1 Sample collection


		2.2 Evaluation of tobacco variety resistance

		2.2.1 Disease incidence in fields


		2.2.2 Indoor pot experiments







		2.3 DNA extraction


		2.4 Isolation and identification of endophytic antagonistic bacteria from seeds

		2.4.1 Isolation and purification of endophytic bacteria


		2.4.2 Screening of antagonistic bacterial strains


		2.4.3 Molecular identification of isolates







		2.5 Evaluation of biocontrol efficacy


		2.6 Measurement of tobacco seedling biomass


		2.7 Statistical analyses







		3 Results

		3.1 Different tobacco varieties exhibit varying resistance to BWD


		3.2 Differential composition of endophytic bacterial community structure in seeds of tobacco varieties with varying resistance levels


		3.3 Differential microbial communities present in the endophytic bacterial community structure of seeds from tobacco varieties with varying resistance levels


		3.4 Isolation and characterization of endophytic antagonistic bacteria


		3.5 The antagonistic strains effectively control tobacco diseases and promote growth

		3.5.1 Antagonistic bacteria can effectively control the occurrence of BWD


		3.5.2 Antagonistic bacteria can effectively promote the early growth and rapid development of tobacco












		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher's note


		Supplementary material


		References







		Small molecule metabolites drive plant rhizosphere microbial community assembly patterns

		1 Introduction


		2 Materials and methods

		2.1 Study site, substrates, and materials


		2.2 Greenhouse pot experiments


		2.3 Plant growth traits measurement


		2.4 Rhizosphere soil sampling and chemical properties analysis


		2.5 DNA extraction, sequencing, and data processing


		2.6 Rhizosphere metabolome detection by GC–MS


		2.7 Impacts of seven small molecule metabolites on the rhizosphere microbiome assembly process


		2.8 Statistical analyses







		3 Results

		3.1 Phylogenetic turnover in the rhizosphere is largely deterministic and in soil is random


		3.2 Rhizosphere metabolites were more associated with the rhizosphere microbiome rather than other factors


		3.3 Small molecule metabolites explain the rhizosphere assembly process mediated by the genus Rhizobium


		3.4 Seven small molecule metabolites are regulators for targeted modulation of soil community assembly processes







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		References







		High-throughput sequencing explores the genetic variability of endophytic bacteria in three Sichuan bamboo species (Phyllostachys edulis, Bambusa rigida, and Pleioblastus amarus)

		1 Introduction


		2 Materials and methods

		2.1 Plant material collection


		2.2 DNA extraction


		2.3 PCR amplification and sequencing analysis


		2.4 Sequencing and phylogenetic analysis


		2.5 Diversity analysis of endophytic bacteria in bamboo leaves


		2.6 Statistical analysis







		3 Results

		3.1 Sequencing data analysis


		3.2 OTU cluster analysis


		3.3 Microbial abundance and diversity analysis


		3.4 Bacterial community structure analysis


		3.5 Differential analysis of endophytic bacterial communities


		3.6 PICRUSt function prediction analysis







		4 Discussion


		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Publisher’s note


		Supplementary material


		Footnotes


		References







		Diversity of rhizosphere microbial communities in different rice varieties and their diverse adaptive responses to saline and alkaline stress

		1 Introduction


		2 Materials and methods

		2.1 Analysis of rice yield and grain quality


		2.2 Soil sampling regime


		2.3 Measurement of soil physical and chemical properties


		2.4 DNA extraction, library construction, and metagenomic sequencing


		2.5 Sequence quality control and genome assembly


		2.6 Gene prediction, taxonomy, and functional annotation


		2.7 Statistical analyses







		3 Results

		3.1 Effect of saline-alkaline stress on rice yield and grain quality


		3.2 Effect of rice cultivation on soil physicochemical properties


		3.3 Effect of rice cultivation on soil microbial diversity


		3.4 The response of microbial community composition and functional structure in relation to soil saline-alkaline







		4 Discussion

		4.1 Effect of soil saline-alkaline stress on rice yield and grain quality


		4.2 Effect of rice cultivation on soil physicochemical properties


		4.3 Effect of rice cultivation on soil microbial diversity


		4.4 The response of microbial community composition and functional structure in relation to soil saline-alkaline







		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Footnotes


		References







		Symbiotic microalgae and microbes: a new frontier in saline agriculture

		1 Introduction


		2 Advantages of microalgal–microbial symbiosis


		3 Microalgal and microorganism effects on plant growth under salt and alkali stress


		4 Mechanisms of interaction between microalgae and microbial co-cultures


		5 Microalgae and microorganisms synergize to promote plant growth under saline and alkali stress

		5.1 Exogenous microalgae promote plant growth by altering soil microbial communities


		5.2 Exogenous microorganisms can promote plant growth by enhancing microalgal soil communities







		6 Conclusion


		7 Future perspectives


		Author contributions


		Funding


		Conflict of interest


		Generative AI statement


		Publisher’s note


		References







		Soil types create different rhizosphere ecosystems and profoundly affect the growth characteristics of ratoon sugarcane

		1 Introduction


		2 Materials and methods

		2.1 Overview of sampling area


		2.2 Sample collection procedure


		2.3 Analytical parameters and methods


		2.4 Microbial DNA extraction and sequencing


		2.5 Data processing methods

		2.5.1 Non-microbial data analysis method


		2.5.2 High-throughput sequencing data analysis method












		3 Results

		3.1 Soil biochemical function in the sugarcane rhizosphere on different soil types

		3.1.1 Biochemical activities of sugarcane rhizosphere on different soil types


		3.1.2 Enzymatic activities of sugarcane rhizospheres on different soil types


		3.1.3 Agronomic traits, yield, and quality indicators of sugarcane grown on different soil types







		3.2 Correlation analysis between non-microbial ecological factors and sugarcane growth characteristics


		3.3 Correlation analysis between microbial ecological factors and sugarcane growth characteristics

		3.3.1 Diversity and relative abundance of microbes


		3.3.2 Analysis of microbial community functions


		3.3.3 Correlations between microbial communities and environmental factors and sugarcane growth characteristics












		4 Discussion

		4.1 Influence of non-microbial ecological factors in the sugarcane rhizosphere on sugarcane growth characteristics


		4.2 Influence of sugarcane rhizosphere microbial ecological factors on sugarcane growth characteristics







		5 Conclusion


		Data availability statement


		Author contributions


		Funding


		Acknowledgments


		Conflict of interest


		Generative AI statement


		Publisher’s note


		Supplementary material


		Footnotes


		References


















OPS/images/fmicb-15-1374802/fmicb-15-1374802-t003.jpg
Isolate code Place Habitat Degree of similarity with GenBank accession
nearest phylogenetic number
neighbor

PG-152 Vijayapura, Karnataka Pigeon pea rhizosphere soil | Bacillus subtils (99%) OR699974

PG-197 Bagalkote, Karnataka Sorghum rhizosphere soil |~ Enterobacter sp. (99%) OR828236






OPS/images/fmicb-15-1374802/fmicb-15-1374802-t002.jpg
Treatments Plant height (cm Chlorophyll content Shoot dry weigh i Total dry weig Grain Nand P
(SPAD value) i uptake (g/
plant)

45 60 N P
DAS DAsS

2746 72 131 225 32 422 144 6.16 2552 0.24 1.96 3.02 1.68 8.12 2854 34.58 045 033
28.18 76.6 1328 26.14 3292 4398 2 6.7 27.33 0.26 231 33 226 9.01 30.63 3516 053 034
329 814 1524 25.52 36.58 47.56 319 82 32 1.02 354 47 421 11.74 36.7 39.72 0.64 041
31.88 772 1346 235 3376 437 2.04 7.28 29.76 0.46 293 37 252 10.21 33.46 354 0.54 036
Ts: PG-197 3268 80.64 1432 24.86 3456 4452 218 731 31.06 054 3.02 385 273 1033 3491 36.12 0.63 043
Te: Reference strain 3446 83 161.2 26.42 3572 4552 3 876 33 138 4.02 5.02 438 1278 38.02 41.62 057 04
(P fluorescens)
T;: RDF 26.46 692 12 20.16 29 40.07 117 55 224 0.17 1.86 293 134 7.36 25.33 3336 037 032
Ty: Control 20.66 47 1038 18 208 30.08 0.08 46 17 0.05 1 1.86 0.13 5.6 18.86 2932 021 0.15
SEm+ 0.69 075 0.96 05 0.64 0.67 0.03 0.07 043 0.007 0.04 0.04 0.07 0.07 021 0.13 0.01 0.01

cD@1% 179 219 279 146 189 197 007 022 124 0.02 013 012 002 023 061 039 003 003





OPS/images/fmicb-15-1374802/fmicb-15-1374802-t001.jpg
Isolates

IAA
(pg mt=*

of
broth)

GA
(pgml*
of
broth)

Zone of P
solubilization
(Dia in mm)

Percent
Pi
released
in broth

Zone of Zn
solubilization
(Dia in mm)

HCN
production

Siderophore

1 PG-145

2 PG-148

3 PG-152

4 PG-178

5 PG-197
Reference

6 strain (P
luorescens)

SEm:CD@ 1%

1200

1381

1849

17.26

1635

2017

024

077

042

107

214

128

204

269

0.08

024

3.00

600

62

70

75

65

091

340

384

430

405

50

30

60

30

40

30

“percentage of Pi released from Pikovskaya's broth. —, indicates no zone of solubilization. +, positive for the test with minimal production. ++, moderate production. +++, high production.





OPS/images/fmicb-15-1374802/fmicb-15-1374802-g005.jpg
label CPO17181.1_Enterobacter_kobei_strain_DSM_I3645

LT547821.1_Enterobacter_kobei_strain_DSM_13645T clone_2
LT547823.1_Enterobacter_kobei _strain_DSM_13645T clone_4
LTS47820.1_Enterobacter_kobei_strain_DSM_I3645T_clone_l

| OR828236_Enterobacter_cloacae.

NR 118011.1 Enterobacter cloacae subsp. dissolvens strain ATCC 23373 (T)
OP$18071.1_Enterobacter_cloacas_subsp. _dissolvens_strain_ATCC_23373
MT212231 1 Enterobacter cloacae subsp. dissolvens strain LMG 2683(T)
NR 044978. 1:24-1438 Enterobacter cloacae subsp. dissolvens strain LMG 2683
CP001918. 1_Enterobacter_cloacae_subsp. _cloacae_ATCC_13047
NR_028912.1_Enterobacter_cloacae_strain_279-56

NR_113615 I_Enterobacter_cloacae_strain_NBRC_13535

NR_102794 2_Enterobacter_cloacae_strain_ATCC_I3047

MT377892.1_Bacillus_subtilis_subsp. _inaquosoruin_strain_SM-52
[KX092006 1_Bacillus_subtilis
OP$§10664.1_Bacillus_subtilis_strain_PM_NEIST 3

GQ340488. 1_Bacillus_sp._M2
OX419554.1_Baciilus_subtilis_isolate_NRS6160

CP077211 1_Bnterobacter_cloacae_strain_FDAARGOS_1431
CP056776 1_Enterobacter_cloacae_strain_DSM_30054
CP021123.1_Bacillus_subtilis_strain_SEM-9
CP116773.1_Bacillus_subtilis_strain_SRCM125727

0.12

[aS0nd aanns aancs aaces oost Maasaanes aaces ]

A 28 & FE 40 49K AR 4ATE





OPS/images/fmicb-15-1361117/fmicb-15-1361117-g002.jpg
‘Communty heatmap analysis on Genus lovel

‘Abundance bubble map on Genus level

Sytingomonss Toxonomy
ok {_oarc WOz ® Proteobacteria
‘Slnbracr Actinobacterio






OPS/images/fmicb-15-1361117/fmicb-15-1361117-g003.jpg
CCA2(11.85%)

CCA on OTU level

05

s 06 04 02 0 02 04 06 08 1 12
CCA1(16.09%)

RDAZ(1.43%)

RDA on OTU level

)
RDA1(29.68%)

%

EY





OPS/images/fmicb-15-1361117/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1361117/fmicb-15-1361117-g001.jpg
A

‘Community hestmap analyss on Genus level

Abundance bubble map on Genus level

XBOK XYTi ASCK KOT XETb ASTS KBOK XYCK

Taxonomy

fortierellomycota
© Ascomycota
@unclassified_k_Fungi





OPS/images/fmicb-15-1361117/fmicb-15-1361117-g006.jpg





OPS/images/fmicb-15-1361117/fmicb-15-1361117-t001.jpg
T. bakamatsutake

shiro soils

Q. mongolica

Anshan (AS) | ASTb1, ASTb2, ASTb3
Kuandian (KD)  KDTb1, KDTb2, KDTb3

Xinbin (XB) XBTb1, XBTb2, XBTb3,
XBTbd, XBTbS

Xiuyan(XY) XYTb1, XYTb2, XYTb3

Tb, 7. bakamatsutake shiro s

rhizosphere soils
ASCKI, ASCK2, ASCK3
KDCKI, KDCK2, KDCK3

XBCK1, XBCK2, XBCK3,
XBCK4, XBCKS

XYCKI, XYCK2, XYCK3

K, Q. mongolica thizosphere soil; AS, Anshan (123°9'26°E,

41°0'13N, 267m); KD, Kuandian (124°530°E, 41°30'15"N, 323 m); XB, Xinbin
(125°24'5"E, 41°36'54°N; 66294 m); XY, Xiuyan (123°41'35E, 40°19'13N, 254.53 m).





OPS/images/fmicb-15-1361117/fmicb-15-1361117-g004.jpg
o v oo

SR P E RSP E P






OPS/images/fmicb-15-1361117/fmicb-15-1361117-g005.jpg
A

Community analysis pieplot on Genus level :ASCK Community analysis pieplot on Genus level :KDCK.






OPS/images/fmicb-16-1696341/crossmark.jpg
©

|





OPS/images/fmicb-15-1374802/fmicb-15-1374802-g004.jpg
_ Shoot Dy Wagh g i’y

S

)






OPS/images/fmicb-15-1374802/fmicb-15-1374802-g003.jpg
Range

15 4

10

T 25%~75%
| Range within 1.5IQR
Median

% o

T
Shoot Length

T
Root length






OPS/images/fmicb-15-1374802/fmicb-15-1374802-g002.jpg
2000

1750

1500

1250

Vigour Index

1000

750

500

60

65 R 14
Germination Percentage

90

|

| &





OPS/images/fmicb-15-1374802/fmicb-15-1374802-g001.jpg
Dharashiv
3

e Solapur;

iiarabad "+ Hyderabad

\jayapural

Kolhapur,

Wanaparthy,
o

Nagarjunas
SagayDam!
g SO
el 7 S
Nandyal
Proddatr
7 % ‘
AndhraPadesh
siprades!
SriSathya'Sai +

Madanapallo

kaballapura

Hassan R Ze &
o <
Mangaluru >
[ I Ambur
-~ £
*us
> Mandyal
L 2 .
larikkund ? Tiruppattur
Ly /
[ i :
\ (Dharmapuri
7
/
=
Gundlupet v
o S ey o~ Kall
k/ 9 gy e, Tof fhig e A8 s i
/- 5
SR e





OPS/images/fmicb-15-1374802/fmicb-15-1374802-e005.jpg
Cc-T

I= x100






OPS/images/fmicb-15-1374802/fmicb-15-1374802-e004.jpg
ZO1 = Colony diameter (control plate)
—~Colony diameter (in dual inoculated plates)





OPS/images/fmicb-15-1374802/fmicb-15-1374802-e003.jpg
Titer value x0.014x N of sulfuric acid x volmade
Percent N= x100
The volume of sample used






OPS/images/fmicb-15-1374802/fmicb-15-1374802-e002.jpg
Vigor Index (V1) = (Mean root length + Mean shoot length)
xpercentageof germination.





OPS/images/fmicb-15-1374802/fmicb-15-1374802-e001.jpg
Germination(74) - —Number ofseeds germinated __
Number of sceds put for germination





OPS/images/fmicb-15-1374802/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1470019/fmicb-15-1470019-g003.jpg
Phosphate Solubilization ‘Phosphate Solubilization

Phosphate Solubilization

Acinetobacter sp. MRS

/n
7
o6

05 &5 ApH
C: Inoculum size

0578

=}

‘Phosphate Solubilization

‘Phosphate Solubilization

Phosphate Solubilization

Pseudomonas sp. MR7

oo B: Temperature

”""\
o0
500
BTSTRENE, e % ¢: Inoculum size

2007070





OPS/images/fmicb-15-1470019/fmicb-15-1470019-g002.jpg
>

)

Available P
(mg

Phosphatase Activity
(ng g"soil)

Log ,, CFU g Soil

@
3

o
&

IS
5

2

@ w
8 8% 8 &

o

o

o

W15DPI W30DPI W60 DPI

Soil
Glucose

Acinetobacter sp. MRS

Soil+1CP so;mcw1 ol

Sol+iCP  Sol+ICP+ S0
Glucose |

Pseudomonas sp. MRT

Soil+1CP  SOil+TCP+
Glucose

Control

S

a

lmnII II‘ I‘I

|
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

cde gh
M' II II

@
i

Soi Sol+1CP soﬂﬂcm\ Sol

Soil+TCP  Soil+T1CP+ Soil Soil+TCP Soil+TCP+
Glucose Glucose Glucose
Acinetobacter sp. MRS } Pseudomonas sp. MR7 Control
Treatments
=+~ 15DP| -~ 30DPI -a~ 60DPI

soil Soil+1CP

Acinetobacter sp. MRS

Soil-+1CP+
Glucose

soil

I
I
I
I
|
I
I
I
|
I
I
|

Soil+1CP.

Soil-+1CP+
Glucose

Pseudomonas sp. MRT

Treatments





OPS/images/fmicb-15-1470019/fmicb-15-1470019-g001.jpg
Richness Shannon -
€

kel | 75205 | wmeio | 3su0c [oinomn - 3
- n

Siez 7m0 wsato | 2a00s ol 3100

b
i

D suea | 731025 | omino | 1001 ossiom2 19:00m
- 2

Site3

328-

31.45-

Bacteria
Reltive sbundance (%)
Reltive sbundance (%)

Latitude

Tonglinis





OPS/images/fmicb-15-1470019/fmicb-15-1470019-e002.jpg
MR7.Y =+119.29-5.094-16.948
+11.6C ~18.634B +0.134C
—0.88BC —24.6442-9.79B2-11.38C2





OPS/images/fmicb-15-1470019/fmicb-15-1470019-e001.jpg
MRS.Y =+4.51-0.224-0.94B8
+0.16C - 0.214B +0.0224C
—0.072BC -0.3642-0.1982-0.33C2





OPS/images/fmicb-15-1470019/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1497987/fmicb-15-1497987-t006.jpg
Aboveground

€IS
Nodes 500 499 500 147 85 92
Edges 25,204 22,046 24,386 1993 934 736
Positive edges ratio (%) 59.90 7082 8073 90.22 9.5 89.95
Negative edges ratio (%) 40.10 2018 1927 978 45 1005

Average degree 100.816 88,361 97.544 27.116 21976 16





OPS/images/fmicb-15-1497987/fmicb-15-1497987-t005.jpg
Aboveground

Nodes
Edges
Positive edges ratio (%)
Negative edges ratio (%)

Average degree

431
15,826
67.01

2299

73.439

€IS

490 392 437 352 461
23202 14778 16,051 10721 19010
79.56 844 66.82 79 78.04
2044 156 338 21 21.96
94.865 75.398 73.460 60915 82473





OPS/images/fmicb-15-1497987/fmicb-15-1497987-t004.jpg
P, (pmol-m G; (pmolm’

K 284+0.15¢ 0.14:£001a 351464673 1.87:£0.06a
cLs 477013 0.10£001c 31690 £ 10.55b. 1.53:£0.03¢
LKWS 3.214003b 01240020 345.6748.12a 2154012

Data are mean + standard deviation, different lowercase letters indicate statistically significant data between groups (P < 0.05).





OPS/images/fmicb-15-1497987/fmicb-15-1497987-t003.jpg
ease incidence (%) Disease severity (%) Control efficacy (%)
K 16,67 £9.02 9.07£321a -
s 3674153 2134162 7652
LKWS 9,00+ 1.00ab 3.674031b 5954

Data are mean + standard deviation, different lowercase letters indicate statistically significant data between groups (P < 0.05).





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e011.jpg
S:axln[l+£) (11)
a





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e012.jpg
(12)






OPS/images/fmicb-15-1363158/fmicb-15-1363158-e013.jpg
Diz':n,(n,fl)

Nv-D) ()





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e014.jpg





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e007.jpg
" Tin(s)

@)





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e008.jpg
v

®)





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e009.jpg
Bsor =

2a

2a+b+c

)





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e010.jpg
Biac =

(10)





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e005.jpg
®)





OPS/images/fmicb-15-1363158/fmicb-15-1363158-e006.jpg
(6)






OPS/images/fmicb-15-1497987/fmicb-15-1497987-t002.jpg
Plant height ( Stem thick (m Root dry heavy (g) Root thick (cm;
K 11,08 +0.6396¢ 0.1715 £ 0.0138b 0.5413 £ 009500 8374087300
s 12,08 + 11989 0191900152 0.8751£0.12222 10,51+ 09899
LKWS 1158 £ 0.8651b 0.1937 £ 00133 0.8813 £ 006162 1029408199

Data are mean + standard deviation, different lowercase letters indicate statistically significant data between groups (P < 0.05).





OPS/images/fmicb-15-1497987/fmicb-15-1497987-t001.jpg
Grade  Symptom of a disease

0 Health

1 “The proportion of discased spot area to leaf area was less than or
equal to 5%

2 “The area of the discased spot is more than 5% of the leaf area and

less than or equal to 10%

3 ‘The area of the disease spot is more than 10% of the leaf area and

less than or equal to 20%

1 “The area of the disease spot is more than 20% of the leaf area and
Tess than or equal to 50%

5 The diseased spot area is more than 50% of the leaf area





OPS/images/fmicb-15-1497987/fmicb-15-1497987-g005.jpg
One-way ANOVA bar plot

>
m

. [we—. B s
Mot Wit
Mo -

o
.
.
-
»
o
w
B
B

T
'
:

NN AN

B F ‘One-way ANOVA bar plot
‘ R N x
; I ' I = o S
= o =
i i =7
i R
§ W Lpuein :
» =
| e 7/
‘u: W sk {_ Mischoodia.
E [rre— awor
e
, = /
R :::._ A 1 o T T R )
E
c G ‘One-way ANOVA bar plot

k W Voteacorms. W it ¢ Mroboryomyecis
. ey -y o -
i Wil { Syt [l ied p_Avems . -8
! o8- W W Lecoporden oamen
Beinits cmtie Wit g
H W Golbevia 8 Keckonads | -,
P e Reits e P o
[Fivesni e
e —
z s i
é G W Oberviakdooyms oomsazs
[perir—

7

. o jf;
et < -

o o o Fd

7 i 7

M propertents)

D H ‘One-way ANOVA bar plot

"






OPS/images/fmicb-15-1497987/fmicb-15-1497987-g004.jpg
Bacteria

Fungi

Aboveground Root

Root

Aboveground

CK

CLS

LKWS

o v i

@ o_procetacteria
@ > Actimtacterio
@ S hucteriotn

o 7t
e

Pt

.

H
& P e






OPS/images/fmicb-15-1497987/fmicb-15-1497987-g003.jpg
LKWS

o
=3
¥
Ayunummon [eLwEq o Grunwwos esuny jo
Xapul AJISIDAIP uouuLyS Xapul AJISIIAIP uouuLys
@
<
i
@
3
¥
Wt e n Ny~ 0
b - & = s

Lyunwwod
xopur &

112198 JO

SIDAIP UOUUEYS

nwwos jesuny jo

AP HOUUEYS

LKWS

CLS

LKWS

CLS





OPS/images/fmicb-15-1497987/fmicb-15-1497987-g002.jpg
600

500

400

300

200

100

cLs

600
500
a
. 40
C)
=
< 300
a c
& 200
100
LKWS !
CK cLs LKWS





OPS/images/fmicb-15-1497987/fmicb-15-1497987-g001.jpg
« »
9 <
3 ]
« P
3] =
% %
R R T T T T -
e sa1y 3/3w) proudjore;
(usoay 8/3ur) quD a (usaay 3/3ur) prouajore;
@ @
< g
5 |
9
P
3 3
]
* v oAl o~ o
& 4 & S e W % m o8 - o

(usoy 58wy wu) (&) (usoay 3/8w) Aydooy oL,





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e008.jpg
Control effect (%) =
Control of disease index — Treatment condition index
x
Control of disease index

0o ®






OPS/images/fmicb-15-1497987/fmicb-15-1497987-e007.jpg
Disease index =

Number of diseased plants x Discase level value @)
Total number of plants surveyed x Highest disease level value





OPS/images/fmicb-15-1497987/fmicb-15-1497987-e006.jpg
Incidence of a disease
(o) Number of ncidence plants
Number of plants surveyed

x100

(6)





OPS/images/back-cover.jpg
Frontiers in
Microbiology

Explores the habitable world and the potential of
microbiallife

The largest and most cited microbiology journal
which advances our understanding of the role
microbes play in addressing global challenges'
such as healthcare, food security, and climate.
change.

Discover the latest
Research Topics

Frontiers in
Microbiology

Frontiers

Avenue du Trbunal-Fédéral 34
1005 Lausanne, Switzerland.
fontersinorg

Contactus

+41(0)215101700
frontersn ro/about/contact

& frontiers






OPS/images/fmicb-15-1363158/fmicb-15-1363158-g007.jpg
Distance

149

099

0.50

0.00

F. ovina root

F. galbaniflua root

F. ovina shoot

F. persica root





OPS/images/fmicb-15-1363158/fmicb-15-1363158-g008.jpg
o888

[ | - Albifimbria

Aspergillus
Fusarium

|- Penicillium

|| - Zopfia

- Cadophora

- Dothiorella

- Preussia

- Parvothecium

- Talaromyces

- Ganoderma

- Gliomastix

- Phoma

- Aternaria

- Bulbithecium

= - Botryts

- Cladosporium

- Dactylonectria

- Gibellulopsis

- Brunneochlamydosporium

- Gliocladium

- Trichocladium

- Acremonium

- Chaetomium

!

F. persica root 1

F. ovina root -
F. ovina shoot

. galbanifua root





OPS/images/fmicb-15-1363158/fmicb-15-1363158-t001.jpg
Diversity indices  F. ovina roots ovina shoots  F. ovina roots and shoots persica roots

Chao richness estimator 15214 1333 130 4733 19.50

Margalef diversity index 825 182 851 306 163

Shannon-Wiener diversity 164
367 220 37 277

index

Simpson dominance index 0317
0036 0121 0,034 0.068

(D)

Simpson diversity index 0683
0.963 0879 0.966 0932

(1-D)

Reciprocal of Simpson 315
2745 826 2948 1466

index (1/D)

Berger-Parker dominance 0537
0104 0.169 0090 0123

index

Reciprocal of Berger- 186
962 592 1116 813

Parker index

Pielou evenness index 0907 0954 0907 0976 0.746

Menhinick index 192 084 187 124 078

Camargo index 0522 1192 0534 0.804 1.286

Evenness_(eNH')/S 0.687 0.900 0.683 0.936 0572

Fisher_alpha 1360 245 1390 454 217
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Pb treatment  Fungus Shoot Pb Shoot Pb Root Pb concentration Root Pb

concentration (mg/kg) content (mg) (mg/kg) content (mg)
0 CK 169.87 + 12.08d 0.131 £ 0.011¢ 257.26 + 12.81¢ 0.152 + 0.006d
SG 254.95 + 14.87¢ 0.287 + 0.010ab 451.44 1 14.87c 0.314 +0.028d
St 17313 20 58¢d 01550013 327.65:420.58¢ 0195 +0032d
1,000 CK 62849 +24.72a 0.351 + 0.004a 2390.20 + 24.72b 0.785+0.111c
SG 395.18 + 48.40b 0.348 £ 0.033a 3432.78 £ 48.40a 2.025 +0.285a
SL 373.20 + 42.45b 0.255 + 0.004b 2912.94 + 42.45ab 1.194 £ 0.155b

CK, non-mycorrhizal; SG, Suillus grevillea; SL, Suillus luteus. Values are presented as means  SD (n=3). Different letters indicate significant differences at p<0.05 by Tukey’s test.
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Observed_species Chaol Simpso Shannol
CK 2005.90 = 101.65 2033.25 % 107.84° 0.9953 % 0.0004% 92322 % 0.0619°
AMEF 2115.33 % 168.66° 2142.03 % 17357 0.9951 = 0.0015° 92597 £ 0.2372%
$G42 2249.60 + 47.66 2272.06 = 40.82" 09945  0.0008" 93151 £ 0.0701°
A _SG42 2319.13 £ 76.91% 2373.76 % 84.35%¢ 0.9963 = 0.0000° 9.5087 + 0.0235%¢
5G29 2501.27 £ 204.15% 2532.49 = 201.00° 0.9967 + 0.0001* 9.6184 % 0.0225%
A _SG29 252627 + 88.41° 2579.90  81.18* 0.9970 =+ 0.0002° 9.6691 £ 0.1142°

Diversity index values are means = standard deviations. Different letters in the same column indicate significant differences (P < 0.05).
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CK AMF SG42 A _SG42 SG29 A _SG29
Plant height (cm) 2.63 +0.47¢ 3.08 + 0.644 431 +0.63¢ 5.28 +0.84° 6.53 £ 0.83" 5.36 %+ 0.63"
Steam diameter (mm) 55540324 6.13 4 0.46° 7.56 % 0.34° 7.72 4 0.50° 7.66 % 0.48" 8.19 40.45"
Maximum leaf area (cm?) 90.17 £ 7.47¢ 100.75 % 9.4 125.01 4 12.32" 129.63 + 8.81° 12943+ 16.84° | 14499 £ 15.15°
SPAD value 29.43 £229¢ 32.96 + 1.84° 39.30 & 2.00° 3534 £ 3.42° 3857 £2.84° 39.40 £ 1.75
Root length (cm) 1068.77 £ 41.11¢ 1467.09  85.30° 156831 :£73.25" | 155635+£55.99" | 1540.40 % 47.83° | 1899.22:+ 65.06%
Root area (cm?) 84.09 £ 5.13° 108.24 % 5.94° 116.86 £9.77° 14030 £ 9.16* 11854 £ 5.33° 147.61 £7.71
Root volume (cm?) 0.48 = 0.06° 0.63 = 0.05" 0.68 = 0.07° 1.06 & 0.03* 0.66 = 0.03® 1.07 £ 0.08*
Average root diameter (mm) 02240.01¢ 025 £0.01% 024002 028 £0.02° 024 0.02¢ 029 0.02
AM root colonization (%) - 20.13 £0.52 - 2921 £0.48° - 30.83 £ 0.79°
N content (mg/plant) 1.76 + 0.26¢ 244 £0.18° 3.61£0.58" 4.13 £ 036 4.01 043 4.62+023°
P content (mg/plant) 447 £ 0.66° 6.46 030" 7.15 £0.76™ 775 £0.92° 7724057 8.82+091°
k content (mg/plant) 437 £ 045 535+037" 7.69 £ 0.48° 6.89 054 7.41£025 7714068

Treatment codes are explained in Section 2.2. Different letters on the bars indicate significant differences according to Tukey’s HSD at P < 0.05.
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Pb treatment Dry weight of Dry weightof ~ Dry weightof  Colonization rate (%)

shoot (g) root (g) total biomass (g)
0 K 077 0.06bc 059+ 0.062 136:+002b 0
G L132012 069+ 0.04 1824008 7667 £5.59%
st 090+ 0,06 0,600,082 149:+0.14b 6485+ 1040
1,000 K 056+ 0.02d 033+0.02 089003 0
G 088 +0.04bc 059003 147 £001b 68.60 % 4.48ab
sL 069+007cd 0.4140.05b 110 £0.05¢ 5417+ 1.80¢

CK, non-mycorrhizal; SG, Suillus grevillea; SL, Suillus luteus. Values are presented as means £ SD (1 =3). Different letters indicate significant differences at p<0.05 by Tukey’s test.
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Treatments Number of tillers Plant height =~ Grain weight  Plantseed P Soil available P

(tillers m™2) (cm) (Kg ha™) (%)
80% Control 24+11B 114+30B 4828 £202B 330+0.20B 523+0.20B
Site 1 Inoculated 25%+13A 118+35A 5259+ 215A 440£032A 6.07+0.34A
100% Control 24:11B 118+33A 4928 £300 B 419+0.23A 551+0.29B
80% Control 25+£15B 115£30A 4611 +245B 349+0.17C 521+0.25B
Site 2 Inoculated 30£20A 120£48A 5430 £ 300 A 470£0.20A 672+0.33A
100% Control 29120A 118+35A 5210 200 A 4.09+0.23B 551+0.28B
80% Control 17£15A 95432C 3650 £210B 2.80+0.14B 6.10£031C
Site 3 Inoculated 20+10A 99t41A 4299+ 270 A 4.00£0.26 A 6.69+0.38A
100% Control 19£10A 97+34B 3800 + 224 AB 390+0.18A 627+027B

Data s an average of three replicates. 'Plant P content is given in % of total plant weight. Soil available P is presented in g g1 soil. Means with significant differences (p < 0.05) among
treatments are represented by different letters. Site 1 = Sheikhupura, Site 2 = Gujranwala, and Site 3 = Faisalabad.
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Isolates Assigned Gen bank NCBI results

bacterial name accession 5
e Closest NBCI Query E-value Identity
related bacterial coverage % similarity %
species with
accession
number
EE-R1 Stenotrophomonas sp. 0Q859587 Stenotrophomonas 100% 00 99.57%
BNWUI ‘maltophilia
(0Qs88742.1)
EE-R6 Microbacterium 0Q859588 Microbacterium oxydans 100% 00 99.76%
SpBNWU2 (MT533951.1)
EE-R9 Pseudomonas sp. 0Q859589 Pseudomonas 100% 00 99.88%
BNWU4 chengduensis
(MN099372.1)
EE-RI0 Pseudomonas sp. 0Q859590 Pseudomonas alcaligenes 99% 00 99.88%

BNWUS (MT323223.1)
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Bacterial Strai BNWU1MIC BNWU2MIC BNWU4 MIC BNWUS5MIC  Am| MIC  Streptomycin MIC

(ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)

Staphylococcus aureus 250 250 250 125 625 nt
(ATCC26923)*

Escherichia coli 0.157 250 250 125 125 15,625 nt
(ON645905)*

E. coli (ATCC25922) 250 250 250 125 15.625 nt
Salmonela sp. 250 250 250 250 nt 500
Bacillus sp. 250 125 125 625 125 nt
Enterococcus durans 250 125 250 125 15625 nt
Vibrio cholerae 125 125 250 125 nt 625

*nt, Not Tested.
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