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Editorial on the Research Topic
 Forest microbiome: dynamics and interactions in the anthropocene era





Introduction

Forests represent one of the most complex and biodiverse ecosystems on Earth, with intricate networks linking trees, vegetation strata, insects, microbial communities, and soil processes. These networks, sustained by feedback loops and finely tuned ecological balances, form the foundation of global biogeochemical cycles and biodiversity conservation. At the core of these dynamics lies the forest microbiome, including a vast, often invisible consortium of bacteria, fungi, archaea, and viruses that mediates nutrient turnover, supports tree health, and shapes interactions across trophic levels (Baldrian, 2017; Asiegbu and Kovalchuk, 2021).

Increasingly, forest microbiome research reveals that microbial communities associated with soils, roots, leaves, and even insects form tightly interlinked networks that mediate ecosystem processes and responses to environmental change. In the Anthropocene era, climate change, deforestation, land-use intensification, pollution, and biological invasions are altering the composition and function of forest biomes at unprecedented scales (Baldrian et al., 2023). Shifts in tree diversity, changes in vegetation cover, and disruptions in soil structure ripple through microbial communities, reconfiguring ecological interactions and challenging our capacity to predict ecosystem trajectories (Lladó et al., 2017). Understanding how these elements interact under multidimensional anthropogenic pressures is therefore crucial. The forest microbiome is a pivotal, yet often overlooked, component of ecosystem dynamics. Unraveling its contributions is essential for a complete understanding of how forests respond to anthropogenic pressures. Microbes can also be used as valuable tools for forest pest management (Gupta et al., 2023). Hence, the current Research Topic is devoted to highlighting the microbial dimension of forest ecosystems. This Research Topic explores how vegetation, host traits, soil conditions, nitrogen inputs, and biotic stressors shape the diversity, structure, and function of microbial communities across forest compartments (rhizosphere, phyllosphere, endosphere, soil, and insect-associated niches). By integrating studies across multiple forest compartments, from soils to canopies and from roots to insects, this Research Topic advances a holistic understanding of the microbiome as a central axis of forest ecology, offering insights into feedback that drives ecosystem stability or vulnerability under global change.



Forest soil microbiomes: structure across space, and time

Forest soil microbiomes exhibit strong spatial and temporal structuring across vegetation strata, elevation, and forest types. Vegetation layers exert a strong control on microbial composition and function, thereby coupling aboveground heterogeneity to belowground processes, as synthesized by Gilliam. Along elevational gradients, shifts in temperature, moisture, and vegetation composition as captured by soil pH, thermal regimes, and transitions among plant communities, emerge as primary determinants of microbial diversity, as shown by Li, Gao, et al. for steep gradients in Southwest China. Elevation and seasonality also structure the diversity of rare bacterial taxa in subtropical mountain forests. However, abundant and rare communities exhibit broadly similar elevational responses across seasons; their diversity, still, follows distinct trajectories, underscoring the ecological importance of rare taxa (Wu et al.). Seasonal dynamics further govern microbial assembly and ecosystem functioning in plantation forests, highlighting management-relevant temporal windows (Wang et al.). Multiple other edaphic factors, including temperature and precipitation, can also influence the composition of forest soil and rhizospheric microbiomes (Chakraborty et al., 2023b; Zádrapová et al., 2024). Collectively, these findings reveal that forest soil microbiomes respond sensitively to both natural gradients and anthropogenic interventions and are pivotal to ecosystem recovery, nutrient cycling, and resilience. Hence, the forest microbiome is key to evidence-based forest management and conservation.



Tree microbiome: compartmentalization, disease, and decomposition

Tree microbiomes are strongly compartmentalized. Aboveground habitats such as the phyllosphere, stem, and needles, host microbial assemblages with ecological roles that diverge markedly from those in the belowground rhizosphere, one of the most dynamic zones of plant–microbe interaction. Empirical evidence is robust: Enea et al. showed that the phyllosphere and rhizosphere of sugar maple (Acer saccharum Marshall) harbour distinct communities that shift with environmental conditions, while Luo et al. reported pronounced bacterial and fungal turnover across leaves, roots, rhizosphere, and bulk soil in boreal forests. Collectively, these studies suggest that trees recruit and filter microbes through compartment-specific processes that underpin nutrient acquisition, stress tolerance, and overall fitness traits, which may ultimately constrain or facilitate range expansion.

Interestingly, in Norway spruce, Meng et al. found that infection by Heterobasidion annosum disrupts the within-tree microbial balance, with asymptomatic individuals maintaining higher richness and evenness than diseased counterparts; analogous disease-associated shifts were detected across leaves, roots, and soils of oil palm affected by leaf-spot, as shown by Azeez et al. Detrital phases are also no exception: Pan et al. demonstrated niche-specific colonization of epiphytic and endophytic fungi in decomposing larch leaf litter, identifying core phyllospheric consortia that synergistically regulate carbon flux, accelerate cellulose degradation, and enrich phosphorus and potassium. By linking phyllosphere composition to decomposition kinetics and nutrient stoichiometry, this work sharpens forecasts of boreal carbon cycling and offers practical indicators for monitoring ecosystem stability under climate change. Hence, compartment-specific assembly is not an accident but a governing principle of tree–microbe symbioses.



Tree traits, planting design, and nitrogen deposition as drivers of microbial assemblages

Tree diversity, genotype, developmental stage, and nutrient enrichment strongly structure rhizospheric soil microbial communities. Across contrasting systems, species identity consistently modulates both microbial assemblages and soil chemistry. For instance, Frene et al. demonstrated that different tree species shape belowground communities and edaphic properties in plantations of Juglans nigra and Quercus rubra. Mixed stands can further enhance soil quality and microbial diversity. Li, Xie, et al. reported higher nutrient availability and a richer rhizosphere microbiota in mixed plantings compared to monocultures of Parashorea chinensis. Domestication status also matters: Yang et al. found pronounced differences in rhizospheric diversity and function between wild and cultivated Glyptostrobus pensilis, while Lv et al. demonstrated that tree genotype and growth stage, together with soil chemistry, drive microbiome variation in Camellia forests. Collectively, these studies highlight the importance of integrating tree-specific traits, stand composition, and evolutionary history into forestry and ecosystem management.

Nitrogen inputs emerge as additional, powerful filters on microbial assembly by reshaping forest soil chemistry and community composition. In subtropical Guangxi forests, Jiang et al. demonstrated that nitrogen additions altered pH, nutrient status, and bacterial communities, with implications for long-term carbon storage and ecosystem stability. Crucially, the magnitude and direction of these nitrogen effects depend on host identity: Hou et al. documented tree species–specific microbial responses to nitrogen deposition, highlighting interactive controls between host traits and nutrient enrichment on rhizosphere assembly.



Forest pest–microbe symbioses

Forest insects harbor microbes that are central to forest health, and the evidence is now overwhelming: these symbioses simultaneously drive insect adaptation and shape tree outcomes, for better or worse. Consider the bark beetles, where the insect–microbe partnership is anything but incidental. Khara et al. reveal finely tuned bacterial associations in two pine bark beetles that shift in response to environmental, host, and life-stage factors, forming an adaptive mosaic that equips beetles to navigate heterogeneous forest conditions. Building on this ecological context, Baños-Quintana et al. show that the Eurasian spruce bark beetle (Ips typographus) actively engineers its nursery: adults not only shape the microbiomes of their offspring but also remodel the gallery environment itself, carving out microbial micro-niches that amplify colonization success and, ultimately, beetle impact. These findings corroborate some of the observations from other studies on the same beetle (Chakraborty et al., 2023a).

At a broader phylogenetic scale, Pineda-Mendoza et al. map gut fungal assemblages across 14 Dendroctonus species, uncovering a conserved core mycobiome whose functions, such as digestion, nutrient acquisition, and cues for host specialization, are foundational to beetle fitness. Analogous studies on multiple Ips bark beetle guts also revealed a conserved core microbiota with similar functional potential (Chakraborty et al., 2020a,b). A microbiome study from termites further underscores that symbiotic interactions with microbes in wood-feeding insects can reverberate beyond nutrition: Setia et al. characterize the bacterial consortia of Coptotermes gestroi on ironwood (Casuarina equisetifolia) and demonstrate how infestation physically and microbially primes tissues for pathogen ingress, accelerating disease trajectories and hastening decline.

Nevertheless, forest insects are ecosystem engineers because their microbiomes are ecosystem tools. These invisible microbial communities facilitate host adaptation, enhance digestion, and, in many systems, contribute to exacerbating tree mortality. The intricate microbial contribution also increases the complexity of the forest networks when pests adapt to numerous anthropogenic pressures. Furthermore, the adaptation of pests also poses a significant threat to the forest health under these pressures. Together, these findings highlight that insect–microbe interactions are not peripheral but central to forest health. Ignoring these dynamics risks undermining pest management and forest conservation strategies.



Management and restoration: trajectories of microbial recovery

Forest management and restoration must be grounded in the trajectories of microbial recovery and the soil functions that underpin them. Drawing on logged Bornean lowland dipterocarp rainforest, Robinson et al. demonstrate that active restoration outpaces passive approaches in rebuilding belowground communities, resulting in higher microbial diversity and functionality across multiple spatial scales. The implication is uncompromising: restoration strategies that fail to target explicit recovery of soil microbiota will underperform in conserving biodiversity and re-establishing critical ecosystem processes. Complementing this view, Zhang et al. demonstrate that reforestation regimes shape soil microbial assemblages primarily by modifying root traits and soil physicochemical conditions, while soil metabolites contribute comparatively little. Taken together, these studies demand a tighter integration of soil metabolomics with microbial community analyses to elucidate how plant traits and soil chemistry drive microbial dynamics, and to sharpen predictive models guiding forest restoration under diverse reforestation regimes.



Conclusion and perspectives

Forest microbiome represents an integrative, multi-kingdom infrastructure that links soils, roots, leaves, and insects to regulate nutrient cycling, plant health, and ecosystem resilience under global change. Forest microbiomes cannot be understood in isolation, and they form a continuum across compartments that jointly sustain forest health and resilience. We propose a conceptual framework that illustrates how abiotic, biotic, and anthropogenic factors converge to shape the forest microbiome, which in turn drives nutrient recycling, forest regeneration, pest management, and climate change mitigation (Figure 1).
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FIGURE 1
 Conceptual framework of factors shaping the forest microbiome and its ecological implications. The forest microbiome is structured by multiple interacting abiotic, biotic, and anthropogenic factors. Abiotic drivers such as temperature, precipitation, moisture, landscape configuration, and soil pH influence the diversity and composition of microbial communities associated with various forest compartments, including the needle, leaf, bark, root, and soil (rhizosphere) microbiota. Biotic factors, including forest type and pest communities (both native and invasive), further shape microbiome structure and function. Anthropogenic factors, notably forest management practices, exert additional influences on microbial assemblages. The forest microbiome contributes to critical ecosystem processes, such as nutrient recycling, and presents forward-looking opportunities for sustainable forestry through microbe-mediated climate change mitigation, forest regeneration, pest management, and forest conservation. Figure created in Biorender.


The studies featured in this Research Topic demonstrate that microbial diversity across soil, vegetation, and insect hosts is deeply embedded within the ecological fabric of forest ecosystems. They highlight how abiotic factors (e.g., temperature, precipitation, and soil pH), biotic interactions (e.g., host identity and pest communities), and anthropogenic pressures (e.g., nitrogen deposition and forest management) jointly shape microbial assembly and, ultimately, ecosystem trajectories.

Looking forward, advancing from taxonomic surveys toward functional approaches, such as metatranscriptomics, metabolomics, and targeted functional assays, will be essential to uncover the mechanistic links between microbiomes and ecosystem processes. Integrating multi-compartment studies that connect soil, rhizosphere, phyllosphere, and insect-associated microbiomes will enable a deeper understanding of how climate change, nutrient enrichment, and land-use intensification reshape forest stability. Furthermore, the integration of mutualistic desirable microbiomes is expected to be of great significance for sustainable forest production and translational forest management. Additionally, future research directions may explore the application of novel approaches, such as metagenome-wide association studies (MWAS), to link the relative abundance of specific genes in the metagenome with certain forest tree diseases.

This knowledge is not merely academic. It provides a foundation for microbiome-informed strategies in forest conservation, restoration, pest management, and climate change mitigation. Harnessing the power of microbial networks will be pivotal for designing resilient forest ecosystems in the Anthropocene.
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Introduction: The pivotal roles of both abundant and rare bacteria in ecosystem function are widely acknowledged. Despite this, the diversity elevational patterns of these two bacterial taxa in different seasons and influencing factors remains underexplored, especially in the case of rare bacteria.
Methods: Here, a metabarcoding approach was employed to investigate elevational patterns of these two bacterial communities in different seasons and tested the roles of soil physico-chemical properties in structuring these abundant and rare bacterial community.
Results and discussion: Our findings revealed that variation in elevation and season exerted notably effects on the rare bacterial diversity. Despite the reactions of abundant and rare communities to the elevational gradient exhibited similarities during both summer and winter, distinct elevational patterns were observed in their respective diversity. Specifically, abundant bacterial diversity exhibited a roughly U-shaped pattern along the elevation gradient, while rare bacterial diversity increased with the elevational gradient. Soil moisture and N:P were the dominant factor leading to the pronounced divergence in elevational distributions in summer. Soil temperature and pH were the key factors in winter. The network analysis revealed the bacteria are better able to adapt to environmental fluctuations during the summer season. Additionally, compared to abundant bacteria, the taxonomy of rare bacteria displayed a higher degree of complexity. Our discovery contributes to advancing our comprehension of intricate dynamic diversity patterns in abundant and rare bacteria in the context of environmental gradients and seasonal fluctuations.

Keywords
 abundant bacteria; elevation; rare bacteria; season; soil physico-chemical properties; subtropical mountain ecosystems


1 Introduction

Soil bacteria are essential drivers of biogeochemical processes and productivity of terrestrial ecosystem (Saleem et al., 2019; Hou et al., 2020). Moreover, the soil bacterial communities exhibited substantial rare species and few abundant species (Dong et al., 2021; Wang et al., 2021a). In terrestrial ecosystems, abundant species are prominent members involved in ecosystem nutrient cycling (Kurm et al., 2019). Additionally, rare species, despite their low abundance, may exhibit heightened metabolic activity relative to abundant taxa under similar environmental conditions (Jousset et al., 2017; Xue et al., 2018). Moreover, they can function as keystone species, performing a crucial function in regulating ecosystem functions (Singh B. K. et al., 2014; Zhang et al., 2020). Hence, it is apparent that both abundant and rare bacteria assume the primary role in regulating ecosystem functions. To date, numerous studies have been conducted on abundant and rare bacterial communities in divergent ecosystems (Du et al., 2020; Wang et al., 2021b; Zhao et al., 2022; Zhang et al., 2023). However, inconsistent results have been reported regarding the community diversities and driving factors of abundant and rare bacteria (Hou et al., 2020; Su et al., 2022). Therefore, comparing the distribution patterns and drivers of soil abundant and rare bacterial community diversities in mountain ecosystems may provide more insightful knowledge about soil bacterial communities.

Abundant and rare bacteria exhibit different responses to soil factors, leading to distinct distribution patterns (Zeng and An, 2021; Wang et al., 2021a). Soil pH is widely recognized as a crucial variable influencing the diversity of soil bacterial communities (Ni et al., 2021; Zou et al., 2023). The diversity of abundant bacteria peaks at a moderate pH, while the diversity of rare bacterial communities increases in more acidic and alkaline soils (Hou et al., 2020). Additionally, changes in temperature are likely to be a better predictor of bacterial community diversity than soil pH (Zhou et al., 2016). Temperature can affect soil water and nutrient availability (Wang J. et al., 2017), with the abundance of abundant bacteria increasing significantly with rising temperature, while rare bacteria show the opposite trend in temperate desert regions (Wang et al., 2021a). Soil properties exert a substantial influence on abundant and rare bacterial distribution (Ji et al., 2020), but its relative impacts vary depending on the geographic scale and ecosystem type. For example, within agricultural ecosystems, soil pH predominantly drives the composition of the abundant bacterial community, while temperature plays a essential role in formation of these rare bacteria (Jiao and Lu, 2020). Additionally, the abundant bacterial community is primarily influenced by soil organic carbon (C), pH and plant richness, while the factors affecting rare bacterial communities are soil nitrogen (N) concentration and pH in the Tibetan Plateau (Jiang et al., 2019). In summary, the diversity generation and maintenance mechanisms exhibit notable differences between abundant and rare bacterial communities, which indicates that they may have different responses to potential future climate fluctuations (Jiang et al., 2019).

Understanding how biodiversity responds to elevational gradients provides valuable insights into comprehending how climate change affects ecosystems (Li et al., 2017). The contrasting ecological functions of abundant and rare bacterial groups contribute to their varying sensitivities and adaptive capacities in the face of changing environmental conditions. Abundant species demonstrate a broader capacity for adaptation across a wide range of environmental gradients. In contrast, rare bacteria exhibit a closer relationship to specific environmental changes, such as variations in soil temperature and pH (Wan et al., 2021). More importantly, the association between elevational gradients and variation in specific environmental parameters, such as temperature and nutrient content, has been well-documented (Li et al., 2020). These environmental variables play a pivotal function in forming the both abundant and rare bacterial communities and their respective diversity (Jiao and Lu, 2020). Consequently, distribution trends of abundant and rare bacterial diversity may vary prominently along elevations. However, it is significant to note that most studies on elevational gradients have primarily focused on total soil bacterial communities (Ren et al., 2021; Tian et al., 2023), and the patterns of soil bacterial diversity have varied, including instances of increase (Duan et al., 2021), decrease (Zhang et al., 2022), and hump-shaped patterns (Tian et al., 2021). Only limited research has explored the trends of abundant and rare bacteria along elevational gradients, and these studies have been primarily conducted in aquatic ecosystems (Li et al., 2017; Liu et al., 2019). Thus, additional studies addressing the changing patterns and drivers along elevational gradients of these two bacterial diversities in montane ecosystems are essential for a comprehensive understanding of the elevational patterns of microbial diversity.

Apart from the elevational gradients, season can influence the bacterial community through various mechanisms, including the effects of plant photosynthesis. Seasonal changes in plant activity, such as litter fall and nutrient absorption, can impact bacterial communities by providing organic matter and altering nutrient availability in the soil. Moreover, seasonal variations of soil properties (e.g., temperature and moisture) could directly influence bacterial community composition and activity (Bardgett et al., 2005). Soil moisture is a decisive factor that profoundly influences microbial physiological activity by influencing soil physical structure and nutrient effectiveness (Li et al., 2021). The seasonal fluctuation in soil moisture can exert a significant impact on the total soil microbial community (Barnard et al., 2013). However, the microcosm experiment with three wetting-drying cycles demonstrated that temporal factors, specifically the number of cycles, exerted a more prominent influence on the abundance and diversity of both abundant and rare bacteria compared to soil moisture (Li et al., 2021). Furthermore, rare bacteria in subtropical region were not significantly influenced by seasonal precipitation variation (Zhao et al., 2017). Temperature exerts a direct control on the acceleration of metabolic rates and biochemical processes, making it a primary driving factor for all biological processes (Gillooly et al., 2001). Therefore, considering the influence of seasonal temperature changes is vital for understanding the responses of abundant and rare bacterial communities in various ecosystems. Despite accumulation of some research in the field, there remains a substantial gap in knowledge of the dynamics of both these bacterial communities along elevational gradients and their responses to seasonal variations and soil physico-chemical properties. This knowledge gap is particularly evident in subtropical mountain ecosystems characterized by distinct elevational gradients and pronounced variations in temperature and precipitation between winter and summer. Therefore, further investigations are warranted to explore and unravel the intricate associations between bacterial communities, environmental parameters, and ecosystem dynamics in these specific subtropical mountain ecosystems.

In present study, we intend to survey the distribution trends of both abundant and rare bacterial communities across a wide range of elevations, ranging from 430 to 2,100 m, in a field experiment conducted at Wuyi Mountain, China. Additionally, we will explore the soil factors that drive the observed patterns of bacterial community distribution. This primary objective of this study is to survey the impact of soil factors at different elevations and seasons on the composition and dynamic of these two communities. By examining the microbial diversity, community structure, and co-occurrence patterns, we aim to build a deeper knowledge of how these aspects of microbial ecology responds to global climate change. Specifically, this study is designed to address two fundamental objectives that are crucial for understanding bacterial community dynamic in subtropical mountain ecosystem: (1) Uncovering the change patterns of diversity in abundant and rare bacterial communities along elevational gradients in different seasons is the focus of this study. Given that abundant and rare taxa possess completely divergent ecological functional traits (Liang et al., 2020; Wan et al., 2021), we hypothesized that abundant and rare bacterial diversity would exhibit differences, or even contradictions, along the elevational gradient. (2) Identifying the primary factors influencing the distribution of these two communities in subtropical mountain ecosystems. In general, rare taxa are more sensitive to environmental change than abundant taxa (He J. et al., 2023), we hypothesized that soil properties would exert a significant influence on the elevational patterns of these two bacterial communities; however, soil properties would have a more significant impact on the rare bacterial community compared to abundant bacteria. It will offer insightful information on the ecological mechanisms and processes governing the distribution of abundant and rare bacteria in a context of changing environmental conditions by addressing these fundamental questions.



2 Materials and methods


2.1 Study location

The study area was located in Wuyi Mountain National Park, China (27°48′11″-28°00′35” N, 117°39′30″–117°55′47″ E). This region is characterized by a subtropical central monsoon climate zone, with elevations ranging from 350 to 2160.8 m. The average annual temperature in the area ranges from 13.2 to 14.8°C. As for precipitation, the average annual rainfall in the zone is reported to be within the range of 1813–3,544 mm. In August and December 2020, four specific elevational gradients (430, 1,200, 1700, and 2,100 m) were selected. At each of these elevational gradients, three 20 × 20 m plots were established with a separation distance of more than 20 m between plots. Soil temperature (ST) was monitored using a TMS temperature and humidity recording instrument (TMS-5) in each plot at the four elevational gradients.



2.2 Soil sampling and analysis

After removing surface litter layer, 0–15 cm soil was collected using the five-point method (Dear et al., 1992) in each sample plot. In total, 80 soil samples (4 elevational gradients × 2 seasons × 10 replicates) were collected in this experiment. Soil physico-chemical properties were determined following standard protocols. The gap in weight between dry and fresh soil after being dried to a weight that remains at 105°C is referred to as soil moisture (SM). The pH was detected by testing a 1:2.5 of air-dried soil to water mixture applying a pH meter (STARTER 300, Ohaus, USA). Soil total C (TC), N (TN) and P content (TP) were determined using air-dried soil crushed with a grinder after passing through a 100-mesh sieve. TP was measured through digesting samples with H2SO4-HClO4 (4,1). TC and TN were measured by a CHNOS elemental analyzer (Elementar Vario EL III, Elementar, Germany). Soil NH4+-N and NO3−-N content were extracted using a 2 mol·L−1 KCl solution at a ratio of 1:4. Dissolved organic C (DOC) and N (DON) were extracted using deionized water (1,4 fresh soil, water). The soil-water mixture was shaken for 30 min to facilitate the extraction of organic carbon and nitrogen compounds. The extracted solutions were then measured using a TOC analyzer (TOC-VCPH/CPN, Shimadzu, Japan). The continuous flow analyzer (San + +, Skalar, Netherlands) were used to detected NH4+-N, NO3−-N, TP and DON.



2.3 Soil bacterial community analysis

We extracted soil genomic DNA using the DNeasy® PowerSoil® Pro Kit (QIAGEN, USA), and determined of the DNA extracts using a NanoDrop 2000 UV–Vis spectrophotometer (Thermo Scientific, Wilmington, USA). 338F and 806R primers were utilized for amplicon sequencing of the V3-V4 region of the 16S rRNA gene. Paired sequencing was performed on amplicons utilizing the MiSeq PE300 platform (San Diego, CA, USA). Raw data were upload to the NCBI database (Accession Number: SRP437273). The raw sequencing data were processed using fastp (Chen et al., 2018) and FLASH (Magoč and Salzberg, 2011). The Uparse method was employed to cluster sequences into operational taxonomic units (OTUs) based on the threshold of 97% similarity (Stackebrandt and Goebel, 1994; Edgar, 2013), and chimeric sequences were identified and removed. The 16S rRNA database (Silva v138) was analyzed for taxonomy with RDP classifier (Wang et al., 2007). Detailed methods of sequencing are provided in Supplementary Information. OTUs with a relative abundance >0.1% were considered “abundant” in one sample, while those with a relative abundance <0.01% were classified as “rare” in one sample (Zheng et al., 2021; Zhao et al., 2022). Among these OTUs, 4,322 OTU were classified as rare taxa, and 1,103 OTU were assigned as abundant taxa, respectively.



2.4 Statistical analysis

The calculation of abundant and rare bacterial α-diversities was performed by mothur software (v.1.30.2). We assessed data for compliance with homogeneity of variance and normality before conducting one-way ANOVA and t-tests. If the assumptions were not met, the Kruskal–Wallis test and the Wilcoxon rank-sum test were used to evaluate elevational and seasonal differences in α-diversities. The results were visualized based on the “ggplot2” R package in R 4.2.2. We constructed linear mixed-effects models (LMM), where elevation and season are fixed factors and block is a random factor, to evaluate whether elevation, season and their interactions have an effect on abundant and rare bacterial diversity.

We employed a Veen plot analysis to assess the shared and unique OTUs among total, abundant, and rare bacterial taxa across different elevations and seasons. To examine the community structure of the total, abundant and rare bacterial communities, principal coordinate analysis (PCoA) were employed based on Bray–Curtis dissimilarity matrices. Analysis of similarities (ANOSIM) were utilized to assess the significance of elevation and seasonal differences in community. Soil physico-chemical properties was selected by the variance inflation factor (VIF) analysis, and those exhibiting VIF >10 were excluded to mitigate the influence of multicollinearity (Hair, 2011). We first performed detrended correspondence analysis (DCA) to calculate the gradient length using species-sample data (OTU table with 97% similarity). If the first axis of gradient lengths was greater than or equal to 3.5, canonical correspondence analysis (CCA) was used. If it was less than 3.5, redundancy analysis (RDA) was adopted to assess the effects of soil physico-chemical properties on microbial communities (Shankar et al., 2017; Liu et al., 2023). The significant influencing factors were determined based on permutest analysis. A heatmap was created to visualize and assess the correlation between the top 5 most abundant taxa in the total, abundant and rare bacterial communities and soil properties. The above analyses and Phyla composition plot were done on Majorbio Cloud Platform1.

Modified normalized stochasticity ratio (MST) analysis based on the Bray-Curtis distance and the Jaccard distance was performed by using the NST package of the R software to quantitatively evaluate the relative importance of deterministic and stochastic assembly processes for abundant and rare bacterial community (Guo et al., 2018; Ning et al., 2019; Guo et al., 2021). The Wilcox test was used to compare whether there were significant differences in MST values between the two groups.

The interaction patterns between abundant and rare bacterial communities at each elevation in summer and winter were investigated using network analysis. Only the sample discovery rate of OTUs >20% was adopted in the analyses. First, we utilized the “rcorr” function in the “Hmisc” R package to get the Spearman correlation coefficient (ρ) between the two OTUs. The link between two OTUs was deemed robust when the ρ > 0.8 and FDR-corrected p < 0.01. Then we use the “igraph” R package to generate a network graph file in gml format, and import Gephi v. 0.9.2 to visualize the correlation network. The number of nodes and edges, the average path length, the average degree, the average clustering coefficient, and the modularity were calculated to characterize the topological properties of the generated network levels. The fast greedy modularity optimization algorithm was employed to identify distinct modules or communities within the network. We identify the topological roles played by specific network nodes based on the thresholds of Zi and Pi (Ling et al., 2016). The topological roles of network nodes are clustered into four categories:modular hubs (Zi > 2.5, Pi <0.62), network hubs (Zi > 2.5, Pi >0.62), connectors (Zi < 2.5 and Pi >0.62) and peripheral (Zi < 2.5, Pi <0.62). Based on the degree of connectivity between each network node, keystone species were found. The other three types except peripherals were usually keystone species (Deng et al., 2012; Banerjee et al., 2016).




3 Results


3.1 The variation of soil properties along the elevational gradients across different seasons

Elevation, season and their interaction have significant impact on soil physico-chemical properties (LMM, p < 0.05) (Supplementary Table S1). Most of soil physico-chemical properties differ remarkably along the elevational gradients across different seasons (p < 0.05) (Supplementary Table S2). For example, TC, TN, and TP showed a significant increase with increasing elevation at summer (One-way ANOVA, p < 0.05), TC at 1200 m was notably higher than that at 430, 1700 and 2,100 m in winter, TN at 1200 m was dramatically higher than that at 430 m in winter. TP increased notably with increasing elevation in winter (One-way ANOVA, p < 0.05). There were remarkable seasonal differences in the ST, NH4+-N, TC, TN, and TP at the same elevational gradient (t-test, p < 0.05).



3.2 Distributions patterns of soil abundant and rare bacterial diversity and community along an elevational gradient and across different seasons

Elevation and season exert a profound influence on the rare bacterial diversity, with elevation exerting a stronger effect compared to seasonal variation (LMM, p < 0.001) (Supplementary Table S4). On the contrary, elevation, season and their interaction had no influence on abundant bacterial diversity (Supplementary Table S4). Here, the total and abundant bacterial diversity initially decreased and then increased with elevation, while rare bacterial diversity showed a consistent increase with increasing elevation (Figure 1). The Shannon and Simpson values of total, abundant and rare bacterial diversities exhibited similar change over with elevation in summer and winner (Figure 1). Specifically, At 1200 m, the Shannon index values of abundant bacteria in summer were markedly higher than in winter (t-test, p < 0.05) (Figure 1B and Supplementary Table S3). At 1700 m, the Simpson index values of rare bacteria in winter were dramatically more than in summer (Figure 1F and Supplementary Table S3), while Shannon index values was higher in summer (Figure 1C and Supplementary Table S3). Our findings illustrated that abundant and rare bacterial diversity were higher during the summer season compared to winter.

[image: Six line graphs labeled A to F compare biodiversity indices between summer and winter across elevations from four hundred thirty meters to two thousand one hundred meters. Graphs A to C use Shannon diversity index, while D to F use Simpson diversity index. Each graph shows differing patterns, with summer data generally higher than winter for the Shannon index, and mixed results for the Simpson index. Error bars indicate variability.]

FIGURE 1
 The line and symbol plot of soil bacterial α-diversities along elevational gradients. Shannon of total (A), abundant (B), and rare (C) bacteria in soil along elevational gradients at different seasons, respectively. Simpson of total (D), abundant (E), and rare (F) bacteria in soil along elevational gradients at different seasons. Values are means ± SE (n = 10). The red lines and error bars represent bacterial α-diversities in summer. The blue lines and error bars represent bacterial α-diversities in winter.




TABLE 1 Soil physico-chemical properties measured and their abbreviations.
[image: Table listing soil physico-chemical properties, their acronyms, and units. Properties include soil moisture (SM, %), temperature (ST, °C), pH, ammonium nitrogen (NH₄⁺-N, mg·kg⁻¹), nitrate nitrogen (NO₃⁻-N, mg·kg⁻¹), total carbon (TC, g·kg⁻¹), total nitrogen (TN, g·kg⁻¹), total phosphorus (TP, g·kg⁻¹), carbon to nitrogen ratio (C:N), carbon to phosphorus ratio (C:P), nitrogen to phosphorus ratio (N:P), dissolved organic-carbon (DOC, mg·kg⁻¹), and dissolved organic-nitrogen (DON, mg·kg⁻¹).]

PCoA analysis indicated that components 1 and 2 explained 33.51 and 21.37% variation of abundant bacterial communities, respectively (Figure 2B). explained 4.64 and 3.93% variation of rare bacterial communities (Figure 2C). Analysis of similarities (ANOSIM) revealed significant elevational variations in the abundant and rare bacterial community during both the summer and winter seasons (Supplementary Table S6, p < 0.001). Under the same elevation gradient, these two communities also exhibited remarkable seasonal divergences, except for the rare bacterial communities at 2100 m, which did not show significant seasonal differences (Supplementary Table S7).

[image: Three scatter plots labeled A, B, and C, display data distributions with different clusterings. Plot A compares total data, Plot B focuses on abundant data, and Plot C shows rare data. Each plot uses axes labeled PC1 and PC2 with various shapes and colors representing different elevation and seasonal categories. The data points are enclosed in ellipses to indicate clusters. Correlation coefficients and significance levels are noted at the top of each plot.]

FIGURE 2
 Total (A), abundant (B), and rare (C) bacterial communities in soil at different elevational gradients and seasons identified by principal co-ordinates analysis (PCoA) at the OTU level (n = 80). The dots represent summer and triangles represent winter. Different colors represent 430, 1,200, 1700, and 2,100 m, respectively.


The rare bacteria display a larger number of taxonomic groups compared to the abundant bacteria (Supplementary Figure S1). The dominant phyla of total bacteria was Proteobacteria (Supplementary Figures S1A,B). The relative abundance of Planctomycetota exhibited a consistent variation with elevation within each season among the abundant bacterial taxa (Supplementary Figures S1C,D). Dependentiae, Bdellovibrionota, Patescibacteria, Bacteroidota, Cyanobacteria, Elusimicrobiota, Armatimonadota, and Gemmatimonadota were particular to rare bacterial taxa (Supplementary Figures S1E,F). The Veen plot analysis revealed that a substantial proportion (69.17%) of OTUs in abundant bacterial taxa were shared across all four elevations and both seasons. However, the percentage of shared OTUs for rare bacterial taxa (0.53%) was notably lower. Rare bacterial taxa showed a remarkable separation compared to abundant bacterial taxa (Supplementary Figure S2).

The MST ratio indicated that the abundant bacterial community in both summer and winter was predominantly driven by deterministic assembly processes (MST < 50%). Moreover, there was no significant difference in MST values between summer and winter (Supplementary Figure S3A), suggesting that deterministic processes exert nearly identical effects on abundant bacterial communities in both summer and winter. However, rare bacterial community were primarily influenced by stochastic processes (MST > 50%). Additionally, the MST values of rare bacterial communities in summer were significantly higher than those in winter (p < 0.05) (Supplementary Figure S3B), indicating that rare bacterial taxa in summer are more affected by dispersal limitations.



3.3 Driving factors influencing the distribution trends of both abundant and rare bacterial communities

The physico-chemical properties of the soil have a greater impact on rare bacterial diversity than on abundant bacteria. TN has larger effects on the rare bacterial diversity, while DOC and DON exhibit greater effects on abundant bacterial α-diversity. Bacterial diversity is found to be significantly influenced by SM and pH (Spearman rank correlation test, p < 0.05) (Supplementary Table S5).

Soil TC, N:P, C:N, pH, SM, NH4+-N, NO3−-N, DON, and DOC had remarkable effects on abundant and rare bacterial communities in summer. Meanwhile, SM (Permutest, R2 = 0.8368, p < 0.001) and N:P (R2 = 0.8094, p < 0.001) were the major factor contributing to the elevational difference in these two communities at summer, respectively (Figure 3 and Supplementary Table S8). ST, pH, NH4+-N, NO3−-N, C:N, N:P, DON were driving factors for abundant and rare bacterial communities in winter. Moreover, ST (R2 = 0.8034, p < 0.001) and pH (R2 = 0.8840, p < 0.001) were the main factor contributing to the difference in these two communities along elevational gradient in winter, respectively (Figure 3 and Supplementary Table S9).

[image: Six plots display RDA and CCA analyses on OTU levels for summer and winter, across total, abundant, and rare categories. Axes are labeled with RDA or CCA percentages. Points are color-coded by altitude and shapes denote seasons. Arrows indicate environmental variables like pH, NH4+-N, and DON. Each plot highlights different distributions and influences among the variables.]

FIGURE 3
 The redundancy analysis (RDA) or canonical correspondence analysis (CCA) plot showing the factors driving the total (A), abundant (C), and rare (E) bacterial communities in summer and the total (B), abundant (D), and rare (F) bacterial communities in winter, respectively (n = 80). Different colors represent 430, 1,200, 1,700, and 2,100 m, respectively. Dots represent summer and triangles represent winter. Abbreviations for soil physico-chemical properties are shown in Table 1.


For in summer, Proteobacteria of abundant bacterial community has more environmental associations than rare bacteria, whereas Chloroflexi of rare bacterial community has more environmental associations than abundant bacteria (Figures 4C,E). For in winter, however, the impact of soil physico-chemical properties on Proteobacteria and Chloroflexi of abundant bacteria are similar with rare bacteria (Figures 4D,F). Proteobacteria and Chloroflexi showed significant negative and positive correlation with soil pH, respectively (Figure 4). Soil NH4+-N had no significant effect on the top 5 most abundant taxa in the abundant and rare bacterial communities in summer (Figures 4C,E), while significantly affecting them in winter (Figures 4D,F). NO3−-N was positively correlated with Actinobacteriota of abundant bacteria, and negatively correlated with Verrucomicrobiota of rare bacteria (Figure 4).

[image: Heatmaps illustrating microbial community structures for different seasons and categories. Panels A and B show total communities for summer and winter, with color gradients from blue (0.6) to red (-0.6) indicating correlation values. Panels C and D depict abundant communities, and panels E and F display rare communities. Rows represent microbial groups, and columns are environmental variables like pH and DON. Statistical significance is marked with asterisks. Dendrograms indicate clustering patterns.]

FIGURE 4
 Spearman correlation heatmap showing the relationship between soil physico-chemical properties and the top 5 most abundant taxa in the total (A), abundant (C), and rare (E) bacterial communities in summer, and the total (B), abundant (D), and rare (F) bacterial communities in winter, respectively (n = 80). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Red indicates a negative correlation, blue indicates a positive correlation, and the color interval of different R values is displayed on the scale on the right side. Abbreviations for soil physico-chemical properties are shown in Table 1.




3.4 Interaction network of abundant and rare bacterial community across seasons

Spearman correlation coefficients were employed to generate interaction network between abundant and rare bacterial communities at each elevational gradient during summer and winter to investigate co-occurrence patterns (Figure 5). Here, the majority of nodes were classified as rare bacteria, while only few nodes were categorized as abundant bacteria in both the summer and winter at each elevational gradient (Supplementary Table S10). Notably, most connections (abundant-rare, abundant-abundant and rare-rare taxa) between OTUs had positive correlations (Supplementary Table S11). Comparing with the topological properties of the network level, it can be found that the nodes, links, average degree and clustering coefficient of summer network at each elevational gradient were greater than in the winter network, indicating that the connectivity in summer was higher, compared with winter, and the relationship was closer (Supplementary Table S10). In general, the nodes and links of rare bacteria are higher than abundant bacteria at each elevational gradient in summer and winter (Supplementary Tables S10, S11), indicating that rare bacterial composition was more complex than abundant bacteria. Microbial networks at each elevational gradient were distinctly different, the connections at 1700 m were higher than other elevational gradients (Supplementary Table S10), which suggested a complex and stable bacterial community at 1700 m (Figure 5 and Supplementary Table S10).

[image: Eight circular diagrams labeled A to H, displaying distributions of abundant and rare elements. Red and blue lines indicate positive and negative trends, respectively. Each circle contains clusters of black and blue circles.]

FIGURE 5
 Co-occurrence networks of soil bacteria at 430 m (A), 1,200 m (C), 1700 m (E), 2,100 m (G) in summer, and at 430 m (B), 1,200 m (D), 1700 m (F), 2,100 m (H) in winter were investigated by network analysis (n = 80). The connection demonstrates a robust correlation (Spearman’s r > 0.8) that is statistically significant (p < 0.01). Topological properties of networks were shown in Supplementary Table S11.


The topological roles of nodes are discriminated using Zi-Pi plots (Supplementary Figure S4). Nodes assigned to module hubs, network hubs and connectors are generalists, which were considered as the key organisms in microbial communities (Montoya et al., 2006). According to the topological roles of the eight networks, a total of 751 connectors were identified in summer networks, including 335 abundant species and 416 rare species, and 641 connectors were identified in winter networks, including 310 abundant species and 331 rare species (Figure 5). In general, connectors were observed in both summer and winter bacterial networks, only one rare bacterial node (OTU5859) classified as a modular hub at 1700 m in summer, and no network hubs were observed.




4 Discussion


4.1 Distribution patterns of abundant and rare bacterial diversity, community and co-occurrence along elevational gradients and seasons

The study revealed distinct patterns in abundant and rare bacterial diversity along elevational gradient in subtropical mountain ecosystems, which is harmony with the outcome of Li et al. (2017). Interestingly, despite the differences in diversity patterns, both these two communities displayed similar responses to the elevational gradient in summer and winter. Generally, total and abundant bacterial diversity first decreased and then increased with elevation, and the lowest α-diversity was observed at 1700 m. In contrast, rare bacterial α-diversity were highest at 1700 m (Figure 1 and Supplementary Table S3). Together, the diversity patterns of both these two bacterial communities varies response to environmental changes along the elevational gradient, thereby supporting our initial hypothesis. Environment has an essential function in shaping the abundance and distribution patterns. Persistent environmental changes have distinct effects on these two groups, leading to different response (Pedrós-Alió, 2012; Jiao et al., 2019). Temperature, moisture and nutrient availability in temperate desert systems are associated with higher richness of abundant bacteria, while resulting in a decline of rare bacteria (Wang et al., 2021a). In present study, DOC and DON showed the highest values at 1700 m elevation (Supplementary Table S2). Interestingly, we found contrasting relationship between these soil factors and abundant and rare bacterial diversity (Supplementary Table S5). Specifically, we discovered that abundant bacterial diversity was negatively associated with the levels of DOC and DON. In contrast, we observed a positive correlation between the rare bacterial diversity and the levels of DOC and DON.

Elevation plays a pivotal role in practically shaping soil microbial bacterial communities (Singh D. et al., 2014; Tian et al., 2023). Elevational gradients exerted a substantial impact on abundant and rare bacterial communities, thereby demonstrating a consistent response of these communities to the elevational gradient (Figure 2 and Supplementary Table S6). This may be explained by similarity in soil physico-chemical properties, which exerted comparable effects on these communities (Figure 3 and Supplementary Tables S8, S9). However, elevational gradients and seasons explained 54.88% variation of abundant bacterial community; while only 8.57% variation of rare bacterial community were explained (p < 0.01, Figure 2). Hence, our findings suggest that these two communities exhibit similar responses to changes induced by elevations and seasons, but have divergent intensive responses. Specifically, the abundant bacterial community appears to be more strongly influenced by environmental variables along elevational gradients and across seasons. The result of MST ratio also indicated abundant bacterial communities was more strongly driven by deterministic assembly processes in summer and winter (MST < 50%), while stochastic processes had a greater impact on rare bacterial community (MST > 50%) (Supplementary Figure S3). This observation aligns with previous studies in soil ecosystems, which have shown that deterministic processes related to environmental factors governed abundant bacterial communities. In contrast, the influences on rare bacterial communities are predominantly governed by stochastic processes, such as geographical distance (Hou et al., 2020).

All OTUs in abundant bacterial communities could be classified, while 5.18% of OTUs in rare bacterial communities could not be classified (Supplementary Figure S1). Indeed, our current understanding and expertise in microbial ecology are predominantly concentrates on abundant taxa, primarily owing to their higher relative abundance and easier detection in environmental samples. However, it is important to acknowledge that low-abundance rare microorganisms, despite their lower population sizes, play critical ecological roles and may have significant impacts on ecosystem functioning (Lynch and Neufeld, 2015). Rare species have more connections and nodes in ecological networks compared to abundant taxa (Figure 5 and Supplementary Table S11), indicating their potential importance in maintaining network stability and functioning. This suggests that rare taxa may serve as key species, contributing significantly to the overall network structure and functioning (Jiao et al., 2017). As shown by earlier research, nitrifying archaea with low abundance played a decisive function in the nitrogen biogeochemical cycle (Bahram et al., 2022). Indeed, rare bacterial communities, with their complex phyla composition, perform a paramount role in microbial diversity and contribute to ecosystem stabilization (Supplementary Figure S1). Their broad taxonomic diversity enhances functional redundancy and resilience to environmental disturbances, ensuring the continuity of important ecological processes (Xu et al., 2022).

Microorganisms engage in diverse ecological relationships, such as mutualism and competition, which contribute to the formation of complex interaction networks (Faust and Raes, 2012). In our study, the relationship between abundant and rare bacteria was predominantly positive (Supplementary Table S10), indicating a cooperative interaction between these groups (Ju et al., 2014). The frequent cooperation observed within both abundant and rare bacterial communities can strengthen their adaptability in the face of a changing environment. The presence of interaction networks among microbes can provide a buffer, allowing them to better cope with extreme environmental events. These networks facilitate the overall stability and adaptability of microbial communities (Konopka et al., 2015). Moreover, the quantity of positive connections among bacteria was greater in summer compared to winter (Supplementary Tables S10, S11). This suggests that bacteria exhibit stronger resistance and resilience to environmental disturbances during the summer season. Additionally, the number of co-occurring network nodes and links was found to be higher at high elevations compared to low elevations (Supplementary Table S10). This discovery aligns with earlier researches that have stated a greater abundance of network links and nodes at higher elevations (Ma et al., 2016).



4.2 Impact of soil physico-chemical properties on the abundant and rare bacterial community and diversity

Abundant and rare bacterial diversity were markedly associated with soil pH, indicating that pH had some effect on microbial diversity (Supplementary Table S5). This finding aligns with earlier research indicating the considerable contribution of pH on the overall soil bacterial community (Wang Y. et al., 2017; Wang et al., 2021b). Additionally, soil bacterial diversity can be well predicted by changes in temperature (Zhou et al., 2016). However, soil temperature was only a significant factor of abundant bacterial diversity rather than rare bacterial diversity (Supplementary Table S5). This observation suggests that rare bacteria may possess adaptive mechanisms enabling them to tolerate and adapt to environment temperature variations (Wilson and Walker, 2010). Rare bacterial diversity was dramatically associated with NH4+-N compared to soil abundant bacterial diversity (Supplementary Table S5). A possible explanation for the observed patterns is that species in ecological systems may occupy specific ecological niches that are associated with the availability of nitrogen (Harpole and Tilman, 2007). It is likely that abundant and rare species coexist within the ecosystem by occupying distinct ecological niches that provide them with unique resource requirements and environmental conditions. This niche differentiation could contribute to the maintenance of abundant and rare species in the ecosystem. Rare taxa demonstrate a significant function in maintaining microbial diversity (Jiao et al., 2019). Rare bacterial diversity is highly responsive to even minor alterations in the soil environment (He J. et al., 2023). Observed the relative abundance and diversity of rare taxa were more susceptible to varying soil physicochemical properties along the elevational gradient than abundant taxa (Supplementary Table S5 and Figure 4). Our results support the notion that abundant taxa exhibit greater environmental resistance, while rare bacterial diversity is more sensitive to variations in the soil environment. Even a small negative change in the abundance of rare bacteria can have a disproportionate impact and potentially lead to their extinction (Pedrós-Alió, 2006).

Soil properties were the foremost determinants influencing regional and global soil microbial community patterns (Ma et al., 2015; He L. et al., 2023). Thus, quantifying the contribution of soil physico-chemical properties to shaping abundant and rare microbial communities is required. The distance decay theory, which asserts that the similarity of communities decreases as geographic distance increases, is a fundamental model in ecology (Soininen et al., 2007). Elevation-distance decay relationships are observed in both abundant and rare bacterial communities (Zhou et al., 2022). However, the abundant bacterial communities exhibit higher elevation-distance decay rates compared to rare bacteria (Li et al., 2017). This observation suggests that abundant bacterial communities may be more sensitive to elevation-related changes in soil properties than rare bacterial communities. Our results support this finding, as soil physico-chemical properties explained approximately 59.11 and 56.02% variation of the abundant bacterial community at summer and winter, respectively. The sensitivity of abundant bacterial communities to changes in soil factors induced by elevation gradients is believed to be higher. By contrast, only 6.95 and 7.41% of rare bacterial community variations could be explained (Figure 3). The composition and dynamics of the rare bacterial community may be influenced to a greater extent by other factors (e.g., stochastic processes), rather than by environmental factors such as soil physico-chemical properties (Li et al., 2017). Seasonal changes directly impact soil properties, which in turn influence the microbial community (Buscardo et al., 2018). Rare bacterial community are more connected with soil N:P, whereas soil moisture was the principal variable governing the difference of abundant bacterial communities in summer (Supplementary Table S8). However, soil temperature and pH play the predominant determinants in determining the elevational difference in winter, respectively (Supplementary Table S9). The results imply that soil physico-chemical properties made different contributions to the abundant and rare bacterial communities in the different season. This concurs with earlier study conducted by Su et al. (2022), which also observed distinct responses of these two communities to soil properties. First, soil physical properties, especially soil water content and temperature may be predictors of the seasonal changes of bacterial communities (Berg et al., 1998). Similarly, previous reports have emphasized the explicit contribution of soil pH in driving seasonal variations in bacterial community composition (Buscardo et al., 2018). This study further contributes to this understanding by highlighting the differential factors influencing the seasonal changes of abundant and rare bacterial communities in subtropical mountain ecosystem.

Soil physico-chemical properties are major factor in shaping top 5 most abundant taxa in these two communities (Figure 4). Some Proteobacteria is an autotrophic organism, which can utilize inorganic carbon sources for growth (Fierer et al., 2007). This explains why the Proteobacteria is positively correlated with the dissolved organic nitrogen content of the soil. Acidobacteriota, on the other hand, is considered to be a group of oligotrophic bacteria that are adapted to low-nutrient environments. They are often found to be more abundant in soils with low pH, suggesting a preference for acidic conditions (Fierer et al., 2007). The distinct ecological characteristics of Proteobacteria and Acidobacteriota contribute to their different responses to soil nutrient and pH conditions. The increase of pH and the decrease of C and N content are main reasons for the increase of Chloroflexi (Liu et al., 2020), which indicates a positive correlation between abundance of Chloroflexi and soil pH, as well as a negative correlation with soil nutrient levels (Figure 4). These observations highlight the response of Chloroflexi to variations in soil properties, particularly pH and nutrient availability.




5 Conclusion

In this study, we conducted an investigation into the elevational patterns and drivers of the both abundant and rare bacterial communities in different seasons. Our findings revealed abundant and rare bacterial communities respond similarly to elevational gradients; however, the elevational patterns of diversity were contrasting. Abundant bacterial diversity showed a U-shaped elevational pattern, while rare bacterial diversity increased with elevation. Soil properties played a prominent role in shaping the elevational patterns of abundant bacterial communities. Additionally, rare taxa, characterized by a larger number of nodes and connections in network, appeared to be of particular ecological importance. Overall, these findings expand upon existing knowledge regarding the elevational patterns of rare and abundant bacterial diversity and offer valuable insights into the ecological significance of these taxa.
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The Eurasian spruce bark beetle Ips typographus shapes the microbial communities of its offspring and the gallery environment
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The Eurasian spruce bark beetle (Ips typographus) is currently the most economically relevant pest of Norway spruce (Picea abies). Ips typographus associates with filamentous fungi that may help it overcome the tree's chemical defenses. However, the involvement of other microbial partners in this pest's ecological success is unclear. To understand the dynamics of the bark beetle-associated microbiota, we characterized the bacterial and fungal communities of wild-collected and lab-reared beetles throughout their development by culture-dependent approaches, meta-barcoding, and quantitative PCR. Gammaproteobacteria dominated the bacterial communities, while the fungal communities were mainly composed of yeasts of the Saccharomycetales order. A stable core of microbes is shared by all life stages, and is distinct from those associated with the surrounding bark, indicating that Ips typographus influences the microbial communities of its environment and offspring. These findings coupled with our observations of maternal behavior, suggest that Ips typographus transfers part of its microbiota to eggs via deposition of an egg plug treated with maternal secretions, and by inducing an increase in abundance of a subset of taxa from the adjacent bark.
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Introduction

Bark beetles (Curculionidae: Scolytinae) are a diverse group of coleopterans that reproduce inside the tissues of their host trees. These weevils contribute to cycling of nutrients and shaping the landscape of forest ecosystems, as most of them feed on weakened, windthrown or dead trees. However, a handful of bark beetle species are capable of colonizing and killing healthy trees (Raffa et al., 2015). The rise in global temperatures has allowed these beetles to increase their number of generations per year, while a higher incidence of extreme climatic events, such as drought, have made trees more susceptible to insect attacks (Netherer et al., 2021). Moreover, the intensification of forest management in the Northern Hemisphere has resulted in higher tree densities and increased connectivity of homogeneous forest patches. These abiotic and anthropogenic factors have driven recent bark beetle population outbreaks that resulted in considerable losses of forest area worldwide (Biedermann et al., 2019). The Eurasian spruce bark beetle (Ips typographus) is the most aggressive pest of Norway spruce (Picea abies: Pinaceae). In Europe, the number of trees killed by I. typographus has doubled in the past decade, and the number continues to increase. In 2019 alone, the volume of timber affected by bark beetles in Europe was estimated at 70.1 Mm3 (Patacca et al., 2023).

Insect-microorganism associations are widespread and diverse, ranging from pathogenic to mutualistic. The insect body provides multiple habitats for microorganisms to colonize. In turn, fungi and bacteria may carry out tasks that allow the insects to thrive in challenging environments, such as providing essential nutrients, detoxifying harmful dietary molecules, producing volatiles involved in insect communication, and defending their hosts against natural enemies (Douglas, 2015). Bark beetles form symbiotic associations with fungi of diverse taxonomical groups, and, similar to ambrosia beetles, several bark beetle species have dedicated structures (i.e., mycangia) in which they harbor their fungal partners in a yeast-like phase (Francke-Grosmann, 1967). The Eurasian spruce bark beetle associates with Sordariomycetes fungi from the genera Endoconidiophora, Ophiostoma, and Grosmannia. While no mycangia are known in I. typographus, these beetles appear to carry fungal spores attached to pits in their elytra to vector the fungi to a new host tree (Six and Wingfield, 2011). The fungal ectosymbionts are thought to facilitate beetle attack on the tree in various ways. Endoconidiophora polonica may hasten tree death, since it is capable of killing healthy spruce even in the absence of bark beetles (Krokene and Solheim, 2002). Different strains of Endoconidiophora, Ophiostoma and Grosmannia may degrade tree defense metabolites (phenolic compounds) and use them as a carbon source, or metabolize them (oxygenated monoterpenes) to generate volatile cues that attract the beetles (Zhao et al., 2019; Kandasamy et al., 2023). However, the relevance of fungal ectosymbionts in promoting a successful beetle invasion has yet to be determined in natural settings (Six and Wingfield, 2011).

Although spruce bark beetle-fungi-spruce interactions have been intensively researched, the roles of other microorganisms in the invasive success of I. typographus remain poorly understood. Recent efforts to characterize the bacteria and fungi associated with this insect have increased our knowledge of the taxonomical composition of the fungal and bacterial communities (Fang et al., 2020; Chakraborty et al., 2023; Moussa et al., 2023; Veselská et al., 2023). However, the transmission mode of the microbiota has not been elucidated, as there is a lack of behavioral studies and quantitative data on the microbial loads present throughout the beetle's life cycle. Moreover, a large portion of experimental bark beetle research relies on laboratory-reared colonies. The effect of such rearing systems on the microbiome and the implications of possible lab-associated changes for the outcome of other experimental work on the beetles are unknown.

In this study, we used microbiological and molecular techniques to characterize the microbial communities associated with wild-collected and laboratory-reared bark beetles. We combined behavioral observations of the beetles with data on the composition and quantities of microbes to shed light on their transmission route.



Materials and methods


Laboratory rearing of I. typographus

A continuous rearing of I. typographus was established in the laboratory in the summer of 2021. The initial population was started with adult beetles captured in a state-owned forest near Jena, Germany (50°54'28.3"N 11°39'28.9"E). A healthy Norway spruce tree (Picea abies) was felled monthly from the aforementioned location and cut into 25 cm long logs. The logs' cut ends were coated in paraffin to prevent desiccation and placed individually in plastic boxes with a metallic mesh on the lid. Each log was exposed to 40 adult beetles and kept in a walk-in rearing chamber (Viessmann) with 16 h of light and 8 h of darkness at a temperature of 25°C and relative humidity of 60%. The colony has now been kept for over 14 generations.



Isolation of bacteria from bark beetle guts and maternal oral secretions

Three larvae and three teneral adults from a wild collection, plus four mature adults from the laboratory colony were anesthetized for 1 min at −20°C, washed individually in 0.1% SDS sterile solution inside of a microcentrifuge tube, and shaken for 30 s. Then the individuals were transferred to another microcentrifuge tube with 70% ethanol and were shaken for 30 s. Subsequently, each specimen was washed thrice in sterile 1x PBS. The gut was dissected and homogenized with a sterile micropestle in 500 μL of 1 x PBS. The sample was vortexed for 10 s and then serially diluted up to 1 × 10−4. Each dilution was plated twice (100 μL) on lysogeny broth (LB) agar and incubated at 25°C and 28°C, respectively, for 48 to 96 h. Individual colonies were picked and streaked out three subsequent times to obtain pure cultures.

To isolate microorganisms from female oral secretions, five female beetles were collected during egg-laying from the laboratory rearing. They were gently rinsed with sterile distilled water and allowed to walk in a clean Petri dish until they were dry. A 50 μL drop of sterile 1x PBS was placed in the middle of an LB agar plate. The maternal oral secretions were collected by holding the female with sterile forceps and placing its mouthparts in contact with the PBS drop in the agar plate for 10 s−15 s. The PBS drop was plated and incubated at 28°C for 48 h to 96 h. Individual colonies were picked and streaked out three subsequent times to obtain pure cultures. These pure cultures were grown in liquid LB medium at 28°C and 300 rpm for 12 h. The resulting liquid cultures were used to create glycerol stocks that were kept at −80°C for long-term storage.



Identification of bacterial isolates

Liquid cultures of all the isolates were prepared by dipping an autoclaved toothpick in a single colony and inoculating 7 mL of LB liquid medium in a 15 mL Falcon tube with a vented lid. The cultures were incubated for 24 h at 28°C and 250 rpm. Then, 1 ml of the culture was transferred to a 1.5 ml microcentrifuge tube and centrifuged at 16,000 g for 1 min. The supernatant was discarded and the pellet was re-suspended in 1x PBS by vortexing for 10 s. The sample was centrifuged again and the supernatant discarded. The washing step in PBS was repeated twice and the pellet was stored at −80°C until DNA was extracted. The MasterPureTM complete DNA and RNA isolation Kit (Epicenter Technologies) was used following the manufacturer's protocol. The extracted DNA was used for isolate identification using the primers fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and rP2 (5′-ACGGCTACCTTGTTACGACTT-3′) targeting the bacterial 16S rRNA gene (Weisburg et al., 1991). For amplification, 1 μl of DNA was used in a 25 μl PCR reaction with the Taq PCR Master Mix Kit (Qiagen) under the following cycling conditions: 94°C for 3 min, 35 cycles of 94°C for 60 s, 57°C for 60 s, 72°C for 60 s, and a final extension at 72°C for 10 min. The PCR products were cleaned with the DNA Clean and Concentrator-5 kit (Zymo Research) following the manufacturer's protocol and sequenced bidirectionally on a 3730XL DNA Analyser (Applied Biosystems from Thermo Fisher Scientific). Reads with minimum 700 bp and quality > 70% were used. The resulting forward and reverse sequences were trimmed by removing parts with >5% chance of error base and aligned using Geneious Prime version 2022.1 to create a consensus sequence. These consensus sequences were blasted against the NCBI database and the taxonomy was assigned to the species level when possible (>99% identity match) or to the genus level. Later, the sequences were also blasted against the 16S rRNA amplicon sequencing dataset generated in this study to confirm their presence in other sampled individuals. Isolates with no matches within the culture-independent microbiota profiling analysis were considered contaminants and removed from the isolate collection.



Sample collection for culture-independent microbial community analysis

To characterize the microbiota of field-collected beetles, insects were collected between June and July 2021 near Jena, Germany (50°54'28.3"N 11°39'28.9"E). Mature adults and larvae were collected from five standing spruce trees. When possible, more than one gallery was sampled from each tree, ensuring that at least three individuals per life stage per gallery were present. The samples from each gallery were labeled and kept separately for future handling. In addition, 2 cm × 2 cm squares of bark were sampled from the galleries and from adjacent unattacked bark. Each sample was stored in a 15 ml Falcon tube and placed inside a cooler with ice packs to transport them to the lab.

For the microbiota profiling of laboratory-reared samples, the gallery environment (galleries, unattacked bark, pupal chambers) and beetles (mature adults, larvae, pupae, teneral adults) were sampled from generations 12 to 14 after their introduction to the laboratory colony between January and April 2022. As in the case of wild-collected samples, individuals from at least two galleries were sampled per generation and were identified accordingly for the subsequent pooling steps. A detailed overview of the sampling and replication is provided in the Supplementary Table 1. Additionally, three logs from the F14 generation were opened 5 days after the initial beetle colonization to sample the eggs and the tightly packed bark that covered the oviposition site (henceforth referred to as “the egg plug”).

The bark pieces, eggs, and egg plugs were flash frozen in liquid nitrogen and stored at −80°C until DNA extraction. The larvae and adults were anesthetized for 1 min at −20°C, washed individually in 0.1% SDS sterile solution inside of a microcentrifuge tube, and shaken for 30 s. They were then transferred to another microcentrifuge tube with 70% ethanol and again shaken for 30 s. Subsequently, each specimen was washed thrice in sterile 1x PBS and dissected as described elsewhere (Ceja-Navarro et al., 2012). The entire gut was transferred to a microcentrifuge tube, flash frozen in liquid nitrogen and stored at −80°C until DNA was extracted. The pupae underwent the same washing steps but the specimens were not dissected, as the morphology at this life stage makes it difficult to dissect the gut. Individuals carrying mites, parasitoid larvae or visible nematodes were omitted from the study.



DNA extractions for microbial community analysis

The insect samples were homogenized in 1.5 ml microcentrifuge tubes with liquid nitrogen and sterile micro pestles. For the larvae, teneral adults and mature adults, three guts of individuals belonging to the same gallery were pooled per tube to create one biological replicate. The pupae were processed individually (a detailed overview of the sampling and replication is provided in the Supplementary Table 1). The gallery and bark samples were ground in liquid nitrogen in autoclaved mortars and pestles. A volume of ~50 μl of homogenized bark per sample was transferred to a microcentrifuge tube. For the pupal chamber samples, a volume of ~50 μl per sample was homogenized in 1.5 ml microcentrifuge tubes with liquid nitrogen and sterile micro pestles. The MasterPureTM complete DNA and RNA isolation Kit (Epicenter Technologies) was used following the manufacturer's protocol, with an additional incubation step with 4 μL lysozyme (100 mg/mL) at 37°C before protein digestion. A positive control (ZymoBIOMICS™ Microbial Community Standard, Zymo Research, USA) and negative controls (extraction reagents without sample tissue) were included throughout the extraction steps. The DNA was re-suspended in Low TE buffer (1:10 dilution of TE) and the concentration was measured on a Qubit fluorometer using a 1x dsDNA High sensitivity assay (Thermo Fisher Scientific).



Amplicon sequencing

Altogether, 55 beetle gut samples (at least 6 per life stage), 14 pupae, 3 egg samples, 3 egg plug samples, 3 pupal chamber samples, 13 bark samples, 9 gallery samples, one mock community as positive control and 4 negative extraction controls were sequenced. Bacterial 16S rRNA gene regions and fungal internal transcribed spacer 1 regions (ITS1) were sequenced by a commercial provider (StarSeq, Mainz, Germany) on a MiSeq platform (Illumina) using double indexing and a paired end approach with a read length of 300 nucleotides. The primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GACTACNVGGGTWTCTAATCC-3′) were used to sequence the V3-V4 regions of the bacterial 16Ss rRNA (Klindworth et al., 2013). The primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) (White et al., 1990; Gardes and Bruns, 1993) were used to sequence the fungal ITS1 region.



Microbial community analysis

The reads were demultiplexed onboard in MiSeq Reporter software, allowing for one mismatch. The demultiplexed reads were processed following the DADA2 pipeline (version 1.28.0) (Callahan et al., 2016). For the bacterial sequences, the last 30 base pairs of all forward reads and the last 50 base pairs of the reverse reads were trimmed to remove nucleotides with low quality scores. For the fungal sequences, Cutadapt (version 4.0) (Martin, 2011) was used to remove the primer sequences and then a minimum sequence length of 50 base pairs was enforced to remove spurious short sequences. This different choice in the trimming approach was due to the large variability in the sequence lengths obtained in the fungal dataset (Schoch et al., 2014). For both datasets, the maximum expected error was set to 2 and the minimal overlap for merging the sequences was set to 12 nucleotides. Chimera removal was done with the “consensus” method. The resulting bacterial sequences were further filtered to remove any consensus sequence of length below 300 bp, as shorter reads were likely resulting from sequencing artifacts. The databases used for taxonomy assignment were SILVA trainset v138.1 for bacteria (Quast et al., 2013) and the UNITE general FASTA release for Fungi 2 version 8.3 (Abarenkov et al., 2021). The identities of the most abundant taxa were verified by blasting the sequence against the NCBI Nucleotide database (National Center for Biotechnology Information, 1988).

The “phyloseq” R package (version 1.44.0) (McMurdie and Holmes, 2013) was used to analyse the amplicon sequence variant (ASV) tables. Single reads and taxa that could not be classified as “bacteria” (e.g., Chloroplasts) or “fungi” were removed from the dataset. The data were not rarefied to improve the detection of differentially abundant species (McMurdie and Holmes, 2014). The alpha diversity was estimated with the Shannon and Simpson indices, and the beta diversity among groups was visualized with principal component analysis (PCoA) of the Bray-Curtis dissimilarity index. Significant differences in alpha diversity between samples were assessed with the Wilcoxon or Kruskal–Wallis rank-sum tests. Dunn's test was used to calculate pairwise comparisons between the sample types (population of origin, tissue, insect life stage) using Bonferroni's correction for multiple sample comparison. A permutational multivariate analysis of variance (PERMANOVA) was performed to evaluate the differences in beta diversity among samples. The absolute abundance data were transformed to relative counts to create the ordination plots. Core taxa shared by different life stages were identified and visualized with the R package “microbiome” (Lahti and Sudarshan, 2012). The core sequences were defined as ASVs that were present in at least 50% of the insect samples with a relative abundance of more than 0.1% per sample, respectively.



Quantification of the bacterial and fungal titers in guts, eggs and gallery environment

The DNA obtained for the microbial community analysis was also used to estimate bacterial and fungal titers across different beetle life stages. Additional DNA extracts from eggs and egg plugs were included for this analysis: the eggs and their respective egg plugs were sampled from five galleries from two logs of the laboratory colony as described before. The eggs of each gallery were pooled together in a 1.5 ml microcentrifuge tube to create a biological replicate (~20 eggs). Their matching plugs were pooled in a separate tube. Five additional galleries were sampled to create pooled samples containing both the eggs and the plugs. DNA was extracted and measured following the same kits and protocols as the previous samples.

Quantitative PCR (qPCR) was carried out in 20 μl reactions using Blue S'Green qPCR mix (Biozym), 1 μl template DNA and 0.4 μM of each primer. The bacterial 16S primers EUB338mod (5′- TCCTACGGGAGGCAGCAG-3′) and EUB518 (5′- ATTACCGCGGCTGCTGG-3′) and fungal 18S primers FR1(5′- AICCATTCAATCGGTAIT-3′) and FF390 (5′-CGATAACGAACGAGACCT-3′) were used (Fierer et al., 2005; Chemidlin Prévost-Bouré et al., 2011).

Standard curves with defined copy numbers of the 16S rRNA gene were created by amplifying the fragment first, followed by purification and determination of the DNA concentration via NanoDrop1000 (Peqlab, Germany). After determination of the DNA concentration, eight serial 1:10 dilutions were prepared to generate the standards. One μL of each dilution was included in the qPCR reaction to standardize the measurements across reactions. The number of copies of DNA in the standard dilutions was calculated using the formula [image: Formula for calculating the number of DNA molecules \( N \), where \( N = \frac{{DNA \, amount \, (ng) \times 6.022 \times 10^{23} \text{ number/mole}}}{{fragment \, length \, (bp) \times 1 \times 10^{9} \, (\frac{ng}{g}) \times 330 \, (\frac{g}{mole})}} \).]. The DNA copy numbers in the samples were estimated taking into account the efficiency of each reaction, using the formula: [image: \(X_0 = 10^{(C_o - b)} \cdot m^{-1}\)]where X is the estimated DNA copy numbers, Cq is the quantification cycle of the qPCR, b is the intercept of the reaction's standard curve and m is the slope.



Behavioral observations

Modified phloem sandwiches (Bedard, 1933) were used to study maternal gallery construction and egg laying behavior. In short, a 15 × 8 cm strip of phloem was peeled from a freshly cut P. abies log and placed between two 18 × 10 cm Plexiglas panels. The panels were sealed together with electrical insulation tape and secured with four binder clips. A male bark beetle was placed in an opening in the top panel and covered with a piece of plastic mesh. After 24 h, a female beetle was added if the male had initiated a mating chamber. Twelve successfully mated pairs were observed with an EOS 600D (Canon) camera mounted on a Stemi 2000-C microscope (Zeiss). The different life stages were photographed and egg laying behavior was recorded whenever possible.



Statistical analysis

Significant differences in alpha diversity between samples were assessed with the Wilcoxon or Kruskal–Wallis rank-sum tests using the “biostat” package (Gegzna, 2020). Dunn's test was used to calculate pairwise comparisons between the sample types (population of origin, tissue, insect life stage) using Bonferroni's correction for multiple sample comparison. A PERMANOVA was performed to evaluate the differences in beta diversity among samples using the R packages “vegan” and “pairwiseAdonis” (Martinez Arbizu, 2017; Oksanen et al., 2022). For the microbial titers, the differences in estimated DNA copy numbers normalized by individual were assessed with a negative binomial model to correct for the data's over dispersion using the package “MASS” (Venables and Ripley, 2002). A least-squares means test (LS means) was used to assess the significant differences among sample types using the “emmeans” package (Lenth, 2023). All analyses were carried out in R version 4.3.0 (R Core Team, 2023). Figures were created with “ggplot2” (Wickham, 2009) and illustrations with BioRender.com (2023).




Results


Bacterial isolates from guts and maternal oral secretions

Bacterial isolates were obtained from the guts of larvae, teneral adults and mature adults, and from maternal oral secretions and cultivated on LB medium. These predominantly belonged to the class Gammaproteobacteria (Table 1). Erwinia typographi was the most frequently isolated bacterium, Rahnella species were isolated only from teneral adults, and Pseudoxanthomonas isolates were obtained from mature adults and maternal oral secretions. Bacilli were the second most abundant group of bacteria, with Paenibacillus being the dominant genus, followed by Lactococcus. Most of the Paenibacillus isolates were obtained from teneral adults. Bacteria belonging to Actinomycetia, Alphaproteobacteria, Sphigobacteriia, and Streptomycetales were also present to a lesser extent in mature adults, larvae, and female oral secretions.


TABLE 1 Number of bacterial isolates obtained per sample type and their taxonomical assignment.

[image: Table showing the number of isolates per sample type across different taxonomic assignments. Categories include Mature Adults, Tenerals, Larvae, Female Oral Secretions, and Total. Notable entries: Actinomycetia total 7, Bacilli total 28, Sphingobacteriia total 4, and γ-Proteobacteria total 50.]



Bacterial community composition and structure

In the culture-independent high-throughput profiling, Gammaproteobacteria largely dominated the bacterial communities associated with the beetle gut across all the life stages, as well as the eggs and the beetle-modified environment. The most abundant taxon was E. typographi, followed by Pseudoxanthomonas spadix and Rahnella sp. All three taxa were present in both wild-collected and laboratory-reared specimens, but the wild-collected samples had a higher prevalence of Rahnella sp., while P. spadix was more common in the laboratory population. Additionally, a further Erwinia ASV (not identifiable to the species level) was abundant in most of the beetle and the beetle-modified environment samples. Even though these Gammaproteobacteria were also present in the unattacked bark samples, they were not as abundant as in the beetle guts, eggs, and gallery environment (Figure 1A). E. typographi, P. spadix, Rahnella sp. and Erwinia sp. formed the core gut bacterial community shared by all life stages across the wild-collected and laboratory-reared samples (Figure 2A). Serratia sp., Pseudomonas bohemica, Ochrobactrum sp., and an unidentified ASV belonging to Rhizobiaceae were present to a lesser extent in the galleries, larvae, pupae, teneral adults and mature adults of both populations. An unidentified Chitinophagaceae ASV was present in the galleries and some of the adults. The mollicute Spiroplasma sp. was identified in variable abundances in all the mature adults captured in the wild, but it was almost absent from the laboratory-reared individuals. Overall, the composition and structure of the bacterial communities associated with I. typographus and the gallery environment were largely different from the ones in the unattacked bark. The unattacked bark harbored taxa belonging mostly to Alphaproteobacteria, Gammaproteobacteria and Verrucomicrobiota (Supplementary Figure 2A).


[image: Diagram comparing bacterial and fungal sequence variants across different life stages of an insect. Panel A shows wild-collected and laboratory-reared bacterial data, while Panel B presents fungal data. Both panels display relative abundance among life stages: bark, gallery, plug, egg, larva, pupa, chamber, teneral adult, and adult. Stacked bar graphs highlight variations in dominant species, with legends below indicating species color coding.]
FIGURE 1
 Relative abundances of the 20 most abundant bacterial and fungal amplicon sequence variants across wild-caught and laboratory-reared life stages of I. typographus and their environment. (A) Bacteria, (B) fungi. Relative abundances are indicated at species level; taxa marked with an asterisk (*) were refined to species by nucleotide blast against the NCBI database. When blasted against NCBI database, the assigned taxonomies were 1Endoconidiophora polonica and the anamorph 2Leptiographium piceaperdum.



[image: Venn diagrams labeled A and B show microbial distributions across life stages of an organism: larvae, pupae, teneral adults, and mature adults. Diagram A highlights Erwinia sp., Pseudoxanthomonas spadix, and Rahelia aquatilis in larvae and Ochrobactrum sp. in mature adults. Diagram B highlights Ogataea ramenticola, Wickerhamomyces bisporus, and Cyberlindnera amylophila in mature adults. Overlapping sections detail shared microbe presence, quantified by percentages, across life stages.]
FIGURE 2
 Core microbial taxa shared by different life stages of I. typographus in both laboratory-reared and wild-collected insects. (A) Core bacterial community, (B) core fungal community. The core taxa were defined as ASVs present in ≥ 50% of all samples, with a relative abundance ≥ 0.1% per individual. Taxa marked with an asterisk (*) are present in multiple life stages at the species level, but a particular ASV was identified in each life stage. 1Further identified as Endoconidiophora polonica when blasted against the NCBI database.




Fungal community composition and structure

Saccharomycetales yeasts largely dominated the fungal communities across all beetle life stages, as well as the gallery environment (Figure 1B). Wickerhamomyces bisporus was ubiquitous, followed in abundance by Kuraishia molischiana, Ogataea ramenticola and Cyberlindnera amylophila. These four yeasts formed the core gut community of all life stages across the wild-collected and laboratory-reared samples (Figure 2B). Nakazawaea ernobii and Saccharomycopsis lassenensis were also widespread among different life stages but their relative abundances were lower when compared to the core yeasts. The second most abundant order of fungi were the Sordariomycetes. Interestingly, the abundance of Endoconidiophora polonica, one of the best known fungal ectosymbionts of I. typographus, was higher in the samples from the wild population than in the laboratory-reared beetles and galleries. Another ASV, assigned to Grosmannia aenigmatica, was abundant in some of the larvae, pupae, pupal chambers and teneral adults of the laboratory-reared samples. A search of this ASV against the NCBI database revealed multiple 100% sequence identity hits with Leptiographium piceaperdum (the anamorph of G. piceaperda). A third sordariomycete fungus, Rhexographium fimbriasporum, was present mostly in the laboratory-reared insects. Additionally, Sistotrema brinkmannii and Cylindrobasidium torrendi (Basidiomycetes) were very abundant in the wild-caught teneral adults. An unidentified Basidiomycete appeared in several gallery and insect samples from the wild and, in lower abundances, in the laboratory-reared samples. As observed in the bacterial communities, the composition and structure of the fungal communities associated with the unattacked bark were remarkably distinct from the ones present in the beetle guts, eggs, and gallery environment. The unattacked phloem harbored taxa belonging mostly to Sordariomycetes, Dothideomycetes, Leotiomycetes and Lecanoromycetes (Supplementary Figure 2B).



Bacterial and fungal diversity

The 16S rRNA dataset had an average of 14107 reads with a minimum of 6 and a maximum of 48820 across samples. The ITS dataset had an average of 48030 reads with a minimum of 12 and a maximum of 334941 across samples. The bacterial alpha diversity of the unattacked bark was significantly higher than that of all other samples (Kruskal–Wallis test: Shannon χ2 = 40.03, p < 0.0001; Simpson χ2 = 38.196, p < 0.0001; Supplementary Figure 1B) and did not differ significantly between wild-collected and laboratory-reared samples (Wilcoxon test: Shannon p = 0.093, Simpson p = 0.079; Supplementary Figure 1A). Similar to the case of bacteria, fungal alpha diversity was also higher in the bark and in the galleries than in the beetle guts, eggs, pupal chambers, and bark plugs placed over the eggs immediately after oviposition (Kruskal–Wallis test: Shannon χ2 = 48.673, p < 0.0001; Simpson χ2 = 37.234, p < 0.0001; Supplementary Figure 1D). In contrast, the wild-collected samples showed a significantly higher fungal alpha diversity than the ones from the laboratory colony (Wilcoxon test: Shannon index p = 0.002, Simpson index p = 0.02, Supplementary Figure 1C).

The beta diversity analysis revealed significant differences in the microbial community composition across beetle life stages. The principal component analysis (PCoA) of both the bacterial and fungal Bray-Curtis distances showed the unattacked bark clustering separately from the rest of the samples (Figures 3A, C), and the PERMANOVA generated significant results for the bacterial (F = 3.215, p = 0.001) and fungal (F = 4.227, p = 0.001) Bray-Curtis metrics. Further inspection of the data revealed a clear separation of the bark samples from the beetle-modified environment (galleries, egg plugs, and pupal chambers) (Figures 3B, D, Supplementary Tables 2, 3). The beta diversity analysis across life stages did not reveal significant differences in community composition except for the pupae, both in the bacterial (F = 2.636, p = 0.001) and the fungal communities (F = 2.902, p = 0.001) (Supplementary Figures 5A, B, Supplementary Tables 4, 5). PERMANOVA analysis showed significant differences between the bacterial (F = 6.1837, p = 0.001) and fungal (F = 12.100, p = 0.001) communities of the samples from the wild collection and the laboratory rearing, but no clear patterns were observed in the PCoA (Supplementary Figures 5C, D).


[image: Four plots labeled A, B, C, and D show dispersion of different sample types and populations. Each plot has ellipses representing sample types like bark, egg plugs, and pupal chambers. Different markers indicate lab rearing and wild populations. Axis labels vary by percentage, showing variation explained. A legend distinguishes sample types and populations by color and shape.]
FIGURE 3
 Beta diversity of bacterial and fungal communities associated with I. typographus. Principal Component Analysis (PCoA) plots of the Bray-Curtis distances for (A) bacterial taxa in all sample types, (B) bacterial taxa in bark and beetle-modified environment, (C) fungal taxa in all sample types, (D) fungal taxa in bark and beetle-modified environment.




Bacterial and fungal titers across life stages

The bacterial loads in the gut did not differ significantly across life stages except for the pupae, where the entire individual including the gut was sampled. The copy number of the 16S gene was higher for the pupae than the mean copy number for the first instar larvae, teneral and mature adults (Negative Binomial GLM p = 1.98 × 10−11, LS means p < 0.0001, Figure 4A). Due to the pooling of egg samples, it is difficult to assess the microbial load on individual eggs accurately. Assuming an average of 20 eggs per sampled gallery, the bacterial load of an individual egg was lower than that in the gut of the other life stages, which was not statistically significant except for the teneral adults (Negative Binomial GLM p = 0.00718, LS means p < 0.0081). When compared to their matching plugs, the eggs themselves had higher numbers of 16S rRNA gene copies (Negative Binomial GLM p = 0.0046, LS means p < 0.0127, Supplementary Figure 4A). The bacterial titers in the additional samples where the eggs and plugs were collected together were not statistically different from the egg-only samples, suggesting that the contribution of the plugs to the bacteria in the oviposition site is lower than the contribution from the bacteria present on the egg surface (Negative Binomial GLM p = 0.0.094, LS means p < 0.215). The 16S rRNA gene copy numbers were an order of magnitude higher in the galleries than in the unattacked phloem (Negative Binomial GLM p = 0.00104, LS means p < 0.003, Supplementary Figure 3A). The same trend was observed for the pupal chambers, but was not statistically significant (Negative Binomial GLM p = 0.05507, LS means p < 0.1335).


[image: Two box plot charts labeled A and B. Both compare different life stages of an organism: egg, larva, pupa, teneral adult, and adult, along with a negative control indicated by a dashed red line. Chart A shows Log10 of 16S gene copy numbers per individual, and Chart B shows Log10 of ITS gene copy numbers per individual. Each life stage is distinguished by different colors and patterns, with letters above plots indicating statistical group differences.]
FIGURE 4
 Microbial rRNA gene copy numbers across bark beetle life stages. (A) Bacterial 16S gene copy numbers, (B) Fungal ITS gene copy numbers. Letters indicate significant differences among groups (least-squares means pairwise comparison with Tukey adjustment, p < 0.05). Data were log-transformed to facilitate their visualization. Negative controls were samples without any insect or plant tissue, but extraction reagents only, that were processed and subjected to quantitative PCR in the same manner as other samples.


The fungal load in the gut remained stable as the life stages progressed (Figure 4B). As in the case of bacteria, the pupae were the exception, as they had higher titers than the rest of the life stages (Negative Binomial GLM p = 5.1 × 10−8, LS means p < 0.0001). As opposed to bacteria, the egg plugs carried significantly higher ITS gene copy numbers than the eggs (Negative Binomial GLM p = 2.99 × 10−9, LS means p < 0.0001, Supplementary Figure 4B). The fungal titers in the samples where eggs and plugs were collected together were also higher than in the egg-only samples (Negative Binomial GLM p = 2.75 × 10−10, LS means p < 0.0001), which indicates that the plugs make a major contribution to the presence of fungi in the oviposition site. As for the bacteria, the fungal load was an order of magnitude higher in the galleries than in the unattacked phloem (Negative Binomial GLM p = 0.00289, LS means p < 0.0081, Supplementary Figure 3B). This was also the case for the pupal chambers, which had a significantly higher number of ITS gene copies than the unattacked phloem (Negative Binomial GLM p = 0.00594, LS means p < 0.0164) and did not differ in fungal titers from the galleries (Negative Binomial GLM p = 0.00594, LS means p < 0.9260).



Observations on female oviposition behavior

To explore the likelihood of vertical transmission of microbes from parents to offspring, we first used phloem sandwiches to observe parental behavior, offspring development, and feeding habits of the different life stages (Figure 5). The gallery excavation and developmental stages have been extensively documented in previous works [as summarized by Schebeck et al. (2023)]. Earlier literature indicates that the parent beetles “groom” the eggs, but a detailed description of this behavior is missing. We observed that, while boring the maternal gallery, the female removed most of the bark debris by pushing it toward the mating chamber with its elytral declivity. However, it stored part of the chewed bark at the farthest end of the tunnel. Every 2–3 millimeters, the female stopped boring the main gallery and carved a niche with its mouthparts on one of the sides. Once the niche was large enough to harbor an egg, the mother traveled back to the mating chamber to make a 180° turn. With the abdomen facing the end of the maternal gallery, it laid an egg in the niche. It then rapidly moved back to the mating chamber to turn around, and returned to the freshly laid egg at a considerable speed. Using the chewed bark stored at the end of the gallery, the mother quickly created a bark plug to cover the egg (Supplementary Video 1, Figures 5A, B).
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FIGURE 5
 Development of Ips typographus inside the phloem of Picea abies. (A) Adult female in the maternal gallery. (B) Detail of an egg in its niche, protected by a plug of chewed bark. (C) Individual larval galleries radiating from the oviposition site. (D) Close-up of a second instar larva. (E) Pupa inside the pupal chamber lined with frass. (F) Teneral adult during maturation feeding.





Discussion

In this study, we characterized the microbial communities associated with the gut and galleries of the European spruce bark beetle (I. typographus) across its life stages. Additionally, we carried out behavioral observations to record possible modes of symbiont acquisition and transmission, as well as quantitative PCR to assess the changes in microbial loads throughout the beetle's life cycle.

Microbial amplicon sequencing analyses showed that the composition and structure of the bacterial communities were stable throughout the beetle's development and broadly overlapping between wild-caught and laboratory-reared beetles (Figures 1A, B). However, some of the bacterial taxa found in the field-collected beetles were lost or diminished in most of the individuals raised in the laboratory, such as Spiroplasma, certain Rahnella ASVs, and Yersinia (Figure 1A). Similarly, the fungal communities associated with field-collected vs. laboratory-reared beetles showed considerable overlap, but also distinct differences. The ectosymbiont E. polonica, while present in most wild-collected samples, was generally absent from the laboratory-reared ones. In turn, an ASV assigned to the fungus Leptiographium piceaperdum (the anamorph of G. piceaperda) was present in high abundance in some of the laboratory individuals and largely absent from the wild population. While it may be possible that this fungus is present in the beetle population and the better known ectosymbiont G. penicillata is absent, an alternative explanation may lie in the limitations of the primers we used for amplicon sequencing. Combining the ITS data with sequences from the β-tubulin and the ribosomal large subunit (LSU) genes may offer a better resolution at species level in Ophiostomatoid fungi (Zipfel et al., 2006). A subset of saprophytic Basidiomycetes (C. torrendii and S. brinkmanii) were abundant in the wild teneral and mature adults, but largely absent from the laboratory-reared beetles. Reduction in diversity and loss or replacement of some gut symbionts can be expected when bark beetles are kept in captivity (Dohet et al., 2016). Stable temperature and humidity, a reduced number of interactions with other invertebrate species, and the sanitization practices in our rearing could explain these differences. A comparable phenomenon is observed in industrial pollinator rearing, where minor gut symbionts are lost or replaced in artificially-reared bumblebee colonies, but the core taxa remain (Meeus et al., 2015).

Wild-collected and laboratory-reared insects shared several of the most abundant gut bacteria (E. typographi, P. spadix, Rhanella aquatilis, and Erwinia sp.; Figure 2A) and fungi (W. bisporus, O. ramenticola, K. molischiana, and C. amylophila; Figure 2B) throughout their development. These taxa have previously been reported in I. typographus at different life stages (Chakraborty et al., 2023; Veselská et al., 2023), across geographic locations (Chakraborty et al., 2023; Moussa et al., 2023) and seasons (Moussa et al., 2023; Veselská et al., 2023), and regardless of whether the beetle populations were experiencing an endemic or an epidemic phase (Moussa et al., 2023). The consistency of these associations throughout time and space indicates the existence of a common core community in the I. typographus gut (Risely, 2020).

This core microbiome was also dominant in the gallery environment. In fact, our beta-diversity analysis showed that the communities in the beetle tissues clustered together with those of the galleries, egg plugs and pupal chambers but were significantly different from those in the bark (Figure 3). In addition, the overall bacterial alpha-diversity was higher in the bark than in the gallery environment or the beetle guts (Supplementary Figure 1B), and the bark communities were characterized by high abundances of Alphaproteobacteria, Verrucomicrobiota, Acidobacteria and, to a lesser extent, Gammaproteobacteria (Supplementary Figure 2A). Indeed, the core taxa E. typographi, P. spadix, Rhanella aquatilis, and Erwinia sp. were present in the bark, but at much lower relative abundances than in the beetle samples or galleries (Figure 1A). The fungal alpha-diversity was also higher in the bark than in the beetle guts (Supplementary Figure 1D), and the communities were dominated by Sordariomycetes, Dothideomycetes, Leotiomycetes and Lecanoromycetes (Supplementary Figure 2B). As noted earlier, the beetle core yeasts and the fungal ectosymbionts were seldom found in the unattacked phloem. The occasional identification of these fungi in the intact phloem may be due to inconsistencies in sampling or contamination and not necessarily to the fungal taxa being already present before the arrival of the colonizing adults. The present study and two earlier surveys (Chakraborty et al., 2023; Veselská et al., 2023) used the bark adjacent to the galleries as a control and omitted unattacked trees, which could have given greater certainty about the composition of the microbial communities in the absence of a beetle attack. The similarities among the communities in beetle samples and their gallery environment, along with the distinct bacterial and fungal profile of the bark, indicate that the beetle modifies the microbial community of the substrate it inhabits and feeds on.

By raising beetles in the laboratory in “phloem sandwiches,” strips of phloem tissue sealed in a Plexiglas chamber, we observed that female I. typographus provided each egg with a protective plug made from masticated phloem (Figures 5A, B, Supplementary Video 1). This has been described previously as “egg grooming” and is part of a series of subsocial behaviors shared by I. typographus and other related bark beetle species (Schebeck et al., 2023). The 16S amplicon sequencing data showed that E. typographi, P. spadix, and an unassigned Erwinia species dominated the bacterial communities of the eggs and the plugs (Figure 1A). This was consistent with the culture-dependent bacterial characterization, where most of the isolates obtained from the maternal oral secretions belonged to E. typographi and Pseudoxanthomonas spp. as well as Microbacterium spp. (Table 1). The ITS amplicon sequencing data revealed that the dominant fungi on the eggs and plugs were the yeasts W. bisporus, O. ramenticola, K. molischiana, and C. amylophila (Figure 1B). The communities of the eggs and plugs differed significantly from those of the unattacked bark (Figures 1A, B) and matched the core bacterial and fungal taxa shared by all life stages (Figures 2A, B). Additionally, microbial loads on the eggs and plugs were similar or higher than those in the larval guts (Figure 4, Supplementary Figure 3). These results indicate that females promote the presence of the core gut symbionts on the egg and the oviposition site. Further, the quantitative data support the hypothesis of maternal transmission of fungi via the egg plugs, which carry the highest fungal load in the oviposition site (Supplementary Figure 4A).

Vertical extracellular transmission is well documented across different insect orders, where females pass on the symbionts to the next generation by inoculating their eggs or the oviposition sites (Salem et al., 2015). In Coleoptera, the roles of these microbial partners range from chemically defending the eggs to supplementing the diet of the newly hatched larvae with essential nutrients. For example, females of the tenebrionid Lagria villosa house Burkholderia gladioli bacteria in two accessory glands connected to their reproductive system. The female smears these bacteria onto the egg surface during oviposition, where the symbionts produce antimicrobial compounds that defend the insect's eggs against fungal pathogens (Flórez et al., 2017). Some beetles transmit their symbiotic partners to their offspring in specialized packaging. This is the case for the tortoise beetle Cassida rubiginosa, which deposits its obligate Stammera symbiont packed in a caplet on top of each egg. This extracellular symbiont improves the beetle's diet by supplying its host with pectinolytic enzymes (Salem et al., 2017). Other coleopterans rely on the transmission of yeast symbionts to ensure the survival of their offspring in nutrient-poor diets, such as the longicorn beetle Leptura ochraceofasciata (Kishigami et al., 2023), and the lizard beetle Doubledaya bucculenta (Toki et al., 2012). In all of the above, the female harbors a single bacterial or fungal taxon in a specialized organ and inoculates the egg during oviposition.

Our results show that I. typographus females promote a group of taxa in the oviposition site rather than transmitting a single symbiont. While no dedicated symbiotic organs (i.e., bacteriomes, mycangia or specialized glands) have been reported in I. typographus to date, the maternal oral secretions may serve as a source of additional bacterial inoculum for the plugs and eggs. Similar behaviors have been recorded in the North American spruce beetle Dendroctonus rufipennis: when challenged by fungal entomopathogens, the adults spread oral secretions around their bodies and galleries (Cardoza et al., 2006). These secretions contain Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes that are able to inhibit the growth of the noxious fungi to different degrees. Subsequent work revealed that the mountain pine beetle Dendroctonus ponderosae and the pine engraver Ips pini also harbor closely related bacteria in their oral secretions (Cardoza et al., 2009). Among the isolates we obtained from the mouthparts of female I. typographus, we identified two Microbacterium and one Streptomyces (Table 1), genera that were able to inhibit the growth of Aspergillus fumigatus and Trichoderma harzianum in the North American spruce beetle (Cardoza et al., 2006). Even if these taxa were not among the dominant members of the bacterial communities of the eggs and plugs, they may be able to produce antifungal compounds that contribute to protecting the offspring from opportunistic entomopathogens. Of the dominant taxa present in the oviposition site, multiple E. typographi strains isolated from I. typographus have been shown to fully or partially inhibit the growth of Beauveria spp., Metarhizium anisopliae, Lecanicillium muscarium and Isaria spp. in in vitro assays (Peral-Aranega et al., 2023). Thus, bacteria associated with I. typographus may have the potential to protect the beetles and their galleries from detrimental fungi.

Aside from dedicated organs, fungi can attach to less specialized structures on the insect's exoskeleton, such as elytral pits (Furniss et al., 1990; Bleiker et al., 2009; Kandasamy et al., 2023) or setae (Brysch-Herzberg, 2004). Some of the Saccharomycetes detected were present in the unattacked phloem samples, but their abundance was significantly lower than in the eggs, beetle guts, and gallery environment (Figure 1B). This is consistent with previous studies, where the authors found low (Veselská et al., 2023) or near-zero (Chakraborty et al., 2023) relative abundances of yeasts in the phloem adjacent to the galleries. This shift in abundance is another indicator of microbial community manipulation by the female beetles in the oviposition site.

Veselská et al. (2023) suggest that the beetles acquire their gut communities strictly horizontally from the diet. Certainly, the core gut and gallery bacteria are already present in the unattacked phloem and the beetles might acquire them through feeding. However, some selected bacterial taxa, along with beetle-associated yeasts, are enriched in the eggs and the plugs by the females, which makes the inoculum available on the egg surface (Figure 1A). The parents likely vector the yeasts and filamentous ectosymbionts into the phloem by carrying them attached to their setae and elytral pits (Kandasamy et al., 2023). The feces may also serve as a source of inoculum from the beetle gut to the gallery environment. Subsocial and eusocial insects are considerably more exposed to their own frass than solitary insects, and in some cases, the fecal microbiome is crucial in protecting their nest or gallery environment from pathogens (Cole et al., 2021; Pessotti et al., 2021). Therefore, we hypothesize that rather than a strict horizontal transmission, the females inoculate the offspring's environment with their core microbial associates and set favorable conditions for the proliferation of potentially beneficial symbionts from the bark. The burying beetle Nicrophorus vespilloides displays a similar behavior, using oral and anal secretions to transmit their gut microbiota to the carcasses they colonize. The parent beetles regulate the bacterial and fungal communities on the carcass to preserve this ephemeral food resource for their offspring during the larval stages (Vogel et al., 2017). We propose a mixed mode of transmission for I. typographus as well, with vertical transmission of microbes via the egg surface and egg plugs as well as the gallery environment, in addition to horizontal acquisition from the bark. This has not only been suggested for other bark beetles (Rivera et al., 2009), but is also the predominant mode of microbiota transmission in vertebrates and invertebrates (Ebert, 2013).

Subsocial insects structure their microbial communities through parental care, selective feeding, collective feeding, direct management of the microbes (e.g., applying secretions), and vertical transmission (Biedermann and Rohlfs, 2017). The European spruce bark beetle displays all of these strategies (i.e., grooming the eggs, feeding on a narrow host range, mass-attacking their host tree with the aid of aggregation pheromones, protecting the egg niche with a plug, and applying oral secretions loaded with bacterial and fungal cells on the oviposition sites), resulting in a stable core community. The association with Gammaproteobacteria in the gut and galleries is common in other bark and ambrosia beetles, as well as in other conifer-feeding coleopterans in which no fungal partners are known (Delalibera et al., 2007; Morales-Jimenez et al., 2009, 2012; Berasategui et al., 2016; Dohet et al., 2016; Briones-Roblero et al., 2017; Hernandez-Garcia et al., 2018; Barcoto et al., 2020; Chakraborty et al., 2020). This widespread pattern points toward the importance of dietary acquisition for shaping the microbiota in these insects.

In addition to transgenerational transmission, holometabolism poses several challenges for the persistence of insect microbiota. The gut undergoes considerable changes during complete metamorphosis. The larvae eliminate most of their gut contents before pupation, and the rest is packaged in the form of the meconium that remains in the peritrophic matrix of the pupae and is expelled from the adult body during ecdysis. This eliminates a large portion of the gut bacteria, but microorganisms can persist in bacteriocytes, specialized crypts or pouches (Nardi et al., 2006; Engel and Moran, 2013; Hammer and Moran, 2019). However, contamination of the adult gut with the larval gut microbiota can also occur without such structures. In some cases, an interplay between the insect's immune response and the microbe's competitive abilities ensures the persistence of the gut microbiota from larvae to adults (Johnston and Rolff, 2015). In I. typographus, the bacterial and fungal titers increased during pupation (Figure 4). These patterns may be explained by the larvae accumulating microbes during development by feeding, resulting in high titers in the third-instar larvae (not sampled) and pupae. The pupae may then shed most of the microorganisms, resulting in lower titers in the adults. Since we did not dissect the pupal guts, it is also possible that other parts of the body serve as a reservoir of bacteria and fungi, e.g., the presence of yeasts in pupal integuments has been recorded in several bark beetle species (Davis, 2015). Localizing the microorganisms in the pupae with microscopy would clarify whether this is the case.

The stability of the gut microbiota could be an indicator of its functional relevance to the host (Barcoto et al., 2020). Genomic and in-vitro approaches have revealed multiple possible contributions of fungal associates to the success of I. typographus in colonizing well-defended host trees. For example, bark beetle-associated yeasts have metabolic capabilities that could directly benefit the insects, such as the production of anti-aggregation pheromones (Leufvén et al., 1984; Hunt and Borden, 1990), the emission of attractants (Brand et al., 1977), the assimilation of carbohydrates (Rivera et al., 2009), and the breakdown of cellulose, chitin and lipids (Cheng et al., 2023). Further, the genomes of the yeasts K. molischiana, Cryptococcus sp., Nakazawaea ambrosiae, O. ramenticola, and W. bisporus contain complete pathways for essential amino acid and vitamin B6 biosynthesis (Cheng et al., 2023), and so could be directly involved in improving the quality of the insect diet (Stefanini, 2018). Similarly, the filamentous fungi have been suggested to play important roles in bark beetle ecology by exhausting the tree defenses and providing the beetle with nutritional benefits (Six and Wingfield, 2011). Ophiostomatoid fungi associated with Dendroctonus bark beetles can translocate nitrogen and phosphorus to increase their availability in the insect feeding sites (Six and Elser, 2020). However, direct fungus consumption by I. typographus requires further experimental confirmation.

In addition to fungi, bacteria isolated from conifer-feeding beetles and their galleries have been shown to regulate the growth and reproduction of the fungal partners (Adams et al., 2009), inhibit the growth of entomopathogenic fungi (Cardoza et al., 2006; Peral-Aranega et al., 2023), degrade terpenes (Adams et al., 2013; Boone et al., 2013; Xu et al., 2016; Berasategui et al., 2017), break down cellulose (Morales-Jimenez et al., 2012) and fix nitrogen (Morales-Jimenez et al., 2013). However, these potential benefits have not been tested experimentally in beetlo. Assessing the extent of these microbial contributions to host fitness requires the design of manipulative assays, which would allow testing the functional roles of the gut symbionts and their implications for their insect host (Ceja-Navarro et al., 2015; Dearing et al., 2022; Liu et al., 2022). Uncovering the functional importance of gut symbionts for I. typographus would provide us with a better understanding of this insect's ability to successfully invade chemically defended host trees. Improving our knowledge of this and other aspects of bark beetle ecology will help develop sustainable strategies to manage this pest in forests that are already challenged by a changing climate.
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The genus Dendroctonus is a Holarctic taxon composed of 21 nominal species; some of these species are well known in the world as disturbance agents of forest ecosystems. Under the bark of the host tree, these insects are involved in complex and dynamic associations with phoretic ectosymbiotic and endosymbiotic communities. Unlike filamentous fungi and bacteria, the ecological role of yeasts in the bark beetle holobiont is poorly understood, though yeasts were the first group to be recorded as microbial symbionts of these beetles. Our aim was characterize and compare the gut fungal assemblages associated to 14 species of Dendroctonus using the internal transcribed spacer 2 (ITS2) region. A total of 615,542 sequences were recovered yielding 248 fungal amplicon sequence variants (ASVs). The fungal diversity was represented by 4 phyla, 16 classes, 34 orders, 54 families, and 71 genera with different relative abundances among Dendroctonus species. The α-diversity consisted of 32 genera of yeasts and 39 genera of filamentous fungi. An analysis of β-diversity indicated differences in the composition of the gut fungal assemblages among bark beetle species, with differences in species and phylogenetic diversity. A common core mycobiome was recognized at the genus level, integrated mainly by Candida present in all bark beetles, Nakazawaea, Cladosporium, Ogataea, and Yamadazyma. The bipartite networks confirmed that these fungal genera showed a strong association between beetle species and dominant fungi, which are key to maintaining the structure and stability of the fungal community. The functional variation in the trophic structure was identified among libraries and species, with pathotroph-saprotroph-symbiotroph represented at the highest frequency, followed by saprotroph-symbiotroph, and saprotroph only. The overall network suggested that yeast and fungal ASVs in the gut of these beetles showed positive and negative associations among them. This study outlines a mycobiome associated with Dendroctonus nutrition and provides a starting point for future in vitro and omics approaches addressing potential ecological functions and interactions among fungal assemblages and beetle hosts.
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1 Introduction

The genus Dendroctonus (Curculionidae: Scolytinae) is a Holarctic taxon composed of 21 nominal species, 19 of which are found in the Nearctic region from Alaska to Honduras and two in the Palearctic region in Europe and Asia (Victor and Zuniga, 2016; Valerio-Mendoza et al., 2019), although recently a North American taxon was indirectly introduced into China (Yan et al., 2005). Some of the species of these bark beetles are well-known disturbance agents of forest ecosystems, as their populations frequently experience outbreaks due to varying exogenous factors including droughts, warming climate, attributes of forest stands, topography, soil type, and humidity, resulting in the mortality of thousands to millions of trees with drastic effects on ecosystem structure, function, and composition (Kurz et al., 2008; Raffa et al., 2015).

The life cycle of Dendroctonus beetles consists of three phases: a short dispersal period, host tree colonization, and subcortical growth and development by new offspring. This last phase takes place mainly under the tree bark where colonizing adults and larvae feed on phloem tissue of the genera Larix, Pseudotsuga, Picea, and especially Pinus (Six and Bracewell, 2015). In the subcortical environment, Dendroctonus species are associated with many phoretic ectosymbiotic (e.g., filamentous fungi, yeasts and bacteria, nematodes, and mites) and endosymbiotic communities (e.g., yeasts and bacteria) (Hofstetter et al., 2015). These symbiotes are carried by beetles to trees on the external surface of their bodies, in specialized morphological structures, such as mycetangia and nematangia, and within the digestive system, including mouthparts and the alimentary canal (Beaver, 1989). Despite the strong association of Dendroctonus spp. with microbial communities, there is no evidence that they are acquired by vertical transmission, suggesting that they are acquired de novo in each new generation from the subcortical environment (Six and Bracewell, 2015; Hernández-García et al., 2017; Gonzalez-Escobedo et al., 2018; Vazquez-Ortiz et al., 2022).

Interactions between Dendroctonus species with their symbiotes have been studied intensively for many years (Klepzig and Six, 2004; Davis, 2015), even though these interactions are complex and dynamic in space and time (Six and Klepzig, 2021). The general pattern that emerges from earlier studies is that microbial associations are involved in several ecological processes that may enhance beetle fitness during the process of tree colonization and brood development. However, the interaction with specific members of microbial communities and their ecological role in many cases is not known. For example, some Dendroctonus are associated with both teleomorph and anamorph forms from several Ascomycetes (e.g., Ophiostoma/Sporothrix, Ceratocystis, Ceratocystiopsis, Grosmannia/Leptographium) and Basidiomycetes (e.g., Entomocorticium) (Paine et al., 1997; Harrington, 2005), which can affect the beetle lifecycle vis-à-vis obstruction of phloem and xylem tracheids, toxic terpenes detoxification, the regulation of insect development, the inhibition of pathogenic microorganisms, and nutritional supplementation (Bentz and Six, 2006; Davis et al., 2011; DiGuistini et al., 2011; Dai et al., 2022).

Bacteria are also common microbial associates of Dendroctonus spp., and in vitro studies show that the members of the genera Arthrobacter, Bacillus, Brevundimonas, Cellulosimicrobium, Cellulomonas, Janibacter, Kocuria, Leifsonia, Methylobacterium, Paenibacillus, Ponticoccus, Pseudomonas, Pseudoxanthomonas, Rahnella, Serratia, Stenotrophomonas, and Sphingomonas have abilities that match or complement many of the same ecological functions as fungi (Scott et al., 2008; Adams et al., 2009; Morales-Jiménez et al., 2009, 2012, 2013; Boone et al., 2013; Hu et al., 2014; Mason et al., 2014; Cano-Ramírez et al., 2016; Xu et al., 2016; Briones-Roblero et al., 2017a; Pineda-Mendoza et al., 2022).

Unlike filamentous fungi and bacteria, the ecological role of yeasts in the bark beetle is less well understood, although yeasts were the first group of microbes to be studied systematically in bark beetles (Davis, 2015). Several commonly isolated yeast species, including Kuraishia capsulata, Ogataea pini, Nakazawaea holstii (= Pichia holstii), Wickerhamomyces bovis (= Pichia bovis), W. canadensis, Candida oregonensis, Cyberlindnera americana, and Zygoascus sp., have abilities to degrade terpenes, starch, and lipids (Hunt and Borden, 1990; Briones-Roblero et al., 2017b), produce semiochemicals (Davis et al., 2023), or inhibit the growth of filamentous fungi (Davis et al., 2011). Many other yeasts have been isolated from mycetangia, gut, frass, and galleries of Dendroctonus, but their ecological functions have not been tested (Rivera et al., 2009; Lou et al., 2014; Dohet et al., 2016).

The above studies performed with cultivation-dependent methods demonstrated the functional capacities of specific members of assemblages, but they did not allow for an estimate of overall fungal biodiversity or phylogenetic diversity in beetle-microbe assemblages and, as a result, underestimated the diversity. They also did not elucidate the integral functional capacity of assemblages, or the importance of specific partners in them, as well as their relationships among one another. However, the advent of next-generation sequencing technologies has enabled more comprehensive and detailed analysis of Dendroctonus microbial communities, including the exclusiveness and persistence of microbes into communities, the analysis of the community structure across the life cycle of whole insects, geographic sites, beetle species, body parts, and field insects vs. laboratory rearing insects, as well as the identification of genes involved in terpene degradation (Adams et al., 2013; Durand et al., 2015, 2019; Dohet et al., 2016; Briones-Roblero et al., 2017b; Hernández-García et al., 2017, 2018).

Thus far, little is known about the gut mycobiome of Dendroctonus bark beetles (Rivera et al., 2009). Some studies have used culture-independent techniques to describe the fungal community composition and changes across the life cycle of whole insects (Lou et al., 2014; Dohet et al., 2016; Durand et al., 2019), with only one earlier study analyzing the composition of fungal assemblages in the mycetangia of Dendroctonus frontalis species complex (Vazquez-Ortiz et al., 2022). In this study, we aim to characterize and compare the gut-associated fungal community of 14 species of the genus Dendroctonus through the analysis of the internal transcribed spacer 2 (ITS2) region. Specifically, we describe how the community structure of the gut-associated fungal assemblages differs within and among species (α- and β-diversity) and examine whether a common mycobiome is shared or not among beetle species. Finally, we predict the functional ecological role of fungal assemblages and characterize interspecific linkages among fungi associates.



2 Materials and methods


2.1 Insect collection, dissection, and DNA extraction

During the summer of 2019, emerging adult insects of 14 species of Dendroctonus were collected directly from the galleries of infested pine and spruce trees in different localities from North and Central America (Table 1). Live insects were taken from galleries with sterile forceps and stored at 4°C in sterile polycarbonate Magenta™ vessels GA-7 (Sigma-Aldrich, United States) for transport to the laboratory. Insects collected in the United States were shipped inside sterile vials in absolute ethanol. All samples were processed immediately upon arrival at the laboratory. Taxonomic identification was verified according to the work of Armendáriz-Toledano and Zúñiga (2017).



TABLE 1 Collection localities of the 14 species of the Dendroctonus genus sampled in the present study.
[image: Table listing various species of *Dendroctonus* with corresponding localities, latitudes, longitudes, altitudes in meters above sea level, and host trees. Examples include *D. adjunctus* in Nevado de Colima, Jalisco, Mexico at 3,260 meters with *Pinus hartwegii*, and *D. vitei* in El Cilantrillo, Nuevo León, Mexico at 1,844 meters with *Pinus cembroides*. The data covers multiple locations across North America.]

All insects were surface disinfected by immersion in the following solutions at 1 min intervals: detergent solution (10 mmol L−1 Tris–HCl pH 8.0, 1 mmol L−1 EDTA, 10 mmol L−1 NaCl, 1% SDS, and 2% Triton X-100), 70% ethanol solution, and then washed three times with sterile distilled water. Afterward, they were placed in sterile phosphate buffer (PBS, pH 7.4; 137 mmol L−1 NaCl, 2.7 mmol L−1 KCl, 10 mmol L−1 NaHPO4, and 2 mmol L−1 KH2PO4) for dissection under aseptic conditions using a stereo microscope (MZ6 Leica, Germany). A longitudinal incision was performed with forceps scissors and sterilized fine-tipped to extract the gut, removing the elytra, wings, and tergites (Briones-Roblero et al., 2017b). We did not consider the sex of insects because previous studies performed with bacteria and yeasts through culture-independent and culture-dependent techniques did not show significant differences in sexes (Rivera et al., 2009; Briones-Roblero et al., 2017a). Three biological replicates per species were independently carried out, each replicate integrated by a pool of 10 guts. Homogenization of samples was performed in 1.5 mL Eppendorf tubes with 500 μL of sterile PBS and sterile plastic pestles. The metagenomic DNA was obtained with the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s specifications, and their concentration and purity were evaluated in a NanoDrop™ 2000c Spectrophotometer (Thermo Scientific, Wilmington DE, USA).



2.2 Sequencing and data analysis

The ITS2 amplification was carried out with the universal primer pairs ITS3 (5′-GCA TCG ATG AAG AAC GCA GC-3′) and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′). We used this region because it is less variable in size than ITS1, but sufficiently variable in nucleotide content to discriminate ASVs (Taylor et al., 2016). The amplicon libraries were sequenced using a paired-end 2 × 300 bp Illumina MiSeq sequencer according to the protocols of Macrogen Inc. (Seoul, Korea). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Bioproject number PRJNA1074716). Raw paired-end reads were processed in Quantitative Insights Into Microbial Ecology (QIIME2)1 v.2023.2, last accessed June 2023 (Bolyen et al., 2019). To remove low quality and/or uninformative features, the raw read sequences were subjected to a denoising process consisting of quality filtering (Phred 30 score), trimming, dereplication, merging, and the removal of chimera sequences using the DADA2 plugin (Callahan et al., 2016). To determine amplicon sequence variants (henceforth called ASVs) at a 97% identity threshold, we used the pre-trained Naive Bayes classifier against the UNITE database (Kõljalg et al., 2020).2 To confirm ASV taxonomic identity, they were manually verified in GenBank.3 ASV contaminants from insects, mites, nematodes, and plants were removed from the data set. ASVs were aligned with the Multiple Alignment using Fast Fourier Transform program (MAFFT, Katoh and Standley, 2013) to infer an unrooted maximum-likelihood phylogenetic tree with IQ-TREE (Nguyen et al., 2015) using as the best model of nucleotide evolution TIM2f + I + G4 sensu Akaike criterion (-InL = 22909.196, I = 0.12, and G = 0.925). Given the size of the libraries was uneven and the observed abundance data were compositional, the ASV abundances were standardized using the centered log-ratio (CLR) transformation in CoDaPack v.2.02.21 (Comas-Cufí and Thió-Henestrosa, 2011). As fungi taxonomy is dynamic and constantly changing, in this study, we employ the current taxonomic names and the lineage or clade name following those given in the NCBI database.



2.3 Diversity analysis of fungal assemblages

The sampling coverage was calculated using rarefaction curves and the Good’s coverage in QIIME2. ASV abundance at the phylum, class, order, family, and genus levels at 97% similarity was represented as bar plots using ggplot2 in the R v.4.2.1 package. The α-diversity of each fungal assemblage of Dendroctonus species was estimated with metrics Chao1 (species richness), Shannon-Weaver (diversity), Simpson and Simpson reciprocal (dominance) in QIIME2. To test for differences in α-diversity metrics, we used the Kruskal–Wallis test in QIIME2. Based on the presence or absence of fungal genera in all libraries, we inferred using UpSetR package v 1.4.0 (Conway et al., 2017) the total number of fungi, shared and unique, present in the gut of each beetle species, as well as a common mycobiome core (CMC) among them.

To infer the ability of some members representing the genera that were part of CMC, we downloaded genomes from NCBI4 and searched for genes involved in the degradation of fungal cell wall (chitin, glucan, and mannan) and plant cell wall (cellulose, hemicellulose, pectin, and lignin), as well as in the biosynthesis of essential amino acids. Gene prediction was carried out with AUGUSTUS v.2.5.5 (Stanke et al., 2004)5, and their functional annotation and metabolic pathways in which they participate delineated in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.6 In addition, the guild, the trophic mode, and the growth morphology of fungal ASVs in the gut of the Dendroctonus species were inferred using the FUNGuildR package (Nguyen et al., 2016)7, supplemented with information from the specialized literature.

β-diversity of gut fungal assemblages from Dendroctonus species was visualized using a principal component analysis (PCA) in scatterplot3d v.0.3–44 in the R package based on Aitchison distance (Aitchison, 1982; Aitchison et al., 2000), and weighted and unweighted UniFrac distances (Lozupone and Knight, 2005) using the CLR matrix in the phyloseq R package v.1.42.0 (McMurdie and Holmes, 2013). Significant differences in microbiome composition (β-diversity) between Dendroctonus species were performed by permutational multivariate analysis of variance (PERMANOVA) based on 9,999 random permutations in PAST v.4.10 (Hammer and Harper, 2001). In addition, to assess whether the composition of mycobiomes among within Dendroctonus species is similar, we performed the PERMDISP test with 10,000 permutations in QIIME2.



2.4 Co-occurrence analysis and nutritional and functional guilds

To determine the interactions among ASVs with ≥23 reads in each of the fungal assemblages of Dendroctonus species, a co-occurrence empirical network based on the random matrix theory was constructed using pairwise Spearman correlation (p < 0.05) in the molecular ecological network analysis (MENA) platform with default settings (Deng et al., 2012).8 To test whether the linkage among ASV interactions was due to non-random effects, a set of 100 random networks was generated from the empirical community structure. Significant differences between the empirical and the null random networks were evaluated using the Z test (p < 0.05). The random network was constructed with the Maslov-Sneppen method in MENA, which kept the number of nodes (taxa) and edges (connections) unchanged but rewired the positions of all links in the network. Network properties including modularity degree (M, a measure of the internal organization of the network into modules), average connectivity (avgK, average number of node connections within the network), average path distance (GD, average measure of the shortest paths between two nodes), and average clustering coefficient (avgCC, average measure of the extent to which nodes are grouped together in a network) were calculated in the MENA pipeline. The global network was visualized in the Cytoscape v.3.10.0 (Shannon et al., 2003). In addition, to understand the relative contribution of fungal genera to the structure and stability of the assemblages, we carried out a bipartite ecological analysis using the bipartite R package (Dormann et al., 2008). Two bipartite networks were built, the first with the most frequently occurring fungal genera and the second with the less abundant genera.




3 Results


3.1 Sequencing data

A total of 5,592,374 reads were obtained from 42 libraries from 14 Dendroctonus species. After quality control, 615,542 sequences were recovered, yielding a total of 248 fungal ASVs. Rarefaction curves and Good’s coverage (>99%) indicated that sampling effort for all libraries was appropriated to representatively capture taxonomic diversity (Supplementary Figure 1).

The results showed a total of four phyla, 16 classes, 34 orders, 54 families, and 71 genera with different relative abundances among Dendroctonus species. The phylum most abundant was Ascomycota (99.85%), followed by Basidiomycota (0.13%), Mucoromycota (0.006%), and Mortierellomycota (0.002%). Specifically, the relative abundance of yeasts and fungi at the family and genus level varied among insect species (Figures 1A,B). Among the families that stand out as the most abundant are Debaryomycetaceae (49.7%), Pichiaceae (19.5%), Phaffomycetaceae (17.53%), Aspergillaceae (9.5%), and Cladosporiaceae (1.07%); the remaining families represented 2.7% of the relative abundance, but all of them had relative frequencies of <1% (Figure 1A).
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FIGURE 1
 Fungal diversity and relative abundance of the gut assemblages associated with 14 species of the genus Dendroctonus. (A) A bar plot at the family level. (B) The heat map of the genera identified by bark beetle species. The color gradient shows the relative ASV’s abundance for each library.


In total, 32 genera of yeasts and 39 filamentous fungi were recorded, with the first being the more abundant than the second (Figure 1B), highlighting Candida (48.16%) as the most abundant in all Dendroctonus species, followed by Nakazawaea (18.13%), Cyberlindnera (17.44%), Aspergillus (9.44%), Ogataea (1.46%), Yamadazyma (1.42%), Cladosporium (1.07%), and other genera (2.88%) with <1% each of them of the total reads.



3.2 The analysis of fungal assemblage diversity

According to Kruskal–Wallis and Dunn tests, the gut-associated fungal assemblages of Dendroctonus bark beetles showed statistically significant differences in species richness, species diversity, and dominance (p < 0.05; Figure 2). The higher species richness was found in assemblages of D. ponderosae, D. approximatus, and D. vitei, and the lowest species richness was found in those of D. valens, D. brevicomis, and D. rhizophagus. On the other hand, the gut fungal diversity in D. rufipennis, D. frontalis, and D. mesoamericanus assemblages was the most diverse with both metrics, whereas those from D. rhizophagus, D. terebrans, and D. valens were the least diverse. The number of dominant fungi varied among assemblages of bark beetle species from 2 to 5, with D. valens exhibiting the fewest dominant fungi in assemblages and D. rufipennis showing the most.
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FIGURE 2
 Alpha diversity indexes representing the fungal assemblage richness and diversity from 14 species of Dendroctonus genus. (A) Species richness by Chao1, (B) Shannon-Weaver diversity, (C) Simpson dominance, and (D) Simpson’s reciprocal diversity. Box plots not connected by the same letter are statistically different (p < 0.05).


Statistically significant differences in the composition of the gut fungal assemblages (β-diversity) were found among bark beetle species according to the PERMANOVA tests using Aitchison distance (F = 51.704; p = 0.001) or unweighted (F = 45.072; p = 0.001) and weighted (F = 116.36; p = 0.001) UniFrac distances. The first three components of the PCA based on Aitchison distance explained 26.8, 15.9%, and 11.6% of the total variations observed among the bark beetle samples, respectively. The distribution of bark beetle assemblages in this multidimensional space showed a disjunct pattern among species, but no clear differentiation among within-species replicates (Figure 3). This pattern was also observed in the PCA using unweighted and weighted UniFrac distances but with different percentages of variation explained by the first three principal components (unweighted, C1 = 44.4%, C2 = 15.2%, and C3 = 10.1%; weighted, C1 = 70.1%, C2 = 13.2%, and C3 = 5.9%) (Plots shown in Supplementary Figures 2A,B). The PERMDISP test showed that dispersions around the mean or centroid were homogenous across samples (F = 7.72; p = 0.076).
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FIGURE 3
 Principal component analysis (PCA, β-diversity) of the gut fungal assemblages from 14 species of Dendroctonus. (PERMANOVA, p < 0.05). Non-significant differences were found among within-species replicates (PERMDISP, p > 0.05). Dots of the same color represent biological replicates.


A relaxed CMC composed mainly of taxa in the genera Candida (present in all bark beetles, 100%), Nakazawaea (13 species; 92.86%), Cladosporium (10 species; 71.43%), Ogataea (10 species; 71.43%), and Yamadazyma (9 species; 64.28%) was recovered from the assemblages of Dendroctonus species (Figure 4). However, beetle species that shared the same fungal genera did not always share the same ASVs (Supplementary Table 1).
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FIGURE 4
 UpSetR plot of the core mycobiome from 14 Dendroctonus species. Colored bars (plot’s right side) highlight the number of total fungal genera present in each Dendroctonus species. Blue bars (plot’s top part) represent the number of fungal shared or single genera among beetle species. The red points (plot’s bottom) represent the presence or absence of fungal genera in the Dendroctonus species.


An analysis of the metabolic pathways of the CMC (Candida, Nakazawaea, Cladosporium, Ogataea, and Yamadazyma) shows that these fungi do not possess all enzymes involved in the degradation of plant cell walls. Cellulose is degraded exclusively by Cladosporium (EC 3.2.1.4 and EC 3.2.1.21), whereas glucan (EC 3.2.1.58) is degraded by all five members, and there is no evidence that these fungi degraded lignin or rhamnose (Supplementary Figure 3). On the other hand, core fungi can synthesize threonine (EC 2.7.1.39 and EC 4.2.3.1) but do not have genes encoding the biosynthesis of essential amino acids (Ile, Val, Leu, Trp, Phe, Lys, His, and Met). A total of six trophic modes including 14 different guilds were identified from 248 fungal ASVs. The frequency of these trophic modes varied among libraries and beetle species, with the most frequent being pathotroph-saprotroph-symbiotroph (47.41%), saprotroph-symbiotroph (35.62%), and saprotroph only (14.31%), whereas the less frequent was symbiotroph (1.48%), and other trophic modes had a frequency of less than 2%. ASV into these trophic modes were associated to animal pathogen, endophyte, endosymbiont, epiphyte, saprotroph, undefined saprotroph, soil and wood saprotroph, as well as animal or plant symbiotroph (Figure 5; Supplementary Table 2).
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FIGURE 5
 Heat maps showing relative frequencies of trophic modes (A) and guilds (B) predicted in each library of fungal assemblages, based on the FUNGuildR database.




3.3 Network analysis of fungal assemblages

From 248 fungal ASVs recovered, only 115 had >23 reads. The global network was integrated by four modules, which included 11 ASV nodes from seven filamentous fungi, and 43 ASV nodes from 10 yeasts (Figure 6). The 54 nodes were connected by 530 statistically significant edges, of which 291 were positive edges (i.e., mutualistic and communalistic interactions) and 239 were negative edges (i.e., antagonistic interactions) (Figures 6A,B). In the global network, there was no presence of hub nodes (nodes that have a low within-module connectivity, zi < 2.5, Pi > 0.3); however, nine of them were connectors (nodes with a high fraction of their links to other modules, zi < 2.5, Pi ≥ 0.62) and 45 peripherals (nodes with most links within their module and with other modules, zi < 2.5; Pi < 0.62). The ASV Candida Can_ore2 was the no-hub peripheral node with the highest level of edges, and the ASV Nakazawaea Nak_amb1 was the connector no-hub node with the highest connectivity and efficiency among all ASV interactions in the network. The global network was statistically significant to null random networks (z-score = 2.75, p < 0.003), and the connectivity distribution followed the power law model (R2 = 0.001). The values of modularity (M = 0.538), average connectivity (avgK = 19.63), average path distance (GD = 1.655), and average clustering coefficient (avgCC = 0.561) were significantly higher in the global network than the null random network values (M = 0.099 ± 0.010, GD = 1.644 ± 0.004, and avgCC = 0.484 ± 0.008).
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FIGURE 6
 The general ecological networks of the fungal assemblages associated with 14 species of Dendroctonus genus. It was built with 115 ASVs whose reads were > 23. Four modules integrated in the general network, which included 11 ASV nodes from 7 genera of filamentous fungi, and 43 ASV nodes from 10 yeasts genera. The values of modularity, average connectivity, average path distance, and average clustering coefficient were significantly higher than the random network. Significant positive (A) or negative (B) correlations (p < 0.05) within the same and different modules were separated and represented by blue and red lines, respectively. Asp_rub (Aspergillus ruber); Can (Candida sp.); Can_ara (Candida arabinofermentans); Can_gor (Candida gorgasii); Can_nit (Candida nitratophila); Can_ore (C. oregonensis); Can_par (C. parapsilosis); Can_pic (C. piceae); Can_rai (C. railenensis); Can_sit (Candida sithepensis); Can_vri (C. vriesea); Cla (Cladosporium sp.); Cla_cld (C. cladosporioides); Cyb_ame (Cyberlindnera americana); Kur_mol (Kuraishia molischiana); Gro_tar (Groenewaldozyma tartarivorans); Mey_gui (Meyerozyma guilliermondii); Nak_sp. (Nakazawaea_sp.); Nak_amb (N. ambrosiae); Nak_hol (N. holstii); Oga_pin (Ogataea pini); Pen_cor (Penicillium corylophilum); Pet_tol (Peterozyma toletana); Rho_muc (Rhodotorula mucilaginosa); Sor_sp (Sorocybe sp.); Tal_sp (Talaromyces sp.); The_bal (Thelebolus balaustiformis); Tri_vir (Trichoderma viride); Yam_mex (Yamadazyma mexicana); and Yam_ten (Yamadazyma tenuis).


Module 1 comprised five ASVs in total: three of Candida (Can_par2, Can_sit1, Can_pic18), one of Nakazawaea (Nak_sp4), and one of Kuraishia (Kur_mol3) from four beetle species. These ASVs presented five positive and two negative interactions among them. Can_sit1 and Kur_mol3 ASVs connected module 1 with module 2, and Can_pic18, Can_par2, and Nak_sp4 with modules 2 and 3 (Supplementary Table 2).

Module 2 was formed by 15 ASVs in total: five of Candida (Can_ore4, Can_pic8, Can_pic10, Can_pic6, Can_pic1), one of Meyerozyma (Mey_gui1), two of Ogataea (Oga_pin1, Oga_pin5), three of Cyberlindnera (Cyb_ame1, Cyb_ame4, Cyb_ame2), one of Kuraishia (Kur_mol4), one of Nakazawaea (Nak_hol1), and two filamentous fungi of the genera Trigonosporomyces (Tri_vir1) and Cladosporium (Cla_cld1) from 13 beetle species. Within this module, ASVs had 43 positive and 14 negative interactions among them. Can_pic1, Can_pic10, Can_ore4, Cyb_ame2, and Cla_cld1 linked module 2 with modules 3 and 4; Can_pic1, Can_pic6, Can_pic8, Cyb_ame1, Oga_pin1, Nak_hol1, and Mey_gui1 linked it to modules 1, 3, and 4; Oga_pin5 connected it to modules 1 and 3; Kur_mol4 linked it to the modules 0 and 3; and Tri_vir1 associated it with the modules 2 and 3 (Supplementary Table 3).

ASVs of the yeasts Candida (Can_ore2 and Can_pic3), Groenewaldozyma (Gro_tar1), and Rhodotorula (Rho_muc1), and the filamentous fungi, Cladosporium (Cla_sp3), Aspergillus (Asp_rub1), and Sorocybe (Sor_sp1) from eight beetle species comprised module 3. These ASVs presented eight negative and 10 positive links among them within the module. Can_ore2, Can_pic3, Rho_muc1, Asp_rub1, and Cla_sp3 interconnected this module with the modules 1, 2, and 4, while Gro_tar1 and Sorocybe (Sor_sp1) linked it with the modules 1 and 2 (Supplementary Table 2).

Module 4 consisted of 23 ASVs of the yeasts Nakazawaea (Nak_sp1, Nak_amb1, and Nak_sp3), Candida (Can_ore1, Can_ore6, Can_rai1, Can_rai2, Can_sp1, Can_vri1, Can_gor1, Can_nit1, and Can_ara1), Peterozyma (Pet_tol1), Kuraishia (Kur_mol1), Yamadazyma (Yam_mex1, Yam_mex2, and Yam_ten1), Ogataea (Oga_pin2 and Oga_pin4), and Cyberlindnera (Cyb_ame3) and seven ASVs from the filamentous fungi Cladosporium (Cla_sp1, Cla_cld2, Cla_cld3), Penicillium (Pen_cor1), Talaromyces (Tal_sp1 and Tal_sp2), and Thelebolus (The_bal1) from 10 beetle species. These ASVs had 86 negative and 96 positive links between them within the module. Most of the ASVs were linked to modules 2 and 3, while Can_rai2, Can_gor1, Can_ore1, Can_ore1, Can_ore6, Can_nit1, Can_sp1, Yam_mex1, and Cla_sp1 linked it to module 2; Oga_pin2 connected it to module 2; Can_rai1 linked it to modules 1, 2, and 3; and Can_rai1 linked it to the modules 1, 2, and 3 (Supplementary Table 3).

The bipartite networks confirmed that Candida, Cyberlindnera, Yamadazyma, Cladosporium, Ogataea, and Nakazawaea were key genera that maintained the structure and stability of the community (modularity 0.38, nestedness 19.0, and connectedness 0. 65). However, a plethora of fungal genera of low frequency showed some degree of specialization in each beetle assemblages (modularity 0.27, nestedness 26.07, and connectedness 0.10) (Figure 7).
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FIGURE 7
 A bipartite network between Dendroctonus species and the gut fungal assemblages. Dendroctonus species are represented in the nodes on the left side and fungal ASVs in the nodes on the right side, the connections between insects and fungi are represented by gray connectors (or links). (A) The network of the most dominant fungal genera. (B) The network of non-dominant fungal genera. Dadj: D. adjunctus, Dapp: D. approximatus, Dbar: D. barberi, Dbre: D. brevicomis, Dfro: D. frontalis, Dmes: D. mesoamericanus, Dmex: D. mexicanus, Dpar: D. parallelocollis, Dpon: D. ponderosae, Drhi: D. rhizophagus, Druf: D. rufipennis, Dter: D. terebrans, Dval: D. valens, and Dvit: D. vitei.





4 Discussion

In this study, we comprehensively characterized the composition and diversity of gut-associated fungi of Dendroctonus bark beetles using the ITS2 region and high-throughput sequencing technologies. Our results indicate that gut fungal assemblages of the Dendroctonus spp. are represented mainly by Ascomycetous fungi, which agrees with other reports from the bark and ambrosia beetles, as well as other Coleoptera groups (Harrington, 2005; Suh et al., 2005; Henriques et al., 2006; Rivera et al., 2009; Gao et al., 2018; Biedermann and Vega, 2020; Chakraborty et al., 2020, 2023; Ibarra-Juarez et al., 2020; Veselská et al., 2023).

At the genus level, α-diversity was integrated into 71 fungal genera including 32 yeast ASVs and 39 filamentous fungi ASVs. Differences in richness and diversity among Dendroctonus gut assemblages were driven mainly by filamentous ASVs from fungi and yeast with a relative abundance of <1%. However, our results confirm that yeasts are the most abundant group and persistent in the gut of these bark beetles, which matches earlier reports for Dendroctonus spp. using culture-dependent methods (Rivera et al., 2009) and with other studies carried out with bark beetles that find yeasts and yeast-like fungi are primary taxa in gut assemblages (e.g., Chakraborty et al., 2020).

Gut fungal assemblages of Dendroctonus beetles differed considerably in α-diversity, including taxonomic ASV richness and abundance. In general, Dendroctonus species that feed on roots or the lower bole or colonize trees non-lethally in their native ranges, such as D. rhizophagus, D. terebrans, and D. valens, exhibited the least diverse gut fungal assemblages (Figure 2). In contrast, highly “aggressive” or “primary” Dendroctonus spp. that are often a driving factor in tree death, including D. adjunctus, D. frontalis, D. mesoamericanus, and D. rufipennis, generally had more diverse gut fungal assemblages. However, metrics of α-diversity also varied strongly across biological replicates for some species (e.g., D. mexicanus, D. parallelocollis, and D. vitei), indicating a potential need for additional sampling within species or across regions to fully characterize community variation.

The dominant yeasts were Candida, Nakazawaea, Cyberlindnera, Yamadazyma, and Ogataea (Figure 1). The high prevalence of yeast in the gut indicates that they are potentially important for beetle development and nutrition. Two pathways exist by which yeasts may impact beetle nutrition. First, during development, beetles almost certainly directly consume yeast cells that proliferate in the subcortical gallery environment. To the best of our knowledge, no studies have yet tested variation in beetle development with and without access to gut yeasts, likely due to the difficulties in rearing Dendroctonus axenically. One recent study showed that crude P content, but not N content, of yeast cells was not strongly different from tree phloem (Davis et al., 2023), indicating that at least some yeast isolates are not substantially more protein-rich than tree tissues alone. However, yeasts also produce enzymes that may be involved in the degradation of structural and non-structural polysaccharide complexes including cellulose, lignin, or starch, which could alter the C:N ratios or reduce tissue toughness. For instance, Candida arabinofermentans converts L-arabinose, a common pentose in lignocellulose, to ethanol (Kurtzman and Dien, 1998); Candida nitratophila assimilate nitrates (Ali and Hipkin, 1986); and both Cyberlindnera americana and Candida piceae have lipolytic and amylolytic abilities (Briones-Roblero et al., 2017b).

Second, yeasts may alter nutritional opportunities indirectly via community-driven effects. For example, some yeasts (e.g., Ogataea) can alter the growth of filamentous fungal symbionts (Paine and Hanlon, 1994; Davis et al., 2011), while others (e.g., Yamadazyma) in some cases inhibit it (Wang et al., 2013; Davis et al., 2023; González-Gutiérrez et al., 2023). In addition, some yeast taxa (e.g., Kuraishia, Ogataea, and Nakazawaea) degrade terpenes and/or affect pheromone production (Hunt and Borden, 1990), and several in silico studies in yeasts (e.g., Candida and Cyberlindnera) demonstrate the presence of genes and transcripts related to terpene detoxification, such as cytochromes P450, and Transporters ABC, MATE, and MFS, and others (Hernández-Martínez et al., 2016; Soto-Robles et al., 2019).

The low abundance recorded in the gut of the fungal symbionts, including Ceratocystiopsis, Entomocorticium, Ophiostoma/Sporothrix, and Grosmannia/Leptographium, is surprising and consistent with other culture-based and culture-independent studies (Rivera et al., 2009; Bozorov et al., 2019), confirming that these symbionts are primarily associated with mycetangia (Vazquez-Ortiz et al., 2022) or body surfaces (Gao et al., 2018; Chakraborty et al., 2020) from Dendroctonus bark beetles. It is generally regarded as canon that Dendroctonus beetles feed on their respective associated mycetangial fungal taxa during development (Six and Klepzig, 2004; Six and Wingfield, 2011); however, it is puzzling why these taxa (Entomocorticium, Ophiostoma, Grosmannia) were not abundant in the gut if this is the primary nature of the association.

There are several possible explanations for this pattern. First, insect digestive tracts contain microenvironmental variation in oxic and anoxic gradients (Ceja-Navarro et al., 2014), which may limit the proliferation of mycetangial fungi in the gut. Second, mycetangial fungi may be rapidly digested by beetles or degraded by joint action of chitinases present in both bacteria and yeasts (Fabryová et al., 2018; Bozorov et al., 2019; Ibarra-Juarez et al., 2020; Peral-Aranega et al., 2023). Third, presumably mycetangial fungi are fed upon primarily during larval development, which would lead us to assume that they should be present at this stage of development. However, these filamentous fungi are not isolated from the gut of Dendroctonus larvae using culture-dependent methods (Rivera et al., 2009). Even so, more detailed studies are required to confirm that larvae may have abundances of very different gut fungal assemblages than adult Dendroctonus, because individuals sampled in the present study were adults.

Instead, the dominant filamentous fungus in the alimentary canal was Cladosporium (present in 71% of beetle species), with approximately equivalent representation across species of Aspergillus, Beauveria, Ceratocystiopsis, and Trichoderma (present in ~21–28% of beetle species). It is unclear which of these associations are truly “symbiotic” relationships and which are incidental or even exploitative. Beauveria is an important entomopathogen for bark beetles and insects in general (Mann and Davis, 2021); similarly, some species of Aspergillus are pathogenic to bark beetles (Zeiri et al., 2017), though both fungi are relatively ubiquitous in natural environments (Ramirez-Camejo et al., 2012; Maistrou et al., 2020). Their presence in the gut of several species may indicate potential fungal parasitism in sampled populations. The ecological relationships between Cladosporium spp. and bark beetles are less clear; though some Cladosporium isolates may elevate the N content of plant tissues (Solomon and Oliver, 2001) or participate in the lignin degradation by the presence of laccases (Aslam et al., 2012). Cladosporium is isolated from various bark beetle species in many different geographic regions (Bateman et al., 2016; Davydenko et al., 2017). Cladosporium spp. are also environmentally ubiquitous on plant surfaces (Katsoula et al., 2021) but may also be endophytes (Ganley and Newcombe, 2006), plant pathogens (De Wit et al., 1997), entomopathogens (Samways and Grech, 1986), and even parasites of other fungi (Torres et al., 2017). Since Cladosporium spp. are represented in the gut of >70% of Dendroctonus species, further exploration of their role in nutrition and interactions with beetles and host trees is warranted.

On the other hand, results show a different β-diversity when guts among beetle species were compared (Figure 3; Supplementary Figures 2A,B), without the influence of the intraspecific variation of assemblages of each insect species. Different metrics indicate that each beetle species was generally associated with a relatively distinct gut fungal assemblage. The spatial disjunction of fungal assemblages (PCA) indicates a strong replacement of fungal ASVs, though there was also overlap in assemblages across species (Figure 4; Supplementary Figures 2A,B). Differences are given both by fungal ASVs with high and low abundance of shared genera between assemblages, as well as by unique or rare ASVs commonly of low abundance.

Although Dendroctonus spp. surveyed here were associated fully with the genus Candida and most with Nakazawaea, Ogataea, and Yamadazyma, our results show a core mycobiome integrated by different Candida ASVs (Figures 4, 5), which significantly contribute to the structure and stability of the community. This also suggests that beetles are often associated with cryptically diverse and functionally redundant assemblages of gut symbionts with potentially complementary enzymatic capabilities, to the benefit of all, including the insect host. Furthermore, this also suggests that the maintenance of fundamental functions across the incorporation or retention of symbionts with complementary capabilities or redundant is a viable strategy, which favors all interaction types among fungal symbionts as suggested by our ecological and bipartite networks, rather than the retention of strict specific symbionts.

The observed differences in both diversities may be due to different factors, such as biological (e.g., the type of life cycle and its duration and generation number), ecological (e.g., tree host species, distribution range both of insects and host, colonization strategy, endemic or epidemic condition of populations, and interaction with phoretic ectosymbionts or with other arthropods) and morpho-functional (e.g., gut compartmentalization and physicochemical microenvironment), which are dynamic in space and time and non-mutually exclusive. Furthermore, some of these factors can be influenced by the diet and the subcortical environment (Romeralo et al., 2022; Chakraborty et al., 2023; Ge et al., 2023), despite these insects exploiting a similar resource in terms of nutrition and habitat. Given that we lack a general understanding of how these factors affect mycobiome diversity (Rivera et al., 2009; Davis, 2015; Gao et al., 2018), in part because it is regulated by overlapping processes on spatial and temporal scales ranging from the global to the local, future studies with specific experimental designs are required to test the individual influence of different drivers.

The multiple positive or negative associations observed in the overall network suggest that fungal ASVs establish intimate interactions among them, which may be cooperative or mutualistic, as they contribute to the processes of terpene detoxification, degradation of complex polysaccharides, or nutrient recycling. On the contrary, negative interactions are surely related to the regulation and stabilization of a minimal community rather than to the phenomena of competition or repulsion among them, because the gut is a highly selective habitat, metabolically dynamic, and spatially limiting by its compartmentalization and microenvironmental condition changing and dynamics during the development of these insects. The presence of a common mycobiome integrated only by the genus Candida and the replacement of ASVs suggest the integration of a functional, not taxonomic (Risely, 2020) whose members are acquired from the environment, as has been suggested in other studies (Hernández-García et al., 2018; Vazquez-Ortiz et al., 2022). However, regardless of the ecological interaction of fungal members within Dendroctonus spp. gut assemblages, the trophic mode of assemblages may change depending on the trade-offs faced by the beetles during their life cycle, which undoubtedly affects the community structure and stability, as well as interactions among its members.

Several limitations to our study should be considered when interpreting the results reported here. First, ITS2 has multiple copies in the genome of some fungal species, and it must be acknowledged that as a result, some taxa may have inflated estimates of ASV abundance (Lavrinienko et al., 2021). Accordingly, ASV abundance may not directly translate to the abundance of fungal taxa as represented by biomass or colony forming units. However, various studies, including other studies of bark beetle microbial associations, have used this approach to describe general patterns within and between ecological communities (e.g., Chakraborty et al., 2020; Vazquez-Ortiz et al., 2022). In addition, although we detected correlations in ASV abundances, it is not clear whether these correlations are due to interactions within the observed microbial community or some other unmeasured factor.

Here, we report apparently functionally redundant fungal assemblages associated with the gut of Dendroctonus bark beetles, with a core mycobiome consisting of Candida ASVs, which were not the same among beetle assemblages. The α- and β-diversity observed among beetle species assemblages were relatively different and overlapping. Yeasts dominated the communities, although several filamentous fungi were also common across beetle taxa and warrant additional ecological study (e.g., Cladosporium spp.). It is not clear whether observed gut assemblages vary generationally or remain somewhat constant over time in populations, but this will be important to investigate to determine whether gut communities are reassembled de novo for each beetle generation. There are likely a variety of biological, ecological, and physiological factors involved in the integration of Dendroctonus gut assemblages; however, their role in providing nutrition to beetles has not yet been clearly determined.

Furthermore, a high degree of complexity in the global beetle-fungal network was observed, which would be expected to increase greatly in the presence of other beetle-associated microorganisms such as bacteria and bacteriophages. However, distinct modules of correlated fungal taxa were also observed, and functional differences among these modules have not yet been described but may be considerable. Understanding patterns of nutrient acquisition is a key area of investigation in insect ecology (e.g., Chandler et al., 2008; Behmer, 2009), and the nitrogen budget of phloem-feeding bark beetles remains difficult to explain without considering fungal symbioses (Ayres et al., 2000). In fact, a comparison between recent studies of mycetangial fungi diversity in Dendroctonus (Vazquez-Ortiz et al., 2022) and the present study clearly shows that fungal communities strongly differ between secretory fungal transport structures (mycetangia) and intestinal tracts. Future studies using omics techniques combined with in vitro or in vivo experiments will contribute to understanding the metabolic capacities of dominant members of the gut fungal assemblage, their forms of interaction, and their contributions to the survival and adaptation of tree-killing insects.
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While afforestation mitigates climate concerns, the impact of afforestation on ecological assembly processes and multiple soil functions (multifunctionality) in afforested areas remains unclear. The Xiong’an New Area plantation forests (Pinus and Sophora forests) in North China were selected to examine the effects of plantation types across four distinct seasons on soil microbiomes. Three functional categories (nutrient stocks, organic matter decomposition, and microbial functional genes) of multifunctionality and the average (net) multifunctionality were quantified. All these categories are directly related to soil functions. The results showed that net soil multifunctionality as a broad function did not change seasonally, unlike other narrow functional categories. Bacterial communities were deterministically (variable selection and homogenous selection) structured, whereas the stochastic process of dispersal limitation was mainly responsible for the assembly and turnover of fungal and protist communities. In Pinus forests, winter initiates a sudden shift from deterministic to stochastic processes in bacterial community assembly, accompanied by decreased Shannon diversity and heightened nutrient cycling (nutrient stocks and organic matter decomposition). This indicates the potential vulnerability of deterministic assembly to seasonal fluctuations, particularly in environments rich in nutrients. The results predicted that protist community composition was uniquely structured with C-related functional activities relative to bacterial and fungal β-diversity variations, which were mostly explained by seasonal variations. Our study highlighted the importance of the protist phagocytosis process on soil microbial interactions through the predicted impact of protist α-diversity on microbial cooccurrence network parameters. This association might be driven by the high abundance of protist consumers as the main predators of bacterial and fungal lineages in our sampling plots. Our findings reveal that the complexity of microbial co-occurrence interactions was considerably higher in spring, perhaps attributing thermal variability and increased resource availability within spring that foster microbial diversity and network complexity. This study contributes to local ecosystem prospects to model the behavior of soil biota seasonally and their implied effects on soil functioning and microbial assembly processes, which will benefit global-scale afforestation programs by promoting novel, precise, and rational plantation forests for future environmental sustainability and self-sufficiency.
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1 Introduction

The composition and function of microbial communities within terrestrial ecosystems can be changed greatly by anthropogenic activities, leading to notable alterations in multiple ecosystem functions (multifunctionality) (Fu et al., 2020). Soil multifunctionality refers to the ability of soils to simultaneously provide multiple ecosystem services and functions that are essential for environmental sustainability and human well-being (Zheng et al., 2019). Understanding soil functionality is crucial for achieving soil security by comprehensively recognizing the variability in soil processes, the ecosystem services soils provide to humans, and their responses to global changes (Chen et al., 2020). The interconnected and interdependent components of soil, such as its structure, chemistry, microbes, water, roots, and organic matter, are fundamental to enhancing and sustaining its multifunctionality (Yang et al., 2021). Vegetation restoration through afforestation occurs in different types of land use and climatic zones, either through self-generation or by establishing fast-growing trees with various physiological characteristics, which in turn can help reduce the effects of climate change (Hou et al., 2019). The largest afforestation area is currently recorded in China (Wang et al., 2020b), and the widespread planting of forest trees such as Pinus, a type of evergreen conifer (Tang et al., 2007; Wang et al., 2020a) and Sophora, a deciduous legume, (Liu et al., 2018) has recently been typical for afforestation in the northern part of China (Wang et al., 2021). The interaction of tree species with soil microbes in forest plantations can significantly affect soil composition and ecosystem dynamics. Notably, Pinus forests and Sophora forests may interact differentially with soil microbes, potentially shaping their composition in contrasting ways. In line with this concept, the accumulation of microbial residues in the soil was found to be higher under certain tree species due to direct impacts on microbial residue accumulation through alteration of fungal biomass (Jing et al., 2023). Moreover, in northeast China, the afforestation of abandoned land with Chinese pine trees and deciduous legumes has been shown to influence soil properties and microbial communities, with the potential for diverse ecological outcomes (Yang et al., 2018b). It is also noted that different tree species can cause shifts in the microbial biomass, the quantities of culturable bacteria and Actinomyces, and the profiles of phospholipid fatty acids (PLFA), resulting in altered soil microbial community structures (Xia et al., 2012). The establishment of specific tree species, such as thorny bamboo, has been found to enhance microbial community diversity and activity by increasing soil organic matter (Chang et al., 2019). The spatial positioning of trees within mixed stands of coniferous and broad-leaved trees correlates with microbial properties, where microbial biomass may decrease with some coniferous influences but increase with broad-leaved tree influences—demonstrating the intricate relationships between tree species composition and microbial dynamics in the soil (Saetre, 1999). Afforestation with sustainable management stands out as the most cost-effective mitigation option in forestry, offering flexibility to lower carbon intensity and combat climate change (Wang et al., 2020b). Therefore, it is crucial to understand the role of ecological processes, both deterministic and stochastic, in the assembly of microbial communities and their links to multifunctionality in environments like afforested areas, which are initially subjected to intense human activities. To reach this goal, it is essential to focus on both plantation types and seasonal successions at the same study sites when trying to disentangle the drivers of microbial distributions, functions, and their interactions in plantation forest regions.

One of the fundamental aims of microbial ecology is to disclose the role of ecological processes and environmental parameters in driving the assembly of microbial communities (Stegen et al., 2012). The assembly of microbial species is generally structured by four classes of ecological processes, categorized into stochasticity (homogenizing dispersal and dispersal limitation) and determinism (homogeneous selection and variable selection) (Jia et al., 2018). Growing evidence suggests possible associations among microbial community assembly, composition, and ecosystem functioning (Liu et al., 2021). External driving determinants, such as the perturbance of land-use management using exotic vegetation, drive diversified ecosystem functions by changing assembly processes and microbiome dynamics. Subsequently, the outcomes will affect microbial community composition by imposing feedback (Stegen et al., 2018). However, the temporal patterns of stochastic versus deterministic assembly processes and the driving environmental parameters that seasonally influence ecosystem functions in plantation forests remain unresolved.

Seasonal variations induce multifaceted impacts on ecosystem functioning and microbial assembly processes in plantation forests (Wang et al., 2020a; Van Nuland et al., 2021). These effects range from alterations in microbial community dynamics due to shifts in litter quality and tree root activity to more direct influences on soil microbial properties, enzyme activities, and the interaction with plant growth cycles (Lin et al., 2023). This can lead to shifts in microbial community composition and function, affecting ecosystem functioning on a landscape-level scale (Myers et al., 2001). For example, in Eucalyptus grandis plantations, soil microbial properties have been shown to decrease initially upon land-use change but then recover to levels comparable to native forests after 4 years, but this pattern varies with the season, highlighting the seasonal influence on microbial dynamics (Xu et al., 2020). Another aspect of seasonal impact is the fluctuation of environmental variables. For instance, increased levels of microbial PLFAs and enzyme activities have been observed during the wet season compared to the dry season, indicating that moisture is a key factor in modulating soil microbial community structure and activity (Yang et al., 2018a). Additionally, seasonal shifts in plant carbon allocation between root and shoot systems alter nutrient availability through root exudates, leading to changes in microbial communities surrounding host tree roots throughout the growing season (Habiyaremye et al., 2020). Moreover, the significance of seasonality varies with vegetation type, which differs across plantation forests (Körner, 2007). For example, deciduous forests exhibit photosynthetic activity only during the growing season, with a brief period of leaf litter in autumn. In contrast, coniferous forests have an extended growing season and produce more resilient litter compared to deciduous vegetation (Crow et al., 2009; Voříšková et al., 2014). Therefore, comprehensive studies that account for both the taxonomic and functional traits of soil microbial communities across different vegetation types, particularly in plantation forests, while considering seasonal dynamics, can provide valuable insights for refining simulation models and developing effective climate change mitigation strategies.

In this study, soil samples were collected from two different plantation forest types (evergreen vs. deciduous; Pinus tabulaeformis Carr. and Sophora japonica L.) in which soil experienced considerable disturbance by human activities during land preparation during four distinct seasons. The diversity and composition of soil biota (bacteria, fungi, and protists), the gene copy numbers of soil biota, eco-enzymatic activities and stoichiometry, physiochemical properties, and the abundance of microbial functional genes involved in the transformation of C, N, P, and S as microbial functional attributes were characterized. Quantitative microbial element cycling (QMEC), based on high-throughput quantitative polymerase chain reaction (PCR) (Zheng et al., 2018) was used to explore (i) the relationship between microbial diversity and composition under different plantation types seasonally with the provision of soil multifunctional services and (ii) the microbial assembly processes in plantation forests in the XNA. Additionally, because protists play a number of important roles in soil food webs and their relationships are indispensable to various soil functions and ecosystem interactions such as nutrient cycles, organic matter disintegration, formation of soil architecture, pest control, pollutant removal, and regulation of various contaminants (Nguyen et al., 2023); thus, the impact of seasonal fluctuations on protists trophic level were investigated. This study presents a framework to enhance our comprehension of the mechanisms directing the microbial pattern, the benefaction of deterministic and stochastic processes to community assembly processes, and soil multifunctionality.



2 Materials and methods


2.1 Study area and soil sampling

The Xiong’an New Area (XNA) (38°43′–39°10′ N, 115°38′–116°20′ E), which includes three counties (Xiong, Anxin, and Rongcheng), is located in the north of China, which was established in 2017, and it is another new national city after the Shenzhen Special Economic Zone and Shanghai Pudong New District (Wang et al., 2020a, 2023) (Supplementary Figure S1). Between 2017 and 2020, Xiong’an added more than 27,000 hectares of trees, increasing its forest coverage to 30 percent1. This area is classified as a warm temperate continental monsoon climate with four distinct seasons (Yang et al., 2022). The average annual temperature and precipitation are approximately 12.1°C and 560 mm, respectively (Wang et al., 2022). Seasonal temperature and precipitation details are presented in Supplementary Table S1. The soil samples were collected from P. tabulaeformis plots (Chinese pine tree, hereinafter referred to as “CP”) and S. japonica plots (Chinese scholar tree, hereinafter referred to as “CS”) in plantation forests with a history of planting either Zea mays L. or Triticum aestivum L., followed by the closing of the land for afforestation (Wang et al., 2021). These species were sampled two years post afforestation age, and the approximate age of the trees at the time of sampling was four years. The time frame for soil sampling was arranged considering four different seasons. Seasonal samplings were performed as follows: in July 2019 (summer: plant growth period and rhizodeposition; hereinafter referred to as “SU”), in October 2019 (autumn; during the late phase of litterfall; hereinafter referred to as “AU”), in January 2020 (winter; snow-covered time and carbon polymers/phenolics; hereinafter referred to as “WI”), and in May 2020 (spring: three weeks after the emergence of leaves; hereinafter referred to as “SP”). The time-scale sampling was selected according to the weather climate of the northern part of China. Sampling details were followed according to the previous study with a few modifications (Masoudi et al., 2018). Briefly, three random lines were randomly selected with the distance between each line at approximately 100 m, and by walking along each line, a soil core was collected every 10 m (a total of 5 cores in each line). The resulting soil cores were mixed to yield a composite sample from each line; three samples were collected per plot for each season. Thus, we collected 120 soil subsamples up to 30 cm depth in the root-zone soil from defined experimental plots over 1 year. After each set of sample collections, visible grassroots and pebbles were removed. All soil samples were divided into two parts; the first part (~10 g) was immediately frozen at −20°C using a portable refrigerator (Foshan Aikai Electric Appliance Co., Ltd., Guangdong, China) for DNA extraction and was stored at −80°C after the samples were transferred to the laboratory. The second part (~500 g) was considered for geochemical measurements.



2.2 Soil physicochemical properties, extracellular enzyme activities, and enzyme stoichiometry

The soil water content (SWC), total carbon (TC), soil electrical conductivity (EC), soil pH, soil organic matter (SOM), total potassium (TK), rapidly available potassium (RAK), slow-available potassium (SAK), total phosphorus (TP), total nitrogen (TN), soil hydrolyzed nitrogen (HN), inorganic phosphorus (IP), organic phosphorus (OP), available phosphorus (AP), total sulfur (TS), and available sulfur (AS) were determined, and the detailed methods can be found in Supplementary Table S2. The ecoenzymatic activities (EEAs) involved in hydrolytic activities, such as carbon (β-glucosidase, BGC; β-xylosidase, BXYS; β-cellobiosidase, BCL), nitrogen (leucine aminopeptidase, LAP; ɑ-glucosidase, AGC; N-acetyl-β-D-glucosidase, NAG), phosphorus (alkaline phosphatase, ALP), sulfur (aryl sulfatase, ASF), and oxidative activities, such as phenolic compound oxidase, including polyphenol oxidase (PPO) and peroxidase (POD), were determined following the fluorescence-based protocols (Ullah et al., 2019) using soil enzyme kits purchased from Suzhou Comin Biotechnology Co., Ltd. (Suzhou, Jiangsu, China) (Supplementary Table S3), and reported in nmol h−1 g−1 units. Initially, 1 g of fresh soil was blended with 100 mL of sterilized water using a polytron homogenizer, ensuring a uniform suspension with the aid of a magnetic stirrer. This suspension, along with sterilized water, 200 μM of 4-methylumbelliferyl-linked substrates, and 10 μM of references, was dispensed into the wells of a black 96-well microplate. The microplates were covered and incubated at 25°C in darkness for 4 h. Following incubation, 10 μL of a 1 M NaOH solution was swiftly added to each well to halt the enzymatic reaction. Fluorescence readings were taken using a microplate fluorometer (Scientific Fluoroskan Ascent FL, Thermo Fisher Scientific, Waltham, MA, United States) equipped with 365 nm excitation and 450 nm emission filters. Additionally, PO and PEO were quantified via colorimetric methods in a clear 96-well microplate, as detailed in Ullah et al. (2019). The formulas ln (BGC): ln (NAG + LAP), ln (BGC): ln (ALP), and ln (NAG + LAP): ln (ALP) were used to calculate the ecoenzymatic stoichiometry (EES) C:N, C:P, and N:P activity ratios, respectively, to gain a better understanding of possible resource shifts with seasonal variations.



2.3 DNA extraction and amplicon sequencing

Soil genomic DNA extraction and quality checking were performed according to our previous publications (Masoudi et al., 2020). PCR amplification and sequencing were individually performed for each replicate. Target genes were bacterial 16S rRNA, fungal ITS, and protist 18S rRNA. The primers 338F/806R, 1737F/2043R, and TAReuk454FWD1F/TAReukREV3R were used to amplify the V3-V4 region of the bacterial 16S rRNA gene, fungal ITS1, and 18S rRNA, respectively. PCRs, amplifications, and sequencing were performed in the framework of our previous study (Wang et al., 2022). Microbial biomass was determined using a real-time quantitative PCR assay for the 16S rDNA, the ITS1 region, and 18S rDNA for bacteria, fungi, and protists according to our previous protocol (Wang et al., 2021). All qPCR reactions were performed on a CFX96™ Real-Time System (Bio-Rad Laboratories, Hercules, California, United States). Absolute quantitative qPCR results were used to express soil microbial biomass using 16S rDNA, the ITS1 region, and 18S rDNA for bacteria, fungi, and protists. Cycle threshold (Ct) values determined the amount of DNA templates in each sample. Standard curves for the three genes were produced by ligating the gene fragments to the T1 plasmid vector, which was then transformed into Trans1-T1 competent Escherichia coli. These gene fragments were quantified using a NanoDrop 2000 ultra-micro spectrophotometer (Thermo Fisher Scientific, United States) and diluted 10 times with ddH2O to generate the standard curves. Microbial biomass in different soil samples is expressed as log copy numbers of genes per gram of soil. The abundance and diversity of the functional genes involved in C, N, P, and S cycling in different plantation plots and seasons were estimated using quantitative microbial element cycling (QMEC) based on high-throughput quantitative PCR (HT-qPCR). QMEC, a chip utilizing qPCR technology, comprises 71 primers targeting bacterial CNPS (carbon, nitrogen, phosphorus, sulfur) cycling genes, along with one primer for the 16S rRNA gene (Supplementary Table S5). This innovative platform allows for the simultaneous qualitative and quantitative analysis of 72 genes across 72 samples in a single run on the WaferGen Smart-Chip Real-time PCR system (Bio-Rad, Hercules, CA, United States). The relative copy number of detected genes was determined following the method outlined by Zheng et al. (2018). Each qPCR reaction was carried out in a 100 μL reaction volume, with triplicate reactions performed for each primer set. A negative control (sterile water) was included in each run to monitor for contamination. The PCR amplification protocol consisted of an initial denaturation step at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s. The melting curve analysis was automatically generated using the WaferGen software, and the corresponding threshold cycle (Ct) value was determined. Any signals exhibiting multiple melting peaks or amplification efficiencies outside the range of 1.8 to 2.2 were excluded from the analysis. A Ct value of 31 served as the detection limit for gene presence. All reactions (Real-Time qPCR and HT-qPCR) were carried out in three technical replicates for each soil replicate (In total, nine replicates for three soil samples of each experimental plot) to ensure accuracy.



2.4 Bioinformatic and statistical analyses

Demultiplexing and quality filtering of raw FASTQ files were carried out according to our previous studies (Wang et al., 2022). The classified protistan OTUs were generally assigned to three different trophic levels, namely phototroph, consumer, or parasite, based on our previous study (Wang et al., 2021). Another group of trophic levels, photophagatroph, was considered for those protistan lineages that belonged to the sub-kingdom of Hacrobia (kingdom: Chromista) based on the study of Cavalier-Smith et al. (2015). Co-occurrence networks were used to uncover the potential interactions among bacterial, fungal, and protistan taxa in different seasons and plantations. Based on the “betweenness centrality score”, the top-ten nodes from each network were selected as key nodes (Wang et al., 2021). The α- and β diversity indices of bacterial, fungal, and protistan communities among the four seasons were measured based on our previous publication (Wang et al., 2022). To determine the relative contributions of environmental variables to change in soil microbial community compositions, PERMANOVA (permutational multivariate analysis of variance) was performed based on the function of “adonis” (analysis of similarity) using the package “vegan” in R. To calculate the predictor variables for “seasonality” and “plantation type” in the PERMANOVA model, principal component analysis (PCA) was used to summarize variations in different seasonal and plant species compositions (Wang et al., 2021). Linear discriminant analysis effect size, LEfSe (from phylum to genus level), and the Venn diagram were performed to identify which microbial taxa were primary contributors to the differences in community compositions between plantation types with seasonal variations. Soil multifunctionality was assessed according to Ding and Eldridge (2021). Data on various aspects of soil attributes were collected, and these variables were classified into three categories: nutrient stocks (n = 16 attributes), organic matter decomposition (n = 10 attributes), and microbial functional genes (n = 6 attributes). These attributes are good proxies of processes driving soil biogeochemical cycling and are frequently used to assess the ecosystem’s multifunctionality of microbial communities (Supplementary Table S6) (Ding and Eldridge, 2021; Qiu et al., 2021). These standardized attributes within each functional category were then averaged to obtain a multifunctionality index for each group as a narrow functional index. The net soil multifunctionality index was calculated by averaging the values of all 32 standardized attributes as a broad functional category (Supplementary Table S6). This method has been widely used previously (Qiu et al., 2021). Even soil pH is essential in defining nutrient cycling and availability; however, soil pH was not included when calculating the four different multifunctionality indices because pH is a logarithmic scale (Qiu et al., 2021). RDA (redundancy analysis) and heatmap analyses were used to explore the relationships between the soil microbial community, environmental factors, co-occurrence network parameters, multifunctionality indices, and microbial βNTI values via the package “vegan” in R (Wang et al., 2024). The student’s t-test was used to compare the microbial community and environmental factors among four seasons and plant species by JMP ver. 14.3.0 for Windows (SAS Institute LLC., Cary, United States). The effect of edaphic factors/soil enzymes, annual air temperature (max, min, and average) changes, diversity indices, and multifunctionality indices on soil microbial diversity and richness was further quantified using response curves fitted by generalized additive models (GAM) utilizing the R package mgcv. It should be mentioned that “annual air temperature” is the best predictor for “soil temperature” as Dennis et al. (2019) suggested. The Spearman correlation coefficient was calculated to evaluate the association between co-occurrence network parameters and environmental variables to determine how different plantation types and seasonal successions shaped microbial co-occurrence network parameters. The method suggested by Stegen et al. (2012) was used to consolidate the use of phylogenetic inferences and null modeling approaches to quantify the importance of ecological processes (variable selection, homogeneous selection, dispersal limitation, homogenizing dispersal, and undominated processes) in stimulating the assembly of soil microbiomes at multiple time points (spring, summer, autumn, and winter) in our experimental plots.




3 Results


3.1 Changes in soil physicochemical properties, extracellular ecoenzymatic activities, and stoichiometry

The results of the edaphic conditions are summarized for different seasons specific to this investigation (Supplementary Table S7). Edaphic parameters were unsteady throughout the course of one year. Soils in spring and summer were relatively mesic and high in some elements, such as TP and TN, whereas soils were relatively high in TC, SOM, TK, SWC, and EC in autumn and winter. Soil pH was alkaline across our sampling plots; it decreased significantly between spring and winter in the CP plot but did not change significantly (p < 0.05, t-test) in the CS plot with seasonal variations. SWC was significantly affected by seasonal variations. Differences in the EEAs of the soils were observed based on seasonal variations and plantations (p < 0.05, Supplementary Table S7). EEAs results are categorized as organic matter decomposition (Supplementary Table S6). The various seasons and plantations significantly influenced the EESs in the soils. Our results showed that the BGC:LAP + NAG (C:N) activity ratio was not significantly different in the CP plot seasonally (F3,11 = 2.0222, p = 0.1894), whereas this ratio was significantly different between spring and other seasons in the CS plot (F3,11 = 5.0298, p = 0.0301). The BGC:ALP (C:P) activity ratio was highest in winter, and it was significantly different between summer and spring in the CP plot (F3,11 = 4.5608, p = 0.0383), whereas this ratio was not significantly different seasonally in the CS plot (F3,11 = 0.8182, p = 0.5193). The LAP + NAG: ALP (N:P) activity ratio was significantly different between winter and the other seasons in both experimental plots, CP (F3,11 = 7.6975, p = 0.0096) and CS (F3,11 = 6.3929, p = 0.0161) (Supplementary Tables S8–S11). More detailed results can be found in the Supplementary Tables S8–S11 and Supplementary Figures S2, S3.



3.2 Response of the composition of soil microbial communities to seasonal variations in different plots

The core microbial communities, represented by all eight groups, showed that the core bacterial community comprised the highest OTUs across all samples (Supplementary Figure S4). The dominant Firmicutes phylum reached its peak abundance in winter in both plant communities, with significantly different levels observed between the two species plots (Supplementary Figures S5A,B and Supplementary Table S12). Similarly, the dominant Ascomycota exhibited its highest abundance in winter for both plant species, with no significant difference between spring and winter in the CS plot (Supplementary Figures S5C,D and Supplementary Table S12). Additionally, the protist communities were predominantly composed of Cercozoa (26.87%), Chlorophyta (14.51%), Apicomplexa (12.77%), unclassified Eukaryota (10.98%), and Lobosa (8.75%) (Supplementary Figures S5E,F). The disparity in bacterial abundance at the genus level widened between spring and summer in the CP (62.72%) and CS (52.71%) plots, while diminishing with seasonal transitions from summer to autumn and autumn to winter for both plant species (Figure 1A). Conversely, the relative abundance of fungal genera did not exhibit significant increases during seasonal shifts from summer to autumn and from autumn to winter in both plant species plots (Figure 1B) (Supplementary Figure S6B). Meanwhile, the abundance of protist genera escalated from spring to summer for both plant species, displaying divergent trends during seasonal changes from summer to autumn and autumn to winter across both plant types (Figure 1C). The study revealed significant differences in bacterial diversity (F7,23 = 6.8806, p = 0.0007) and richness (F7,23 = 3.4191, p = 0.026) between the two plant species during spring and winter (Figures 2A,B and Supplementary Table S13), with seasonal trends of other bacterial α-diversity indices summarized in Supplementary Figure S6. Additionally, fungal Shannon diversity (F7,23 = 4.4671, p = 0.0063) and richness (F7,23 = 2.7379, p = 0.0463) in the plant species plots significantly varied with seasonal changes, showing a decline in diversity and richness as the season transitioned to cold weather, particularly noticeable in the CP plot (Figure 2). Furthermore, protist richness (F7,23 = 2.7219, p = 0.0461) peaked in winter but did not significantly differ from other seasons, whereas protist Shannon diversity (F7,23 = 1.9374, p = 0.0486) did not follow this pattern (Figures 2E,F). Additional findings on microbial community compositions can be found in the Supplementary Figures S7–S9 and Supplementary Tables S14–S16. Although the microbial Shannon diversity was linked with several edaphic factors, such as soil pH, fewer soil factors showed a significant association with microbial richness (Chao1) (Figure 3). Four protistan alpha diversity indices (PD, Chao1, Sobs, and ACE) and one protist alpha diversity index (Simpson) were negatively and positively correlated with PPO and POD activities, respectively (Supplementary Figure S10). Quantitative PCR showed that the fungal biomass (gene copy number) was lower than that of other soil biota and followed the trend bacteria > protists > fungi (Supplementary Figure S11).

[image: Seasonal variations in relative abundance of bacteria, fungi, and protists in CP and CS plant species. Panel A shows bacteria with highest abundance in summer for CP. Panel B depicts fungi, with CS having higher abundance in spring. Panel C illustrates protists, emphasizing lower abundance in all seasons compared to bacteria and fungi. Bar charts compare relative abundances across seasons for each group, highlighting differences between CP and CS.]

FIGURE 1
 Seasonal trend of bacterial (A), fungal (B), and protistan (C) communities based on the relative abundance of microbial genera. The data represent the means of three replicates with standard errors. Significant differences (t-test, p < 0.05) among different seasons and plantations are labeled with different letters. CP, Chinese pine tree plots; CS, Chinese scholar tree plots.


[image: Violin plots displaying alpha diversity indices of bacterial, fungal, and protistan lineages. Each panel shows diversity across seasons: spring (dark green), summer (light green), autumn (yellow), and winter (orange). Panels A and B represent bacterial diversity using Chao1 and Shannon indices, respectively. Panels C and D show fungal diversity, while E and F illustrate protistan diversity. Variations are marked with letters indicating statistical significance among seasons.]

FIGURE 2
 Alpha diversity indices of soil biota retrieved from two different forest types seasonally. Bacteria (A,B), fungi (C,D), and protists (E,F). CP (P. tabulaeformis) and CS (S. japonica).


[image: Heatmap illustrating the correlation coefficients between various environmental factors (columns) and microbial diversity indices and phyla (rows). Red indicates positive correlations, blue indicates negative correlations. Asterisks mark significant correlations. The color gradient ranges from -0.6 to 0.6, representing the strength of the correlations.]

FIGURE 3
 Spearman correlation ships between the relative abundance of dominated phyla and microbial diversity indices with edaphic physicochemical variables and soil enzymes. The red and blue colors indicate positive and negative correlations, respectively. The significances of correlation analyses are marked with asterisks (*) at different significance levels (*p < 0.05, **p < 0.01, and ***p < 0.001).




3.3 Drivers of soil microbiome community variations

The PERMANOVA showed that the impact of season on bacterial and fungal compositions was significant, explaining 26.83% (p = 0.029) and 43.30% (p = 0.002) of the bacterial and fungal variations, respectively (Supplementary Figures S12A,B and Supplementary Tables S17–S18). In contrast, the influence of season on protist compositions was not significant, explaining 17.91% (p = 0.163) of the variation in protists (Supplementary Figure S12C and Supplementary Table S19). The second most important factors for predicting the β-diversity of bacterial, fungal, and protist taxa were AGC, TP, and POD, which explained 17.02% (p = 0.011), 35.57% (p = 0.003), and 12.18% (p = 0.029), respectively, of the variance (Supplementary Figure S12C). Bacterial and fungal RDA analyses of soil enzymes did not separate hydrolytic and oxidative activities onto separate axes (Supplementary Figures S13A,C). However, interestingly, the RDA of soil enzymes condensed hydrolytic and oxidative activities onto separate axes (Supplementary Figure S13E). In addition, fungal RDA of edaphic parameters was much more concentric compared with bacterial and protist RDA analyses of soil properties (Supplementary Figures S13B,D,F).



3.4 Effect of seasonal variations and plantations on protistan trophic groups

The results showed that protist consumer taxa were the dominant group across our experimental plots (42.24%, on average). The second most dominant protist trophic group was phototrophs (eukaryotic algae, 31.68%), with the highest abundance in SWI samples and the lowest abundance in CSU samples. The protist communities were composed of taxa putatively assigned as 11.64% parasites, with the highest abundance in SSU samples and the lowest abundance in CSP samples. The photophagotroph group was found across sampling plots with a lower abundance compared with other trophic groups (0.35%, on average); the lowest abundance of this group was observed in CAT samples (0.15%), and the highest abundance was observed in SAT samples (0.53%). Across sampling plots, 14.07% of the overall protist communities were composed of the unclassified group (Supplementary Figure S14).



3.5 Co-occurrence patterns in microbial networks

To determine how plantation types and seasonality affected microbial network complexity, topological network parameters such as the “average degree (AD)”, “average clustering coefficient (ACC)”, and “average path length (APL)” were considered. Higher AD and ACC values indicate more complex networks. The more moderate the APL, the closer the association among the members. Applying this rationale and considering plantation type, our results indicated that the soil–biome relationship was more complex and intense in the Pinus forest; considering seasonality, the microbial co-occurrence network was more complex in spring, whereas this network was more intense in winter (Figure 4; Supplementary Table S20). Interestingly, the highest number of microbial links (bacteria to protists) was recorded in spring (Supplementary Table S20). Based on the key nodes, our results suggested that spring, which was characterized by those nodes, was affiliated with bacterial and protist networks and abiotic factors such as soil enzymes that belonged to the N and P cycles (Supplementary Table S21). More details of microbial interactions are presented in Supplementary Table S22. All network parameters were significantly associated with the three different classes of air temperature. Remarkably, oxidative enzymes such as PPO and N-related enzymes such as LAP were also associated with most network parameters (Supplementary Figure S15).

[image: Six network diagrams labeled A to F depict relationships among bacteria, fungi, protists, soil enzymes, and soil properties. Each diagram contains nodes and edges, with green lines indicating positive correlations and red lines indicating negative correlations. The percentages associated with each category vary across diagrams. Different colored nodes represent bacteria (blue), fungi (purple), protists (orange), soil enzymes (yellow), and soil properties (pink).]

FIGURE 4
 Bacterial, fungal, and protistan co-occurrence networks (at the family level) with environmental variables in the Pinus forest (A), in the Sophora forest (B), in spring (C), in summer (D), in autumn (E), and winter (F). The lines indicate interlinkage between OTUs. The green lines indicate a positive linkage, and the red lines indicate a negative linkage between OTUs.




3.6 Seasonal impacts on microbial functional genes and soil functioning

Absolute functional gene abundance differed significantly (p < 0.05) among soil samples (Supplementary Figures S16A–C). More specifically, the results of QMEC based on the HT-qPCR approach showed that the abundance of those genes involved in C degradation (ANOVA, p = 0.0139), N cycling (ANOVA, p = 0.0026), and S cycling (ANOVA, p = 0.009) was significantly affected by plantation type seasonally (Supplementary Figure S16D). The PCA revealed that the CNPS cycling gene compositions in different plantation types with seasonal variations formed distinct but concentric clusters in which the CNPS cycling genes of the Pinus forest in autumn and winter separated from other clusters (Supplementary Figure S17). Additionally, a significant impact of different plantations with seasonal variations on the overall profile of CNPS cycling genes was observed (Adonis, p = 0.004, Anosim, p = 0.006, and MRPP, p = 0.008). The abundance of keystone C-hydrolysis genes significantly differed seasonally among plantation types, and the abundance of those genes involved in hemicellulose degradation was higher than that of other C-hydrolysis genes (Supplementary Figure S18). Our results also showed that those genes involved in C degradation and N cycling significantly differed between the two plantations (Supplementary Figure S19). Spearman analysis showed that there was no association between microbial richness and diversity and the microbial CNPS cycling genes, whereas fungal and protist β-diversity was significantly associated with microbial C degradation and C fixation. In contrast, bacterial β-diversity was significantly associated with microbial P cycling genes (Supplementary Figure S20). Interestingly, the protist RDA results of the microbial CNPS cycling genes indicated significantly condensed C degradation and C fixation on separate axes (p < 0.05) (Supplementary Figure S21).

Among the four functional categories (Supplementary Table S6), narrow functional categories (nutrient stocks, organic matter decomposition, and microbial functional genes) significantly differed between plantation types with seasonal variations (ANOVA, p < 0.05), whereas “net soil multifunctionality” did not differ significantly (p = 0.4306) (Supplementary Figure S22). Different levels of statistical associations were observed between multifunctionality indices and microbial compositions (Supplementary Figure S23) and microbial diversities (Supplementary Figure S24). The nutrient stocks and organic matter decomposition showed the highest number of significant associations with environmental variables (Supplementary Figure S25). Among the four functional groups, only the “nutrient stocks” function was associated with the minimum, average, and high air temperatures (Supplementary Figure S26). In particular, “nutrient stocks” were correlated with more features of the network than any of the other four functional categories (Supplementary Figure S27). The nutrient stocks explained the highest variations in the bacterial (Figure 5A) and fungal (Figure 5B) variations, whereas protist βNTI could explain the highest variation in protist communities (Figure 5C).
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FIGURE 5
 The impact of multifunctionality indices, functional genes, and microbial βNTI values on the bacterial (A), fungal (B), and protist (C) compositions using the PERMANOVA test (the Bray–Curtis distance matrix). Values less than 0.05 were considered significant.




3.7 Assembly processes of microbial communities

Results showed that the βNTI distributions differed significantly across plantation types, with seasonal variations for the bacterial (F7,575 = 3.5549, p = 0.0009), fungal (F7,575 = 6.9355, p < 0.0001), and protist communities (F7,575 = 3.6975, p = 0.0006) (Figures 6A–C). Null model analysis showed that the relative contributions of deterministic (|βNTI| ≥ 2) and stochastic (|βNTI| < 2) processes in various microbial compartments differed greatly. The deterministic processes of variable selection and homogenous selection were primarily responsible for the assembly and turnover of the soil bacterial communities (average: 62.49%) (Figure 6D), whereas the stochastic process of dispersal limitation was mainly responsible for the assembly and turnover of the fungal and protist communities (average: fungi: 42.36%, protists: 76.39%) (Figures 6E,F). Interestingly, among microbial compartments, the relative contribution of undominated processes to the fungal community (average 42.36%) was greater than that to the bacterial and protist communities (bacteria: 25.34%, protists: 14.93%, on average). The results showed that the bacterial deterministic process of homogenous selection shifted toward the dominance of stochastic processes (dispersal limitation) in the Pinus forest in winter (Figure 6D).
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FIGURE 6
 The microbial community assembly processes across two forest types seasonally. The values of the beta nearest taxon index (βNTI) for soil bacterial (A), fungal (B), and protistan (C) communities present. The upper and lower significance thresholds for the βNTI index were +2 and −2, respectively. The relative turnover in soil bacterial (D), fungal (E), and protistan (F) community assemblies is governed principally by deterministic processes (homogeneous and variable selections), stochastic processes (dispersal limitation and homogenizing dispersal), or undominated processes. Bars with different lowercase letters indicate significant differences within the microbial taxa phyla (p < 0.05) across two forest types with seasonal variations, as revealed by one-way ANOVA with Turkey’s post hoc test.





4 Discussion


4.1 Microbial diversities under seasonal variations and in different plantations

The seasonal dynamics of observed richness and Shannon diversity for each soil microbiome group exhibited distinct patterns (Figure 2 and Supplementary Table S13). These findings suggest that seasonal variations had an additional influence on soil microorganisms concerning different plant species, which is consistent with other studies (Žifčáková et al., 2016, 2017). As an example, unlike other studies where potential biotic and abiotic variables (Bates et al., 2013; Stefan et al., 2014), contributed to shaping the composition of protist structures, our PERMANOVA profiling revealed that the key factor driving the protist community structure was peroxidase (POD) activity (Supplementary Figure S12). PERMANOVA showed that the protist community, compared with the bacterial and fungal communities, was not influenced by either seasonal variation or plantation type, suggesting that protist taxa have a broad tolerance to the wide fluctuation of seasonal variabilities. Thus, results suggest that the protist composition is strongly but indirectly influenced by soil bacterial and fungal metabolic activities, particularly C-related functions. Suppose this pattern holds true across a range of ecosystem types. In that case, it implies that protists appear to be impacted to a unique degree compared with other soil biotas by alterations in soil oxidative activities and nitrogen fluctuations. Moreover, the GAM results indicated the importance of N cycles and oxidative enzymes in predicting the diversity and composition of the soil protist taxa (Supplementary Figure S10). This finding is partly consistent with previous findings, which highlighted that protists were the most susceptible soil biota to the application of nitrogen fertilizers (Zhao et al., 2019). Unlike the most recent study, in which biotic factors were identified as the major biogeographical predictor for protist consumers and mean annual temperature was the best predictor of the diversity and composition of phototrophs on a large scale in the Southern Hemisphere (Nguyen et al., 2021), our findings showed that seasonality and plantation type were important factors shaping protist trophic interactions at the local scale. The high abundance of consumers indicates the importance of protists’ role in controlling the frequency of other soil biotas (Oliverio et al., 2020).

PERMANOVA analysis revealed that seasonal variations are the best predictors of bacterial and fungal β-diversity community changes. Consistent with our findings, a previous study by Koranda et al. (2013) demonstrated that soil bacterial and fungal communities exhibited greater seasonal than spatial variation in alpine tundra soils. While seasonal variation was the best predictor for observed changes in both bacterial and fungal beta diversities, the factors explaining these variations differ. The number of soil variables significantly explaining fungal β-diversity is higher compared to those explaining bacterial β-diversity. This may be due to fungal lineages’ hyphal growth, allowing them to access more soil volume and obtain more substrates and nutrients than other organisms (Zheng et al., 2019). Thus, the potential alteration in edaphic parameters might substantially influence the fungal structure rather than bacterial taxa. Additionally, our results showed that, unlike the β-diversity of the fungal and protist taxa, soil moisture strongly and significantly explained bacterial β-diversity variation, which is consistent with a previous study that highlighted the importance of the soil water content for soil bacterial communities (Stres et al., 2008). However, PERMANOVA showed that the impact of different plantations significantly explained none of the microbial β-diversity variations. This finding is consistent with a previous report that the effect of soil type on shaping the bacterial rhizosphere was stronger than that of plant species (Liu et al., 2020). Our results showed that the relative abundance of bacterial taxa was disproportionately higher than other soil biota’s. More discussion can be found in the Supplementary material.



4.2 Soil microbial co-occurrence network complexity under seasonal successions and in different plantations

The segregated soil biota co-occurrence network patterns and their topological characteristics in each plantation plot showed pronounced seasonality (Figure 4 and Supplementary Table S20). Our results showed that the spring microbial network was complex compared to other seasons. The upward shift in network complexity from one season to another may have happened because of, or was induced by, several biotic or abiotic factors that generated an adaptive response in soil microbiomes seasonally. More specifically, many factors might contribute to this intricacy, such as controlling the temporary partitioning of nutrients between soil biota and plants due to the rapid alterations in microclimate from winter to spring, which consequently lead to transitions in some groups of soil microbiomes, abiotic stresses (wet-dry and freeze-thaw cycles), and the consumption of labile C composites, which drives the turnover of microbial community attendants to release labile N for plant uptake (Bardgett et al., 2005). Moreover, the increased network complexity in spring can indirectly be attributed to increased soil thermal variability and resource availability in spring, which fosters microbial diversity and network complexity (Zhu et al., 2021). Furthermore, the spring consisted of nodes with high BC values (Supplementary Table S21), indicating the importance of the control potential that an individual node exerts over the interactions of other nodes (Ma et al., 2016). These complex interactions in spring might consequently enhance system durability and resistance to adverse environmental conditions such as wet-dry and freeze–thaw cycles with changing seasons (Ji et al., 2021). Additionally, the soil microbiome networks could be used to visualize the scenarios in which the highest percentage of links among soil biota was observed between bacteria and protists (spring), indicating that bacteria and protist taxa were tightly linked within the microbiomes (Supplementary Table S20). It has also been shown that protist communities create a dynamic hub in soil biota (Zhao et al., 2019). More discussion on microbial co-occurrence network complexity can be found in the Supplementary material.



4.3 Diversity-function-assembly relationship with seasonality

Our results suggest that different afforested plantations changed ecosystem functioning seasonally, consistent with a previous finding (Broadbent et al., 2021). Results showed a positive relationship between microbial diversity and composition and multifunctionality in plantation forests seasonally, corroborating the positive biodiversity-ecosystem function relationships. These results align with recent studies on the northeastern and central Chinese Tibetan Plateau at the local scale (Jing et al., 2015) and the global scale (Delgado-Baquerizo et al., 2016). First, these outputs suggest that microbial diversity and composition have a leading role in maintaining ecosystem functioning (Zheng et al., 2019). Second, this association indicates high functional redundancy in soil biotas (Miki et al., 2014). A previous study highlighted that functional redundancy is a part of microbial communities (Xiang et al., 2020), and the functional redundancy of the microbial communities may explain why microbial taxonomic and functional gene diversity were correlated with different environmental variables in our study. Therefore, any changes in microbial diversity resulting from both soil biotic and abiotic factors might influence the soil’s multifunctionality, suggesting that the estimation of the causal association between microbial diversity and ecosystem functioning would be complex (Chen et al., 2020). Furthermore, our results suggested that broad functions, such as net soil multifunctionality, maybe more functionally redundant and thus better buffered against microbial shifts that are caused by seasonality in different plantation types or under other biotic and abiotic disturbances.

The null model supports the notion that distinct assembly processes drive the structure of different soil microbiomes. Deterministic processes, particularly variable selection, tended to be more critical in shaping the assembly of the soil bacterial communities. In contrast, stochastic processes dominated the soil fungal and protist community assemblies, with dispersal limitation playing a more critical role in both plantation types. A similar finding was recently reported for the assembly of the soil bacterial community (Liu et al., 2021). In accordance with the present results, a previous study demonstrated that stochastic processes are more important than deterministic processes for microbial community assembly at small scales (Zhou et al., 2022). Moreover, our results showed that seasonality played a decisive role in mediating the balance between stochastic and deterministic processes and showed a significant association with the diversity of soil microbiomes seasonally. The soil bacterial community assembly was governed by both deterministic and stochastic processes, with deterministic processes exerting a more substantial influence than stochastic processes. However, the relative importance of deterministic processes versus stochastic processes in bacterial community assembly varied between the different plantations, with seasonal variations in the Pinus forest. More specifically, seasonal transition in particular plantations markedly diminished the relative importance of homogenous selection and increased dispersal limitation of the bacterial community assembly in winter in the Pinus forest, corresponding to significantly lower bacterial Shannon diversity (Figure 2), higher bacterial gene copy numbers (Supplementary Figure S11), the association of the bacterial Shannon diversity with soil pH (Figure 3) and the bacterial βNTI value (Supplementary Figure S28), suggesting seasonality significantly increased the importance of stochastic processes, specifically in the bacterial community with stronger deterministic assembly. This result is likely related to the seasonal transition leading to selecting a particular group of soil microbiomes and influencing several soil edaphic conditions. Thus, selected microbes may have eminent potential to increase functions connected to nutrient stocks and organic matter decomposition and to decrease functional genes involved in CNPS cycling in the Pinus forest in winter (Supplementary Figure S20), which was associated with a shift in the deterministic process to the stochastic process for the bacterial community with the transition of season from autumn to winter for this plot (Figure 6D). In accordance with the present results, previous studies have demonstrated that determinism-dominated assembly processes generally selected limited taxa, which led to limited stress and perturbance tolerance (Vanwonterghem et al., 2014). Therefore, we propose that microbial communities such as bacteria, which were characterized by the highest gene copy numbers and the lowest Shannon diversity in winter, are potentially more susceptible to the assembly transition from deterministic to stochastic with seasonal variations. In contrast, microbial communities such as fungi and protists with stochastic assembly are potentially more resistant to the assembly transition in alkaline soils seasonally. Thus, the fluctuation of the microbial assembly is ultimately beneficial for ecosystem stability.

Studies have determined that environmental variables (such as air temperature, soil pH, and moisture) and habitat heterogeneity are vital determinants of community assembly (Liu et al., 2021; Zhou et al., 2021). Results highlighted that soil pH was positively correlated with the soil bacterial Shannon diversity. Therefore, the decrease in the soil bacterial Shannon diversity in winter (Figure 2) may be associated with the decrease in soil pH (Supplementary Table S13), suggesting that the fluctuation of soil pH in alkaline soil exerted substantial effects on the bacterial community assembly compared with the fungal and protist communities. We speculate that in alkaline soil with low habitat heterogeneity (monoculture plantation), the bacterial community assembly may be driven by deterministic processes with a high possibility of seasonal influence. By contrast, fungal and protist communities are more likely to be driven by stochastic processes, suggesting that stochastic processes may be more vital for soil microbial communities (Zhou et al., 2022).




5 Conclusion

The results predicted that protist community composition was uniquely structured with C-related functional activities (lignin-degrading enzymes, C-degradation, and C-fixation) relative to bacterial and fungal β-diversity variations, which were explained mainly by seasonal variations. Bacterial communities were deterministically (variable selection and homogenous selection) structured, whereas the stochastic process of dispersal limitation was mainly responsible for the assembly and turnover of the fungal and protist communities. Additionally, results showed that winter triggered an abrupt transition in bacterial community assembly from a deterministic to a stochastic process in the Pinus forest that was closely associated with a reduction in the bacterial Shannon diversity, with the pattern of a high level of nutrient cycling (nutrient stocks and organic matter decomposition functional categories), suggesting that the bacterial community with deterministic assembly is potentially more susceptible to the assembly transition with seasonal fluctuations in diversity and soil pH. This study contributes to local ecosystem prospects to model the behavior of soil biota seasonally and their implied effects on soil functioning and microbial assembly processes, which will benefit global-scale afforestation programs by promoting novel, precise, and rational urban plantation forests for future environmental sustainability and self-sufficiency.
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Introduction: In recent years, nitrogen deposition has constantly continued to rise globally. However, the impact of nitrogen deposition on the soil physicochemical properties and microbial community structure in northern Guangxi is still unclear.


Methods: Along these lines, in this work, to investigate the impact of atmospheric nitrogen deposition on soil nutrient status and bacterial community in subtropical regions, four different nitrogen treatments (CK: 0 gN m–2 a–1, II: 50 gN m–2 a–1, III: 100 gN m–2 a–1, IV: 150 gNm– 2 a–1) were established. The focus was on analyzing the soil physical and chemical properties, as well as bacterial community characteristics across varying nitrogen application levels.
Results and discussion: From the acquired results, it was demonstrated that nitrogen application led to a significant decrease in soil pH. Compared with CK, the pH of treatment IV decreased by 4.23%, which corresponded to an increase in soil organic carbon and total nitrogen. Moreover, compared with CK, the soil organic carbon of treatment IV increased by 9.28%, and the total nitrogen of treatment IV increased by 19.69%. However, no significant impact on the available nitrogen and phosphorus was detected. The bacterial diversity index first increased and then decreased with the increase of the nitrogen application level. The dominant phylum in the soil was Acidobacteria (34.63–40.67%), Proteobacteria, and Chloroflexi. Interestingly, the abundance of Acidobacteria notably increased with higher nitrogen application levels, particularly evident in the IV treatment group where it surpassed the control group. Considering that nitrogen addition first changes soil nutrients and then lowers soil pH, the abundance of certain oligotrophic bacteria like Acidobacteria can be caused, which showed a first decreasing and then increasing trend. On the contrary, eutrophic bacteria, such as Actinobacteria and Proteobacteria, displayed a decline. From the redundancy analysis, it was highlighted that total nitrogen and pH were the primary driving forces affecting the bacterial community composition.

Keywords
nitrogen deposition, soil bacterial community, soil physicochemical properties, subtropical areas, Mao’er Mountain


1 Introduction

Nitrogen is essential for plant growth as it is a key element in various plant components including chlorophyll, proteins, and enzymes. It plays a crucial role in regulating plant metabolism and activities (Xu et al., 2019). A large amount of nitrogen is needed to maintain plant growth. However, atmospheric nitrogen deposition has significantly increased from industrialization, and nitrogen deposition will alarmingly continue to increase in the coming decades. The increase of nitrogen usually leads to enhanced productivity of plant communities by increasing the available nutrients. Nonetheless, excess nitrogen may lead to limitations of other nutrient elements, such as phosphorus, thus reducing the richness and diversity of plant species (Gao et al., 2022). There are also concrete pieces of evidence indicating that excessive nitrogen input has caused harm to the ecological environment, such as degradation of freshwater resources (Baron et al., 2013), soil acidification, and increased loss of soil organic nitrogen (Brookshire et al., 2007), The crop growth has been harmed (Cheng et al., 2020), the soil greenhouse gas release rate has been affected (He et al., 2021), plant mortality has been increased, and microbial community structure has been changed (Zak et al., 2019; Moore et al., 2021). Thus, it is apparent that it threatens the species diversity and balance of forest ecosystems. The meta-analysis of 15N labeling experiments in the whole forest ecosystem showed that most of the deposited nitrogen accumulated in the soil ecosystem (Templer et al., 2012). The subtropical region in China is considered one of the hot zones of N deposition in the world (Du et al., 2019; Du, 2020). Notably, subtropical old-growth forests are irreplaceable and have greater resilience to disturbance than other forests (Watson et al., 2018). Forest ecosystems are the main recipients of N deposition, and the impact of N deposition on the structure and function of forest ecosystems in the context of global change has been extensively investigated. Consequently, the impact of N addition on the structure and function of the subtropical evergreen broad-leaved forests has been explored (Tian et al., 2022). More specifically, the effects of N deposition on biodiversity (Lu et al., 2010; Tian et al., 2019), soil biochemistry (Shi et al., 2016; Lu et al., 2021), and plant nutrient stoichiometry and functional traits (Lu et al., 2018; Zhu et al., 2019; Tang et al., 2021) has been examined. However, limited experiments have been conducted on the influence of nitrogen deposition in subtropical old-growth forests in Guangxi. Therefore, it is of vital importance to deeply understand the response of soil ecosystems to global change by understanding the impact of nitrogen deposition on the change of soil nutrients and the diversity of soil bacteria.

With the aggravation of nitrogen deposition, the relationship between soil nutrient cycling and nutrients has also been greatly affected. Nevertheless, the connection between nitrogen deposition and soil nutrients remains elusive. Some works in the literature have found that atmospheric nitrogen deposition can reduce soil pH, resulting in soil acidification (Wang et al., 2023b). The change in the nitrogen content can also affect soil nitrogen mineralization and nitrification, and the addition of nitrogen can lead to an increase in the soil available nitrogen (Liu et al., 2017). Other works have reported that nitrogen deposition did not increase the soil available nitrogen content (Hu et al., 2010; D’Orangeville et al., 2014). The impact of nitrogen addition on organic carbon also varied with different ecological environments. Most forest ecosystems showed an increasing trend (Yang et al., 2023). It has been also demonstrated that nitrogen addition had no significant impact on organic carbon (Hu et al., 2010). Although the application of nitrogen significantly increased the content of soil soluble organic carbon (Wang et al., 2008; Xu et al., 2023), it was found that nitrogen fertilizer reduced the content of soluble organic carbon in the northern region (Zhang et al., 2019). It was also found that low nitrogen had a promoting impact on soluble carbon. The addition of high nitrogen inhibited the content of soluble carbon (Shi et al., 2019). Regarding the relationship between nitrogen addition and phosphorus content, some works in the literature have concluded that nitrogen addition reduces the soil total phosphorus content but has no significant impact on the available phosphorus (Tian et al., 2020). In another work, it was reported that nitrogen does not significantly affect both total phosphorus and available phosphorus (Li et al., 2013). The relationship between the nitrogen addition and soil physical and chemical properties is affected by different regions and different climate conditions. Therefore, further research is required to shed light on the underlying origins of this relationship.

Soil microorganisms participate in almost all material transformation processes in the soil and connect the material cycles of soil, biosphere, atmosphere, hydrosphere, and lithosphere. They can release nutrients from minerals and organic matter, fix nitrogen, and maintain the stability of soil aggregates (Adingo et al., 2021). They serve as crucial mediators and regulators in the cycling of soil metal and nonmetal elements, exerting profound influence on the overall health and functionality of soil ecosystems (He et al., 2024). In forest ecosystems, soil bacteria account for the vast majority of soil microbial communities. Changes in bacterial community structure and composition can quickly reflect changes in soil conditions (Li et al., 2004). Soil bacterial activity and community composition directly regulate the soil carbon cycle and turnaround process (Zechmeister-Boltenstern et al., 2011). Many works have examined the impact of nitrogen deposition on soil bacterial communities. Previous meta-analyses have shown that nitrogen deposition has a negative impact on soil microorganisms in terrestrial ecosystems including forest ecosystems, reducing microbial diversity (Zhang et al., 2018; Yang et al., 2020, 2022). Other works have found that fertilization can increase the diversity and richness of soil bacteria (Arunrat et al., 2023). It has been also proven that nitrogen addition has a negligible impact on soil microbial communities in forest ecosystems but can affect sensitive bacterial groups (He et al., 2023). There are also a few works that have found that soil microbial communities and structures in grassland and desert ecosystems are not affected by nitrogen content (Fierer et al., 2012; Sha et al., 2021). This result points out that nitrogen addition affects soil microorganisms that are influenced by ecosystem heterogeneity. Now, most nitrogen addition experiments are conducted in temperate and boreal forests (Tian et al., 2017). However, the relationship between the underground bacterial communities and nitrogen addition in natural forests in subtropical areas with frequent human activities, large amounts of nitrogen deposition, and rich species has not been systematically explored. However, in humid areas, acidic soils in subtropical forests are more sensitive to nitrogen deposition than in temperate forests (Lu et al., 2014). Mao’er Mountain is located at the source of the Li River and on the Xianggui Corridor. Every summer, warm and humid air from the Beibu Gulf flows northward, blocked by peaks represented by Mao’er Mountain and gradually climbs, resulting in a decrease in temperature, and forming terrain rain. Warm and humid air currents sometimes meet with cold air moving southward along the Xianggui Corridor, forming frontal rain. The special terrain that makes Mao’er Mountain nearby rainfall is particularly abundant, making it one of the rainfall centers in Guangxi. This effect could induce the deposition of nitrogen in the atmosphere in this area, necessitating the conduction of nitrogen addition experiments. The current research in this area has focused on the differences in plant growth characteristics and physical and chemical properties at different altitudes or different tree species. However, the impact of nitrogen addition on soil physical and chemical properties and bacterial community structure remains elusive (Song et al., 2016; Tan et al., 2019, 2023; Dong et al., 2020). A deep understanding of the changes in soil nutrient status and bacterial community structure of natural forests in this region under different nitrogen treatments will help the sustainability of the regional ecosystem. A solid scientific basis for forest management measures in response to future nitrogen deposition will be also provided.

Under this direction, this work aims to test the impact of different N addition rates on the soil chemical properties and bacterial communities. Our analysis is based on three objectives: (1) examine the impact of N addition on soil chemical properties; (2) explore the impact of N addition on bacterial communities and (3) study the potential mechanisms associated with changes in soil properties and bacterial communities. It was hypothesized that: (1) N addition increases soil nutrient content and reduces pH; (2) N addition reduces bacterial diversity and alters bacterial community composition and (3) pH is the main driving factor affecting the structure of bacterial communities.



2 Research area and methods


2.1 Overview of the study area and experimental design

The research area is located in Mao’er Mountain National Nature Reserve in Guilin, Guangxi (110°19′∼ 110°31′E, 25°44′∼ 25°58′N), the highest peak in South China, the main peak of the Nanling Mountains (Tan et al., 2023). It is also the birthplace of Lijiang River, Zijiang River and Xunjiang River (Tan et al., 2019). The region is a humid mountain monsoon climate zone in the middle subtropics, with high temperature and rain in summer, mild and little rain in winter, annual precipitation above 3,000 mm, and the main soil types are red and yellow soil series.

The plots were set in a subtropical evergreen broad-leaved forest at an altitude of 1,100 m in Mao’er Mountain. Four nitrogen application levels were set up in the plots, the nitrogen application rate is set according to the commonly used nitrogen application rates in subtropical regions with similar geographical locations (Qiu et al., 2023), namely, 0 gN⋅m–2⋅a–1, 50 gN⋅m–2⋅a–1, 100 g N⋅m–2⋅a–1, 150 gN⋅m–2⋅a–1, and five repeated quadrats were set up for each treatment. The quadrat size was 5 m × 5 m. The spacing between each quadrat was 5 m to avoid cross effects between the various treatments. Nitrogen treatment was started in July 2017, and nitrogen was applied once every 2 months. Ammonium nitrate was dissolved in water and evenly sprayed into the sample plot. An equal amount of clean water was applied to the control treatment. The main tree species in the sample plot were Lithocarpus hancei (Bentham) Rehd, Alniphyllum fortunei (Hemsl.) Makino, Daphniphyllum macropodum, Eurya brevistyla Kobuski and Rhododendron simsii Planch, etc. Main shrub were Symplocos anomala, Ilex chinensis Sims, Rhododendron simsii Planch, Eurya brevistyla Kobuski and Rhododendron cavaleriei Levl, etc. Major herbs were Woodwardia japonica, Fordiophyton fordii, Hicriopteris chinensis, Tripterospermum chinense and Smilax china L, etc.



2.2 Soil sample collection

In July 2019, slopes with roughly the same slope direction were selected, and soil samples were collected using a soil auger at a sampling depth of 0–20 cm. The soil was taken from 5 random points in each quadrat and mixed evenly. A total of 4 (different nitrogen application treatments) × 5 (repeated) = 20 soil samples were collected. Part of the collected samples were put into ziplock bags for physical and chemical property determination. Moreover, part of them was passed through a 2 mm sieve and stored in liquid nitrogen for cryogenic storage for subsequent DNA extraction.



2.3 Testing method

The pH value was measured by potentiometric method (soil-to-water ratio is 1:2.5); the soil organic carbon (SOC) was measured by potassium dichromate hydration heating-ferrous sulfate titration method; the soil organic matter (SOM) equals 1.724 multiply SOC; the total nitrogen (TN) was measured by H2SO4 digestion-Kjeldahl method. The soil ammonium nitrogen was measured using 2 mol⋅L–1 KCl extraction-indophenol blue colorimetric method; The nitrate nitrogen was measured using dual-wavelength ultraviolet spectrophotometry, and soil available phosphorus (AP) was detected using the molybdenum-antimony colorimetric method. The soil total phosphorus (TP) was measured using sulfuric acid-perchloric acid digestion and leaching and molybdenum-antimony colorimetric methods (Bao Shidan, 2000). The soil soluble carbon (DOC) was extracted with 0.5 mol L–1 K2SO4 (soil-water ratio 1: 4). After the extract was filtered by 0.45 μm membrane, the total organic carbon in the filtrate was determined by TOC-L CPH total organic carbon analyser (Shimadzu, Japan, the detection limit was 2 μ mol L–1) (Haynes, 2000).

MoBio’s Power Soil TM DNA Isolation Kit (MoBio, USA) was used for DNA extraction. The integrity of DNA was determined by 1% agarose gel electrophoresis, and the concentration and purity of DNA were determined by Mini Drop. Ling En biological company IlluminaPE250 high-throughput sequencing platform was used for sequencing. The sequencing region was the 16S V3V4 region of standard bacteria, the upstream primer was 338F, and the upstream primer sequence was 5′-ACTCCTACGGGACGCAGCA-3′, downstream primer was 5′-CGGACTACHVGGGTWTCTAAT-3′. The DNA amplification conditions were pre-denatured at 98°C for 1 min, denatured at 98°C for 10 min, annealed at 50°C for 30 cycles at 72°C, and extended for 5 min at 72°C. The sequencing library was prepared by TruSeq Nano DNA LT Library Prep Kit of Illumina company. The final fragments of the library were selected and purified by 2% agarose gel electrophoresis. The Illumina Miseq platform was used for sequencing. Microbiological data can be obtained from the NCBI website (No: PRJNA1062461).



2.4 Data processing

The WPS table was used for data sorting and calculation; Minitab19 was used for difference analysis, The significant difference was explored by Tukey’s Honestly Significant Difference (HSD) test; prism8.0 was used to draw correlation analysis diagrams; Pearson rank was used for the correlation analysis; Canoco5.0 was used to draw redundancy analysis diagrams; the ggven packages in the R language were used to draw Venn map; the vegan packages in the R language were used to draw the NMDS map.




3 Results and analysis


3.1 Impact of different nitrogen application levels on soil physical and chemical properties

The soil physical and chemical properties among the different nitrogen application treatments are listed in Table 1. The soil pH content under the IV nitrogen application level was significantly lower than that of other nitrogen application levels and control (P < 0.05). Compared with CK, the pH of treatment IV decreased by 4.23%. The nitrogen application level was II class, the pH value was higher than that of the control, and decreased with the increase of the nitrogen application rate. The content of soil organic carbon and organic matter under the IV nitrogen application level was significantly higher than that of the control (P < 0.05). Compared with CK, the SOC of treatment IV increased by 9.28%. With the increase in the nitrogen application rate, the content of the soil organic carbon and organic matter increased. The soil soluble organic carbon at the II level was significantly higher than that at the IV level (P < 0.05). With the increase in the nitrogen application rate, the soluble organic carbon showed a downward trend. The total soil nitrogen under level IV nitrogen fertilization level was significantly higher than other nitrogen fertilization treatments (P < 0.05). In addition, the TN of treatment IV increased by 19.69% and nitrogen showed an increasing trend with the increase of the nitrogen fertilization amount. No significant difference in soil ammonia nitrogen among the different nitrogen application treatments was detected. However, it increased with the increase of the nitrogen application rate. Although the soil nitrate nitrogen had no significant difference among the different nitrogen application rates, it first increased and then decreased with the increase of the nitrogen application rate. There were also significant differences in soil total phosphorus between the different nitrogen fertilization treatments. The total phosphorus content in the IV nitrogen fertilization treatment was significantly lower than the control (P < 0.05). Significant differences in the soil total phosphorus among the different nitrogen application treatments were recorded. In particular, the total phosphorus content under the grade IV nitrogen application was significantly lower than that under control (P < 0.05). Furthermore, the total phosphorus content under the grade III nitrogen application level was significantly higher than that under grade IV nitrogen application level (P < 0.05). Total phosphorus showed a trend of first increasing and then decreasing with the increase of the nitrogen application rate. No significant difference in soil available phosphorus among the different nitrogen application treatments was detected.


TABLE 1 Soil physical and chemical properties under different nitrogen addition levels.

[image: Table showing the effect of different nitrogen addition levels (CK, II, III, IV) on various soil properties. Properties measured are pH, SOC, SOM, DOC, TN, \( \text{NH}_4^+-\text{N} \), \( \text{NO}_3^--\text{N} \), TP, and AP with values presented as mean ± standard deviation. Significant differences are indicated by different capital letters in the same column.]



3.2 Soil bacterial diversity and community composition under different nitrogen application levels

The total number of OUT was 2,683, and the common OUT was 1,774 (Figure 1). Among them, the unique OUT numbers of nitrogen application levels of CK, II, III, and IV were 50, 33, 52, and 44, respectively, accounting for 1.86, 1.23, 1.94, and 1.64% of the total OUT, respectively. By performing a pairwise comparison, it was found that the total number of OUT at CK and III levels was up to 2,084. Under different nitrogen application levels, the number of single OUT was CK2289, II2259, III2349, and IV2269, respectively. With the increase in the nitrogen application rate, the number of OUT first increased and then decreased. The number of OUT after nitrogen application under II and IV levels was lower than that of the control, and the number of OUT under III nitrogen treatment was 2.62% higher than that of the control.


[image: Venn diagram with four overlapping sets labeled CK, II, III, and IV. Each set contains individual and intersecting numbers. The largest intersection, at the center, contains 1774. Other intersections include 130, 110, and various smaller numbers. Each set is color-coded: CK is red, II is yellow, III is blue, and IV is green.]

FIGURE 1
Venn diagram showing the unique and shared OTUs at different nitrogen treatments in bacterial communities.


There was no significant difference between the Shannon index and Simpson index among the different nitrogen treatments (Figure 2). More specifically, the Shannon index and Simpson index first increased and then decreased with the increase of the nitrogen application. The Shannon index and Simpson index were lower than the control at grade II and IV nitrogen application levels; under III level of nitrogen application, the Shannon index and Simpson index were higher than those of the control. The Chao1 index at the III nitrogen application level was significantly higher than that at the II nitrogen application level; with the increase in the nitrogen application rate, the Chao1 index first increased and then decreased; The Chao1 index at the II and IV nitrogen application levels was lower than the control; under the III nitrogen application level, the Chao1 index was higher than the control.


[image: Three violin plots display biodiversity indices for four conditions: CK, II, III, and IV. The Shannon Index plot shows slight variation, mostly labeled "a." The Simpson Index plot shows similar small variations, all labeled "a." The Chao 1 Index plot displays larger variations, with labels "ab," "b," "a," and "ab," indicating significant differences. Each plot uses different colors for conditions: yellow, green, blue, and red.]

FIGURE 2
Bacterial diversity index. Different lowercase letters indicate significant differences under different nitrogen application treatments (P < 0.05).


Acidobacteria, Proteobacteria, Chloroflexi, Firmicutes, and Verrucomicrobia were the main dominant bacteria (Figure 3). The response of the different bacterial groups to nitrogen addition was different. The abundance of Acidobacteria increased with the increase of the nitrogen application, while the abundance of Proteobacteria and Actinobacteria decreased with the increase of the nitrogen application. The relative abundance of Chloroflexi and Firmicutes first increased and then decreased; the relative abundance of Verrucomicrobia first decreased and then increased. Compared with the control without nitrogen application, the abundance of Acidobacteria at the IV level was higher than that of the control.


[image: Stacked bar chart showing the relative abundance of different bacterial groups across four nitrogen addition levels (CK, II, III, IV). Key bacterial groups include Proteobacteria, Acidobacteria, Firmicutes, and others, each represented by various colors.]

FIGURE 3
Relative abundance of soil bacterial phylum levels under different nitrogen addition levels.




3.3 Impact of nitrogen addition on soil bacterial community structure

As can be seen from Figure 4, the high nitrogen addition has a certain effect on the soil bacterial community structure. At the level of IV nitrogen application, the soil bacterial community structure is similar. However, different nitrogen treatments do not cause great change to the community structure, and the community structure does not appear obvious separation. Under the level of CK and III nitrogen application, the soil bacterial community was mainly distributed on the lower right side of NMDS. The soil bacterial community structure without nitrogen fertilizer (CK) was similar to that under III nitrogen application, indicating that there may be the same species. Under the level of II nitrogen application, the structure of the bacterial community was scattered.


[image: Scatter plot showing MDS1 and MDS2 axes with four distinct groups: circles for CK, triangles for II, squares for III, and crosses for IV. Each group is labeled with identifiers such as Mes1-1, Mes2-4, and Mes3-3.]

FIGURE 4
NMDS analysis of soil bacterial community.




3.4 Correlation analysis between the soil bacterial α diversity and the physicochemical properties under different nitrogen application levels

The correlation analysis showed that soil pH was negatively correlated with the total nitrogen and nitrate nitrogen. The soil organic carbon was positively correlated with the soil organic matter and nitrate nitrogen and the soil organic matter was positively correlated with the nitrate nitrogen. Additionally, the soluble organic carbon was negatively correlated with the total nitrogen, and the soil nitrogen was positively correlated with the nitrate nitrogen (Figure 5). No correlation between the ammonium nitrogen and organic carbon and organic matter, as well as between the soluble organic carbon and phosphorus was detected. No correlation between the nitrate nitrogen and the available phosphorus was also found. There was a significant positive correlation between the Simpson index and the Shannon index, and a significant negative correlation between the Shannon index and the Chao1 index. There was also no significant difference between the soil diversity and soil physical and chemical properties.


[image: Correlation matrix using a color gradient from blue (positive correlations) to red (negative correlations) with variables such as pH, SOC, SOM, and others. Circle size indicates correlation strength. Significant correlations are marked with asterisks: one for p < 0.05, two for p < 0.01, and three for p < 0.001.]

FIGURE 5
Correlation analysis between soil physicochemical properties and bacterial diversity. Significant correlation are indicated by “*”, “**” or “***” according to Pearson correlation test (*P < 0.05, **P < 0.01, and ***P < 0.001).




3.5 Redundancy analysis between the soil physicochemical properties and bacterial community under different nitrogen application levels

The soil physical and chemical properties and bacterial diversity index were used as explanatory factors, and the dominant flora at the bacterial phylum level was used as response variables for redundancy analysis (Figure 6). The degree of explanation of the first axis was 35.28%, and that of the second axis was 7.31%. The common explanation of the two axes is 39.96%. The soil total nitrogen is considered the key factor driving soil bacterial community structure, and its explanation degree was 26.4%, P = 0.004. The second driving factor is pH, and its explanation degree was 6.5%. The total nitrogen was positively correlated with Acidobacteria, Elusimicrobia, Verrucomicrobia, and WPS-2, and negatively correlated with Actinobacteria, Firmicutes, and Proteobacteria.


[image: Ordination plot depicting microbial community composition with axes labeled Axis 1 (35.28%) and Axis 2 (7.31%). Vectors represent environmental factors like pH, DOC, SOC, NH4+-N, and TN, influencing different microbial groups such as Firmicutes, Bacteroidetes, Proteobacteria, and Acidobacteria. Symbols (CK, II, III, IV) indicate different treatment conditions.]

FIGURE 6
Analysis of soil physicochemical properties and bacterial community redundancy.





4 Discussion


4.1 Impact of nitrogen addition on the soil physical and chemical properties

In our work, nitrogen addition has a significant impact on some soil nutrients. When the nitrogen application level was level IV, the soil pH was significantly reduced, and was negatively correlated with total nitrogen. The results of this work are also in good agreement with the majority of the reported outcomes in the literature (Hu et al., 2010; Li et al., 2018; Tian et al., 2018; Wang et al., 2023a). This is mainly because nitrogen addition decreased the amount of exchangeable cations in soil, resulting in soil acidification. Our correlation study also showed the existence of a significant negative correlation between the pH and nitrate nitrogen (Figure 5, P < 0.05). This effect indicates that nitrogen addition led to the increase of both the nitrate nitrogen content and nitrate ions in the soil, resulting in soil acidification.

It was also proven that nitrogen addition increased soil organic carbon and organic matter content. When the nitrogen application level was level IV, the organic matter and organic carbon content were significantly higher than the control. This result is consistent with the previously reported works in the literature suggesting that nitrogen application in forest ecosystems can promote the accumulation of soil organic matter (Yang et al., 2023). When the nitrogen application rate was level IV, the soil nitrogen content was also significantly higher than the control and other nitrogen application levels. The reason for this phenomenon may be the increase in root productivity and the acceleration of litter decomposition after nitrogen enrichment. It is well-known that organic matter components enter the soil (Zhang et al., 2023). In addition, the increase in nitrogen content will improve the nutritional status of litter and increase the activity of carbon and nitrogen hydrolases in the soil. This, accumulation of soil nitrogen and organic matter will be promoted (Yang et al., 2022; Xu et al., 2023).

Our work found that soluble organic carbon was higher than the control under the level II nitrogen fertilization level. As the amount of nitrogen application increased, DOC showed a downward trend. Under the level IV nitrogen fertilization level, DOC was significantly lower than the level II nitrogen fertilization level, indicating that low nitrogen increases DOC content. In striking contrast, medium and high nitrogen suppresses DOC concentration. This research result is consistent with the outcomes of Yuan (Yuan et al., 2022) who studied the impact of nitrogen addition on the soluble organic carbon content of Taiwanese pine soil in subtropical areas. From the nitrogen addition in Northeast China, it was found that low nitrogen promoted soluble organic carbon while high nitrogen inhibited it. These results of the DOC content are consistent with (Shi et al., 2019). The 7-year long-term nitrogen addition test also showed that the DOC content was significantly reduced (Lu et al., 2013). This effect may be because nitrogen application can promote the degradation of refractory organic matter. As a result, a large amount of DOC will be produced after low nitrogen addition. In high-nitrogen soils, the increase in microbial activity induced by nitrogen addition leads to faster DOC absorption (Xu et al., 2023). N addition, soil acidification after high nitrogen addition inhibits enzyme activity and thus reduces DOC (Zak et al., 2011).

Our work concluded that different nitrogen application levels had no significant impact on soil available nitrogen. In particular, the content of ammonium nitrogen after nitrogen addition was lower than that of the control group. This result is inconsistent with the previously reported outcomes indicating that nitrogen addition significantly increased the soil available nitrogen (Zeng et al., 2016; Wang et al., 2018c). It can be speculated that this effect may be due to the rapid uptake and utilization of available nitrogen by plants after nitrogen enrichment, especially for ammonium nitrogen. Relevant works have also shown that plants will absorb easily available nitrogen in the soil after nitrogen addition, resulting in a significant increase in nitrogen content in leaves (Tian et al., 2018).

It was also found that when the nitrogen application level was level IV, the soil total phosphorus was significantly lower than the control. In parallel, the available phosphorus did not show significant differences with changes in nitrogen application amount. Previous long-term nitrogen addition experiments also confirmed this result. The nitrogen addition intensified the phosphorus limitation that occurs in a variety of terrestrial ecosystems including tropical forests, possibly because nitrogen enrichment stimulates plant uptake of phosphorus (Wang et al., 2023c). Another reason may be that the activity of phosphorus-solubilizing bacteria in the soil decreases after nitrogen is added (Wang et al., 2023a). When the pH decreases, the activity of alkaline phosphatase will also be inhibited, resulting in a decrease in the phosphorus content. When the nitrogen application rate was 150 gN⋅m–2⋅a–1, some soil chemical properties underwent significant changes. This effect points out that the current nitrogen application rate in the Central Asian hot region has reached the threshold for changing physical and chemical properties. When the local nitrogen content exceeds the threshold, the nitrogen input should be controlled to reduce the harm to the forest.



4.2 Impact of nitrogen addition on soil bacterial diversity and composition

Our work found that with the application of nitrogen fertilizer levels, the total OUT number showed a trend of first increasing and then decreasing, indicating that an appropriate amount of nitrogen input could improve the kind of soil bacterial. However, excessive nitrogen input can inhibit the kind of soil bacteria. The reason for this effect could be ascribed to the low nitrogen input that can accelerate the decomposition of litter and promote the process of nutrient cycling by providing nutrition for the growth and development of microorganisms. Hence, the growth of microorganisms is promoted (Zhang et al., 2023). Excessive nitrogen content will lead to soil acidification, which is not conducive to the growth and survival of microorganisms (Yang et al., 2020). After adding nitrogen, the growing soil environment of microorganisms will become more harsh. Taking into account that most bacteria have poor tolerance to soil pH, a decrease in the number and diversity of bacteria will be induced (Wang et al., 2018d).

Simpson index and Shannon index can reflect the level of biodiversity in a region. The existence of a larger value points out a higher community diversity. The Chao1 index is also used to indicate the number of OUT in a sample. A larger value of the Chao1 index indicates a greater number of species trees in the sample. This work showed that there is no significant difference in the bacterial diversity index under different nitrogen application levels. As the amount of nitrogen application increased, a trend of first increasing and then decreasing was recorded. It is also worth paying attention to the diversity of the soil bacteria under level II and level IV nitrogen application levels. The diversity of the soil bacteria under the level III nitrogen fertilization level was higher than that of the control. The type of nitrogen fertilizer application also has a certain impact on bacterial diversity. Previous meta-analysis works have also found that the application of ammonium nitrate did not significantly change the bacterial diversity of forest soil (Wang et al., 2023b). Considering that ammonium nitrate is easier for plants to absorb and utilize, it will not cause nitrogen fertilizer to be retained in the soil thus inducing soil acidification. In addition, the nitrogen application time in this work was short, so it failed to have a significant impact on bacterial diversity. In our work, a high nitrogen input had a tendency to reduce bacterial diversity. In general, long-term nitrogen addition will reduce bacterial diversity. After nitrogen addition, microorganisms will be subject to aggravated environmental stress. Most bacteria have a negative impact on soil pH. The adaptive range is poor, which will lead to a reduction in bacterial diversity (Wang et al., 2018b).

The bacterial α diversity did not significantly differ between the different nitrogen fertilization levels. Nonetheless, the composition of dominant soil bacteria changed between the different nitrogen fertilization treatments in our work. These results are consistent with the reported outcomes of He (He et al., 2023), reporting that no significant changes in microbial community diversity, composition, or structure were observed after 6 years of N addition. The duration of the N application may be one possible reason for this effect (Zheng et al., 2022). The nitrogen application time was also too short in our work. A previously reported work in the literature determined that the negative effects of N deposition on the microbial community were enhanced with the duration of experimental N input (Wang et al., 2018a). Acidobacteria, Proteobacteria, and Chloroflexi were the main dominant phyla. Previously, it was found that these bacteria were common dominant bacteria when nitrogen fertilizer was applied to acid soil in subtropical areas (Nie et al., 2018; Wang et al., 2018d,2021; Xi et al., 2022). Numerous works have demonstrated that adding nitrogen fertilizer could increase the abundance of bacteria with a nutrient rich lifestyle and decrease the abundance of bacteria with a nutrient poor lifestyle (Nie et al., 2018; Wang et al., 2018d,2021). However, our work found that with the increase in nitrogen content, the abundance of some oligotrophic bacteria (Acidobacteria) yielded an upward trend, while the abundance of eutrophic bacteria (Actinobacteria and Proteobacteria) showed a downward trend. This result is consistent with the results of Xi (Xi et al., 2022), where nitrogen addition experiments were conducted. The authors found some bacterial phyla are more sensitive to the influence of soil physical and chemical properties than their own trophic types in subtropical areas. Nitrogen addition experiments in temperate regions also found that Acidobacteria and Chloroflexi increased after nitrogen addition, while Actinobacteria decreased with nitrogen addition (Weng et al., 2023). Acidobacteria is a kind of acidophilic bacteria (Weng et al., 2023), which is usually negatively correlated with pH (Figure 6). The addition of nitrogen, especially high nitrogen, significantly reduced soil pH, resulting in an increase in the abundance of Acidobacteria. The best growth range of soil bacteria needs to be within a certain range of pH. After nitrogen application, the content of pH decreased, and the living conditions of soil bacteria were more severe, which could interpret the decrease in the abundance of Proteobacteria (Wang et al., 2018c,2023a).



4.3 Relationship between the soil physical and chemical properties and bacterial community

Soil bacterial community structure is closely related to the soil physical and chemical properties (Wang et al., 2018c; Yang et al., 2020, 2022). According to the literature, the soil total nitrogen content, pH and electrical conductivity are important factors leading to changes in soil bacterial communities (Ma et al., 2023). Our work has proven that soil environmental factors can significantly affect bacterial communities. Soil total nitrogen and pH are key factors that drive bacterial communities. Total nitrogen has a significant positive correlation with Acidobacteria, Elusimicrobia, and Verrucomicrobia, and pH has a significant positive correlation with Chloroflexi, Firmicutes, and Bacteroidetes. The total nitrogen content of soil had multiple effects on microbial growth, composition, and function. The soil pH could affect the microbial structure by changing the enzyme activity and controlling the suitable range for microbial growth (Wang et al., 2018b; Ma et al., 2023).




5 Conclusion

Nitrogen addition had a significant impact on some chemical properties. Under the level IV (150 gN⋅m–2⋅a–1) of nitrogen application level, the soil organic carbon and total nitrogen were significantly higher than the control, while soil pH, DOC, and total phosphorus were significantly lower than the control. The bacterial community was mainly composed of Acidobacteria, Proteobacteria, and Chloroflexi. With the increase of the nitrogen application level, the abundance of Acidobacteria increased and the abundance of Proteobacteria decreased. pH is significantly negatively correlated with the soil total nitrogen and nitrate nitrogen. Moreover, the soil organic carbon and organic matter are significantly positively correlated with nitrate nitrogen, and no significant correlation between the soil chemical properties and bacterial diversity was detected. The soil total nitrogen and pH were found to be the key driving factors for bacterial communities. Nitrogen addition affected the soil bacterial communities by regulating soil nitrogen and pH. The short-term nitrogen addition under the forest was studied in this work, while canopy nitrogen addition can better reflect the actual nitrogen deposition situation. Long term nitrogen application needs to be tracked and monitored, and a canopy nitrogen addition experimental platform should be established in the central and subtropical regions.
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Microbiota living in the rhizosphere influences plant growth and fitness, from the opposite perspective; whether host genotypes control its root microbiota is of great interest to forest breeders and microbiologists. To improve low-yield plantations and promote sustainable management of Camellia oleifera, high-throughput sequencing was used to study the chemical properties and microbiome in rhizosphere soil of Camellia forests under three genotypes (common C. oleifera, local C. gauchowensis, and C. chekiangoleosa) and three growth stages (sapling stage at 4-year-old, primary fruit stage at 7-year-old, and full fruiting stage at 11-year-old). The results showed that the rhizosphere soil organic matter (OM), nutrient concentrations, diversity, and community composition of the microbiome were significantly varied among different Camellia genotypes. The relative abundance of symbiotic and pathotrophic fungi in the rhizosphere soil of C. chekiangoleosa was significantly higher than that of C. gauchowensis. Concentrations of OM, available phosphorus (AP), and bacterial alpha diversity increased with tree age. Fungi of Saitozyma, Mortierella, and Glomeromycota and bacteria of Burkholderia–Caballeronia–Paraburkholderia and Vicinamibacterales had potential for fertilizer development for Camellia plantation. Camellia genotypes and growth stages were significantly correlated with the rhizosphere soil pH, OM, and available potassium (AK). Soil pH and OM were key factors that affected the microbiome in the Camellia rhizosphere soils. In conclusion, tree genotypes and growth stages shaped microbial communities in Camellia rhizosphere soils, and some plant growth-promoting rhizobacteria were identified as preliminary candidates for improving Camellia plantation growth.
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1 Introduction

Soil supports plant growth and health and is colonized by a large number of microorganisms (Tan et al., 2017). Many studies have shown that soil fertility, pH value, and other soil factors have important effects on the composition and distribution of microbial communities (Guo and Gong, 2014; Wang et al., 2009). Soil pH affects microorganisms not only by regulating enzyme activity but also by determining the ionization balance in the soil, which limits the availability of nutrients (Wang et al., 2014). Soil water content affects soil carbon and nitrogen cycling, plant survival, and soil microbial community structure and function in the natural ecosystems (Gao et al., 2022). Tending practices such as nitrogen fertilizer reduce microbial biomass, respiration rate, and specific functional microbiomes (Leff et al., 2015). Ammonia oxidizers and mycorrhizal fungi are sensitive to high nitrogen levels in natural environments (Leff et al., 2015). The organic matter in the soil promotes the growth and development of microorganisms (Huang et al., 2020). Therefore, there exists a tight association between soil environmental factors and rhizosphere microbial communities, although there is no agreement on which factor plays a crucial role.

Rhizosphere soil is the volume of soil surrounding plant roots that also supports a diverse range of microorganisms. It is influenced by rhizosphere activities and is closely connected to the plant genotypes and rhizosphere secretions (Liu et al., 2019; Wang et al., 2017). The composition of root exudates exhibits significant variation, both across different plants and throughout distinct phases of plant growth (McLaughlin et al., 2023). For instance, Arabidopsis secretes sugars and sugar alcohols early on but decreases with plant development, whereas amino acids and phenols increase (Chaparro et al., 2013). Moreover, the unique amino acid profiles in the root secretions from various plants selectively enhance the proliferation of microorganisms with particular biosynthetic capabilities (Cangioli et al., 2022).

Soil fungi and bacteria produce organic matter, sequester carbon, mineralize nutrients, and perform other reactions to transform materials and improve soil chemical properties (Thakur and Geisen, 2019). Therefore, the microbial community structure acts as one of the indicators to evaluate soil fertility and health status (Ochoa-Hueso et al., 2018). Rhizosphere soil produces a unique microclimate that is essential for plant growth and development because the number and activity of rhizosphere microorganisms vary with variety and developmental stage (Hartmann et al., 2008). For example, rhizosphere bacteria can produce phytohormones, volatile organic compounds, biological nitrogen fixation, and quorum-sensing signal interference to promote plant growth (Bhattacharyya and Jha, 2012). Numerous bacteria, including Burkholderia and Bacillus, support plants by inhibiting pathogenic invasions and facilitating the uptake of nutrients from the soil (Deng et al., 2023; Ongena and Jacques, 2008). Moreover, some soil-borne fungi, such as arbuscular mycorrhizal (AM) fungi, can form AM symbiosis with the host plants to promote nutrient and water uptake (Martinez-Garcia et al., 2015). In addition, some rhizosphere fungi, such as Basidiomycota, can also act as decomposers, promoting biogeochemical cycling (Li et al., 2021).

As one of the four woody oil plants cultivated, Camellia is widely distributed and cultivated in central and southern China (Gao et al., 2010; Luan et al., 2020). Camellia oil extracted from Camellia seeds has the excellent characteristics of low cholesterol content and high unsaturated fatty acid content (>90%), which is called “oriental olive oil” and is considered a promising alternative feedstock for biodiesel production (Gao et al., 2015; Yang et al., 2016; Demirbas and Kinsara, 2017). Camellia oleifera is generally a perennial evergreen shrub or small tree. Most Camellia trees begin to bear fruit at 3–4 years of age, with the fruiting increasing significantly at 6–10 years. After 10 years, they enter a stable and abundant fruiting period. In 2020, the planting area of Camellia in China exceeded 4.53 million hectares, the output of Camellia oil reached 627,000 tons, and the output value of the Camellia oil industry reached 18 billion United States dollars (Chen et al., 2021). According to the data, the area of Camellia forestland in Guangdong province was approximately 173,000 ha, accounting for 3.8% of the country’s planted area, and only 24,300 ha of the low-efficiency forestland has been reconstructed. As of December 2021, the national high-yield Camellia forestland in China covered only 930,000 hm2, representing 21% of the total planted area. Due to improper management and a lack of scientific guidance, the Camellia industry is faced with the problems of a low utilization rate of good varieties, a low degree of intensification, scattered management, poor quality of forest land, and low quality of oil tea (Liu et al., 2018). Therefore, it is necessary to investigate the soil health status and rhizosphere microbial characteristics of Camellia forestland. This is important for the sustainable development of oil tea forest production and the expansion of the industry.

Recently, several studies have shown that the composition and function of rhizosphere microbial communities are highly dependent on the host genotype, age, and living environments (Martinez-Garcia et al., 2015; Liu et al., 2022; Santolamazza-Carbone et al., 2023). It is known that development phases affect the rhizosphere microbial community features (Hartmann et al., 2008; Kong et al., 2020; Sohn et al., 2021), but there are few studies focusing on the economic forest Camellia. C. oleifera, C. gauchowensis, and C. chekiangoleosa are three species of Camellia, which exhibit significant genetic differences (Dong et al., 2022). In this study, the common C. oleifera, local C. gauchowensis, and C. chekiangoleosa were selected as the main objectives, and the Camellia sample plots with the sapling, primary fruit, and full fruiting stages were investigated. Compared with the existing research results, our study made a comparison of the community characteristics of fungi and bacteria in the rhizosphere soil of Camellia of three varieties and at three growth stages. The sensitivity of the microbial community to genotypes and ages was further analyzed. This study is of great significance for the sustainable management of Camellia plantations by screening out potential beneficial microorganisms.

The aim of our study was to find out the effects of genotypes and ages on bacteria and fungi in the rhizosphere soil of Camellia forestland. As we suspected, plant genotypes and growth stages regulate microbial diversity in rhizosphere soils. There were significant differences in soil organic matter, nutrient concentrations, microbial community diversity, and composition in rhizosphere soil of different genotypes. The concentration of some nutrients in the soil also changes with age. Since the samples were collected from the same tree farm and managed in the same way, we hypothesized that these differences are closely related to plant genotypes and growth stages.



2 Materials and methods


2.1 Study sites and sample collection

Study sites were located at the state-owned Xiaokeng Forest Farm (24° 15’ N, 113° 35′ E) in Qujiang District, Shaoguan City, Guangdong Province. The climate type of study sites was subtropical monsoon climate. The terrain was mainly mountainous and hilly. The average annual temperature was 20.3°C, the average annual rainfall was 1,530 mm, and the annual sunshine duration was 1706 h. The extreme maximum and the lowest temperatures were 40.2°C and − 5.3°C, respectively. The region receives the highest amount of rainfall from April to June every year. The frost descent period was approximately 15 days every year. The soil type was acid red soil with a thickness of more than 1 m. The soil moisture content in this forest was 23.11%, with a pH of 4.79 and an organic matter content of 12.68 g kg−1. The concentrations of total nitrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, and available potassium were 0.76 g kg−1, 0.31 g kg−1, 18.96 mg kg−1, 58.56 mg kg−1, 0.74 mg kg−1, and 50.17 mg kg−1, respectively. The soil is classified as acidic.

Camellia forests used the horizontal terraced land preparation method, the bandwidth was between 2 and 3 m, and the hole size was 0.5 m × 0.5 m × 0.4 m. The Camellia trees were spaced at 2.5 m x 3.0 m. Loosening and weeding were done twice a year, in the summer and fall of the year. The basal fertilizer was applied during the hole-digging process, with 0.25 kg of phosphorus fertilizer applied per hole. Fertilizer was applied twice a year, in the spring with fast-acting fertilizer, urea 0.5 kg per plant, and in the winter with slow-release fertilizer, 2 kg per plant. Camellia of the same species but of different ages is grown in adjacent areas, and different species are grown separately.

Rhizosphere soil was collected on 1 July 2022. The rhizosphere soils were collected from three different genotypes of Camellia spp.: common C. oleifera, local C. gauchowensis, and C. chekiangoleosa at 11-year-old, and at three age groups of common C. oleifera: sapling stage at 4-year-old, primary fruit stage at 7-year-old, and full fruiting stage at 11-year-old as shown in Supplementary Table S1.

The healthy Camellia with consistent growth status were randomly selected on the study sites. A total of 50 rhizosphere soil samples were collected from 5 different Camellia plots, with 10 samples taken from each plot. Soil from two plants in the same plot was randomly combined into one sample, resulting in 5 samples per plot. Therefore, a total of 25 soil samples were used for the experiment. Samples were collected from approximately 1 m away from the trunk (He et al., 2021). According to He et al. (2021) 5–20 cm length of roots with a diameter of less than 1 mm were collected, and the soil not closely attached to the roots was removed by gently shaking. The soil attached to these Camellia roots approximately 1 mm thick was considered as the rhizosphere soil. The rhizosphere soil was collected and put into the sterile sampling bags, then placed in dry ice, and brought back to the laboratory. The root and soil samples were transferred to a 50 mL sterile centrifuge tube containing 20 mL sterile phosphate-buffered saline (PBS) buffer and placed on a full-temperature oscillator. The samples were oscillated for 20 min at room temperature at 120 rpm/min. The roots were picked out into a 50 mL centrifuge tube with sterile tweezers, and the remaining suspensions were centrifuged at a high speed (6,000 × g, 4°C) for 20 min to collect the rhizosphere soil. The rhizosphere soil samples were divided into two parts: one was stored at −80°C for the extraction of soil total DNA, and the other was used for the determination of soil chemical properties. The soil’s chemical properties were measured using 30 g of 2 mm screened soil.



2.2 Soil physicochemical property analysis

The pH value, water content (WC), organic matter (OM), available phosphorus (AP), total nitrogen (TN), alkali-hydrolyzed nitrogen (AN), and available potassium (AK) of the rhizosphere soil samples were essentially determined as the following: The pH value and moisture content of soil were determined by the glass electrode method and the drying method, respectively (Liu et al., 2017; Yin et al., 2021). Organic matter content was determined by high temperature external thermal potassium dichromate oxidation-volumetric method (Dong et al., 2018). The content of available phosphorus was determined by the molybdenum-antimony colorimetric method extracted from hydrochloric acid and ammonium fluoride (Yin et al., 2021). The total nitrogen content was determined by Kelvin-distillation titration (Liu et al., 2017). Alkali-hydrolyzed nitrogen content was determined by alkali-diffusion method, and available potassium content was determined by ammonium acetate extraction and flame atomic absorption spectrophotometry (Cui et al., 2018).



2.3 DNA library construction and sequencing

Total soil DNA was extracted by the TGuide S96 magnetic soil DNA kit (DP812, TIANGEN); then, DNA purity/impurity and concentration were detected by the agarose gel electrophoresis (Bomei Fuxin Technology Co. Ltd., Beijing, China) and microplate reader (synergy HTX, Gene Company Limited), respectively. After DNA extraction, the bacterial 16S rDNA V3-V4 region (338F, 5’-ACTCCTACGGGAGGCAGCA-3′, 806R, 5’-GGACTACHVGGGTTWTCTAAT-3′) and the fungal ITS region (ITS1-F, 5’-CTTGGTTCATTTAGAGGAAGTAA-3′; ITS2R, 5’-GCTGCGTTCTTCATCGATGC-3′) were amplified for obtaining the target 16S and ITS DNA fragments to prepare the amplicon libraries, and the DNA pools were sent to the Beijing Baimaike Biotechnology Co., Ltd. for Illumina NovaSeq 6,000 sequencing.



2.4 Data analysis

The raw reads obtained by Illumina sequencing were filtered using Trimmomatic V 0.33 software. Clean reads were obtained by identifying and removing primer sequences using the Cutadapt 1.9.1 software. USEARCH V 10 software was used to overlap and splice clean reads of each sample, and the length of the spliced data was screened according to the length range of different regions. The dada2 method in QIIME2 2020.6 software was used to denoise and remove chimeric sequences to obtain the final effective data (non-chimeric reads). The species taxonomic annotation of the bacterial and fungal amplicon sequence variants (ASVs) was based on the SILVA (V. 138) rRNA gene database and UNITE (V. 8.0), respectively. The conservative threshold for ASV filtration was 0.005%. The feature sequences were taxonomically annotated using Naive Bayes Classifiers with a confidence interval set to 0.7. (1) Trimmomatic parameter setting: Window size was set as 50 bp. The reads were cut from the start of the window once the average Q-score within the window was lower than 20. (2) Primer identification and removal: Cutadapt was applied to remove the primer sequences. Parameter setting: Maximum mismatch accepted: 20%; minimum coverage: 80%. (3) PE reads assembly: PE reads were assembled by Usearch v10. Parameter setting: Minimum length of overlap: 10 bp; minimum similarity within the overlapping region: 90%; maximum mismatch accepted: 5 bp (Default). (4). Each query sequence was split into non-overlapped chunks. These chunks were compared with the reference database to identify the best hit of each chunk in the database and further define the two best parent sequences. The query sequence was subsequently compared with the two parent sequences. If a fragment with over 80% similarity to the query sequence is found on both parents, this query sequence will be defined as a chimera sequence. A total of 1,978,367 clean reads were obtained from the rhizosphere soil samples of three Camellia genotypes under five plots based on the fungal ITS region sequencing. At least 73,474 clean reads were generated in each sample, with an average of 79,135 clean reads. On the other hand, a total of 1,995,450 clean reads were obtained from the rhizosphere soil samples of three Camellia genotypes under five plots based on the bacterial 16S sequencing. At least 79,337 clean reads were generated in each sample, with an average of 79,818 clean reads. The analysis of sequencing data was based on Baimai Cloud platform (www.biocloud.net).

Statistically significant differences in chemical properties and alpha diversity indices of soils were analyzed using SPSS 19.0 software (IBM Corp, Armonk, NY). Duncan’s test was used for the difference and significance analyses. Based on the R language platform (v3.1.1) and Bray–Curtis algorithm, the non-metric multidimensional scaling (NMDS) analysis and redundancy analysis (RDA) were established. Species abundance histograms were established using python2 (matplotlib-v1.5.1) (R Core Team, 2021). The FUNGuild annotation tool was used to predict the distribution of fungal nutrient patterns (Nguyen et al., 2016). Gephi V 0.10.1 was used for the symbiotic network’s visualization analysis, and the network’s topological features were calculated (Bastian et al., 2009). Based on the unweighted UniFrac and Bray–Curtis algorithm, the analysis of similarities (ANOSIM) was performed using the vegan package in R language, and boxplots were drawn using Python. TBtools (v1.09) was used to draw the Venn diagram (GitHub, 2021).




3 Results


3.1 The chemical properties of the rhizosphere soil of Camellia vary with different genotypes and growth stages

The chemical properties of the rhizosphere soils of three Camellia genotypes were significantly affected by the host genotypes and growth stages (Table 1). There were significant differences in the organic matter (OM), total nitrogen (TN), available phosphorus (AP), available potassium (AK), and water content (WC) in the rhizosphere soils of different genotypes. The rhizosphere soils of five plots were acidic, with a pH range from 4.54 to 5.56. The rhizosphere soil pH value of C11 (5.56) was significantly higher than that of H11 (4.56) and G11 (4.54). The pH value was increased from 4.6 to 5.56 at planting years from sapling stage to full fruiting stage in the rhizosphere soils of C. oleifera; this indicated that the rhizosphere soil pH may be mediated by the plantation of C. oleifera. Among the different genotypes, the concentrations of OM, TN, AN, and WC in the rhizosphere soils of H11 were the highest, while the content of AP was the lowest (Table 1). By contrast, the concentrations of OM, TN, and WC in the rhizosphere soils of G11 (age 11) were the lowest, but the content of AP was the highest. Compared with different age groups, the concentrations of OM, TN, AN, AP, AK, and WC and pH values in the rhizosphere soil of C. oleifera at the sapling stage were the lowest (Table 1) and significantly increased in the rhizosphere soil of C. oleifera at the primary fruit stage. The concentrations of TN, AN, AK, and WC in the rhizosphere soil of C. oleifera were the highest at the primary fruit stage but decreased significantly at the full fruiting stage. The concentrations of OM and AP in the rhizosphere soils increased with the growth stages of C. oleifera.



TABLE 1 Physicochemical properties in the rhizosphere soils of C. oleifera.
[image: Table displaying data on soil samples with columns for sample type, pH, organic matter (OM), total nitrogen (TN), alkali-hydrolyzed nitrogen (AN), available phosphorus (AP), available potassium (AK), and water content (WC) percentages. Five samples (C4, C7, C11, G11, H11) are compared, each with mean values and standard errors. Significant differences are indicated by different lowercase letters. The samples represent different growth stages and species: C4 (sapling of C. oleifera), C7 (primary fruit stage of C. oleifera), C11 (full fruiting stage of C. oleifera), G11 (11-year-old C. gauchowensis), H11 (11-year-old C. chekiangoleosa).]



3.2 Microbial community diversity in the rhizosphere soils of three Camellia genotypes under five plots

The beta diversity of fungi in the rhizosphere soils of different Camellia was similar to that of the bacteria. There are slight differences in the distribution of root soil microorganisms between H11 and C11, but there are significant disparities in the microbial group distribution among H11, C11, and G11 (Supplementary Figures S1A,B). The alpha diversity index of fungi in rhizosphere soils was considerably varied throughout the development phases of C. oleifera, with the primary fruit stage being much greater than the sapling and full fruit stages (Figures 1C–F). The alpha diversity index of fungi in the rhizosphere soils varied among different Camellia genotypes, with the highest diversity observed in H11, followed by C11 and then G11. The fungal diversity indexes (Simpson and Shannon) of H11 were significantly higher than those of C11 and G11, while the fungal alpha diversity indexes (Ace and Chao1) of G11 were significantly lower than those of H11 and C11. On the other hand, the Ace, Chao1, and Shannon indexes of bacteria in the rhizosphere soils of Camellia exhibited significant differences among the genotypes, with the highest indexes observed in C11, followed by H11 and then G11 (Figures 1H–K). The Simpson index of bacteria in the rhizosphere soil of C. oleifera showed a trend of initially decreasing and then increasing, and the Ace and Chao1 indexes increased with the growth stages of C. oleifera. The alpha diversity of fungi and bacteria was the lowest in the G11 rhizosphere soil.

[image: Two scatter plots labeled A and B, showing different groups of data points with distinct symbols and colors. Stress and P-values indicate the statistical validity of the analyses. Below are two rows of box plots labeled C to L. The plots represent various indices, including ACE, Chao1, Simpson, Shannon, and coverage for groups C4, C7, C11, G11, and H11. The box plots display variations among groups with letters marking statistical differences.]

FIGURE 1
 Non-metric dimensional scaling (NMDS) visualization of the beta diversity in the rhizosphere soils of three Camellia genotypes under five plots. (A) NMDS visualization of the fungi; (B) NMDS visualization of the bacteria. R and p-values are the results of ANOSIM analysis. p-value indicates the p-value of significance for within-group intergroup comparisons; R indicates the degree of difference between intergroup and within-group comparisons; Generally, R > 0.75 means a large difference. Rarefaction curves and alpha diversity indexes of the microbial community in the rhizosphere soils of three Camellia genotypes under five plots. (A) Rarefaction curves of fungal communities. (B) Rarefaction curves of bacterial communities. (C) ace index of the fungi; (D) chao1 index of the fungi; (E) Simpson index of the fungi; (F) Shannon index of the fungi; (G) coverage of the fungi; (H) ace index of bacterial communities; (I) Chao1 index of bacterial communities; (J) Simpson index of bacterial communities; (K) Shannon index of bacterial communities; (L) coverage of bacterial communities. C4: sapling stage of C. oleifera; C7: primary fruit stage of C. oleifera; C11: full fruiting stage of C. oleifera; G11: full fruiting stage of C. gauchowensis; H11: full fruiting stage of C. chekiangoleosa. The five treatments were compared for significance using the Duncan test, and different letters were assigned to indicate these significant differences in individual parameters (p < 0.05).


The rarefaction curves of the soil samples gradually flattened (Figures 1A,B) and the sequencing coverage was between 0.99 and 1.00 (Figures 1G,L), indicating that the sample sequences were sufficient for subsequent data analysis. There is a minor discrepancy in the distribution of soil microorganisms between the primary fruit (C7) and full fruiting stages (C11). However, there are evident variations in the distribution of microorganisms among the primary fruit (C7), full fruiting stages (C11), and the sapling stage (C4). ANOSIM boxplots show that the difference between the microbes in different groups is significant (Supplementary Figures S1C,D).



3.3 The rhizosphere soils of Camellia exhibit a small overlap of ASVs across different host genotypes and growth stages

Among the 25 samples of fungal and bacterial community composition in the rhizosphere soils of C. oleifera, C. gauchowensis, and C. chekiangoleosa, a total of only 91 amplicon sequence variants (ASVs) were found to be shared. These overlapping ASVs represented a mere 0.80 and 0.43% of the respective total ASVs for each plant species (Figures 2A,D). The microbiota amplicon sequence variants (ASVs) in the rhizosphere soils of three Camellia genotypes exhibited variations across different growth stages and were influenced by the host genotype. In the rhizosphere soils of Camellia, there were 177 and 277 overlapping fungal amplicon sequence variants (ASVs) under different host genotypes and growth stages, respectively. These overlapping ASVs accounted for only 2.57 and 2.81% of their corresponding total fungi. In addition, in the C11, G11, and H11 rhizosphere soils, there were 2,249, 1,529, and 2,223 specific fungi ASVs, respectively. These specific ASVs accounted for 32.63, 22.19, and 32.25% of their corresponding total ASVs, respectively (Figure 2B). The specific fungi ASVs in the rhizosphere soils of C. oleifera at the sapling, primary fruit, and full fruiting stages were 2,094, 2,755, and 2,296, respectively, which accounted for 25.88, 34.05, and 28.38% of their corresponding total ASVs, respectively (Figure 2C).
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FIGURE 2
 Venn diagrams for the ASV numbers of the microbiota in the rhizosphere soils of three Camellia genotypes under five plots. Venn diagram of shared and unique fungi (A) and bacteria (D) ASVs among five groups. Venn diagram of ASVs of shared and unique fungi (B) and bacteria (E) among three genotypes. Venn diagram of ASVs of shared and unique fungi (C) and bacteria (F) among three growth stages. C4: sapling stage of C. oleifera; C7: primary fruit stage of C. oleifera; C11: full fruiting stage of C. oleifera; G11: full fruiting stage of C. gauchowensis; H11: full fruiting stage of C. chekiangoleosa.


There were 218 and 161 overlapping bacterial amplicon sequence variants (ASVs) in the rhizosphere soils of Camellia under different host genotypes and growth stages. These overlapping ASVs accounted for only 1.66 and 1.16% of their corresponding total ASVs, respectively. Moreover, in the rhizosphere soils of C11, G11, and H11, there were 4,183, 3,472, and 4,398 specific bacterial ASVs, respectively. These specific ASVs accounted for 31.95, 26.52, and 33.59% of their corresponding total ASVs, respectively. (Figure 2E). The specific bacterial ASVs of C. oleifera at the sapling, primary fruit, and full fruiting stages were 3,981, 4,770, and 4,138, respectively, accounting for 28.64, 34.32, and 29.77% of their corresponding total ASVs, respectively (Figure 2F), which were the highest at the primary fruit stage.

The number of ASVs in the rhizosphere soils of C11 and H11 was higher than that in G11 (Supplementary Figure S2). As the growth stage of C. oleifera increased, the number of specific ASVs of fungi and bacteria initially peaked at the primary fruit stage and then decreased. The variation range of fungi in the rhizosphere soils of three Camellia genotypes under five plots was found to be higher than that of bacteria. Overall, the ASVs in the rhizosphere soils of Camellia showed a limited overlap (1.16–2.81%) across different host genotypes and growth stages.



3.4 The relative abundance of dominant phyla and dominant genera of fungi and bacteria in the rhizomatous soil of different Camellia genotypes varied considerably

The dominant phyla of fungi in the rhizosphere soil were Ascomycota (38.81–59.47%) and Basidiomycota (11.04–47.18%), accounting for over 67% of the relative abundance (Figure 3A). The dominant genera of fungi in the rhizosphere soil of the three Camellia genotypes across five plots included Saitozyma (0.20–28.31%), Mortierella (2.52–9.46%), Fusarium (1.02–4.83%), and Trichoderma (0.13–7.32%) (Figure 3B). The relative abundance of dominant fungal phyla and genera in the rhizosphere soil of different Camellia genotypes exhibited significant variations. In terms of dominant fungal phyla, the relative abundance of Ascomycota and Glomeromycotina in G11 was notably lower compared to C11 and H11. Conversely, the relative abundance of Basidiomycota and Mortierellomycota was significantly higher in G11 than in C11 and H11. The relative abundance of Saitozyma, Mortierella, Trichoderma, and Archaeorhizomyces showed a significant increase in G11 than in C11 and H11.

[image: Four bar charts labeled A, B, C, and D, show the relative abundance of different microbial groups in samples C4, C7, C11, G11, and H11. Each chart presents diverse categories, indicated by different colors in the legend. Chart A focuses on fungal taxa, B highlights specific fungi like Trichoderma and Fusarium, C displays bacterial taxa, and D details unclassified and known bacterial groups. Relative abundance is measured in percentages on the vertical axis, with samples on the horizontal axis.]

FIGURE 3
 Relative abundances of fungi and bacteria at phyla and genus levels. (A,B) Relative abundances of fungi at phyla and genus levels. (C,D) Relative abundance of bacteria at phyla and genus levels. C4: sapling stage of C. oleifera; C7: primary fruit stage of C. oleifera; C11: full fruiting stage of C. oleifera; G11: full fruiting stage of C. gauchowensis; H11: full fruiting stage of C. chekiangoleosa.


The dominant phyla of bacteria in the rhizosphere soils of the three Camellia genotypes across five plots were Proteobacteria (32.21–48.58%) and Acidobacteriota (19.60–29.38%), accounting for more than 56% of the relative abundance (Figure 3C). The dominant genera of rhizosphere soil bacteria included an unclassified genus of Acidobacteriales (1.12–5.31%) and Burkholderia–Caballeronia–Paraburkholderia (0.37–7.86%) (Figure 3D). At the level of the dominant bacterial phylum, the relative abundance of Proteobacteria and Acidobacteriota was significantly higher in G11 than in C11 and H11. The relative abundance of Chloroflexi, Myxococcota, Gemmatimonadota, and Methylomirabilota in G11 was significantly lower than that in C11 and H11. At the level of dominant bacterial genera, the relative abundance of Burkholderia–Caballeronia–Paraburkholderia, Acidibacter, and Candidatus Solibacter was significantly higher in G11 than in C11 and H11.



3.5 Fungal trophic groups in the rhizosphere soils of three Camellia genotypes under five plots

In the rhizosphere soils of three Camellia genotypes across five plots, the relative abundance of pathotrophic, saprotrophic, and symbiotrophic groups ranged from 16 to 29%, 62 to 71%, and 6 to 16%, respectively The relative abundance of the pathotrophic, saprotrophic, and symbiotrophic groups in the rhizosphere soils of three Camellia genotypes under five plots were 16–29%, 62–71%, and 6–16%, respectively (Figure 4A). The 10 main nutrient function groups in the rhizosphere soil of three Camellia genotypes under five plots were plant pathogens, fungal parasites, animal pathogens, undefined saprotrophs, soil saprotrophs, plant saprotrophs, dung saprotrophs, wood saprotrophs, ectomycorrhizal (ECM), and AM fungi (Figure 4B).
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FIGURE 4
 Fungal trophic groups in the rhizosphere soils of three Camellia genotypes under five plots. (A) Variations of fungal functional; (B) composition of fungal function group. (C–E) The fungi with the largest proportion among the major trophic functional groups. Different letters indicate significant differences in individual parameters among five plots (p < 0.05). C4: sapling stage of C. oleifera; C7: primary fruit stage of C. oleifera; C11: full fruiting stage of C. oleifera; G11: full fruiting stage of C. gauchowensis; H11: full fruiting stage of C. chekiangoleosa. The five treatments were compared for significance using the Duncan test, and different letters were assigned to indicate these significant differences in individual parameters (p < 0.05).


In the rhizosphere soil of three Camellia genotypes under five plots, the main pathotrophic fungi were Purpureocillium and Metarhizium (Figure 4C). The proportion of Purpureocillium significantly decreased with the growth stage and was significantly higher in G11 than in C11 and H11. On the contrary, the proportion of Metarhizium significantly increased with the growth stage and also was significantly higher in C11 than in G11. The main saprotrophic groups of fungi were Hypocreales (undefined saprotroph), Archaeorhizomyce (soil saprotroph), and Schizothecium (dung saprotroph), and they were significantly affected by the growth stages of Camellia (Figure 4D). The abundance of Hypocreales decreased with plant age, showing significant variations among growth stages. Archaeorhizomyce had the highest proportion in the rhizosphere soil during the primary fruit stage, which was significantly greater than during the sapling and full fruiting stages. In contrast, Schizothecium had a significantly higher relative abundance in the rhizosphere soil during the full fruiting stage compared to the sapling and primary fruit stages. In addition, the proportions of Hypocreales and Archaeorhizomyce were significantly higher in G11 than in C11 and H11, but the proportion of Schizothecium in the rhizosphere soil of G11 was significantly lower than in C11 and H11. The symbiotrophic fungi in the rhizosphere soils of three Camellia genotypes under five plots were mainly composed of AM fungi and ECM fungi. The relatively large proportion of AM fungi, ctomycorrhizae, and endophytic fungi were Glomeromycotina, Russula, and Trichomerium, respectively (Figure 4E). The proportion of Glomeromycotina in G11 and H11 was significantly higher than that in C11. The proportion of Glomeromycota at the sapling stage was significantly higher than at the full fruiting stage.



3.6 Soil pH, OM, AP, and AK were significantly affected by host genotypes and growth stages

The RDA of the top 10 fungal genera and soil environmental factors revealed that the ranking axis accounted for 26.74% of the community variation in the rhizosphere soil samples of three Camellia genotypes across five plots (Figure 5A). The key soil environmental factors correlated to fungal communities were WC (r2 = 0.86, p = 0.001), OM (r2 = 0.83, p = 0.001), TN (r2 = 0.82, p = 0.001), AN (r2 = 0.67, p = 0.001), and AK (r2 = 0.48, p = 0.023) (Supplementary Table S2). The results demonstrated that Archaeorhizomyces showed a positive correlation with the concentrations of WC, TN, AK, AN, and pH value in the rhizosphere soils, while Saitozyma, Mortierella, and Trichoderma exhibited a negative correlation. In addition, Fusarium showed a positive correlation with the concentrations of WC, TN, AK, AN, pH, OM, and pH values. Similarly, the RDA of the top 10 bacterial genera and soil environmental factors showed that the ranking axis explained 35.63% of the community variation in the rhizosphere soil samples of three Camellia genotypes under five plots (Figure 5B). The key environmental factors affecting bacterial communities were WC (r2 = 0.91, p = 0.001), TN (r2 = 0.79, p = 0.001), AN (r2 = 0.74, p = 0.001), pH (r2 = 0.73, p = 0.002), AK (r2 = 0.60, p = 0.007), and OM (r2 = 0.56, p = 0.01) (Supplementary Table S2). The results indicated a positive correlation between Gemmatimonadetes and Vicinamibacterales with the concentrations of WC, TN, AK, AN, OM, and pH value, while Burkholderia–Caballeronia–Paraburkholderia, Xanthobacteraceae, Candidatus Solibacter, Elsterales, and Acidibacter showed a negative correlation with the concentrations of these soil environmental factors. Acidobacteriales, on the other hand, exhibited a positive correlation with AN content but a negative correlation with the other mentioned environmental factors.
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FIGURE 5
 Bacterial function analysis and RDA. (A) The RDA of the top 10 dominant fungal taxa and soil environmental factors in the rhizosphere soils of three Camellia genotypes under five plots at the genus level. (B) The RDA of the top 10 dominant bacterial taxa and soil environmental factors in the rhizosphere soils of three Camellia genotypes under five plots at the genus level. The length of the arrow represents the degree of association with fungi. The acute angle, obtuse angle, and right angle between the arrows represent the positive, negative, and no correlation, respectively. RDA can display samples and environmental factors on the same two-dimensional ordination plot, allowing for a visual representation of the relationship between sample distribution and environmental factors. The dotted line in the figure labels microbial genera, and the solid line represents environmental factors. C4: sapling stage of C. oleifera; C7: primary fruit stage of C. oleifera; C11: full fruiting stage of C. oleifera; G11: full fruiting stage of C. gauchowensis; H11: full fruiting stage of C. chekiangoleosa.


Structural equation model path analysis was further used to study the effects of host genotypes, growth stages, and soil chemical properties on Simpson diversity of soil microorganisms in the rhizosphere soils of three Camellia genotypes under five plots (Figure 6). The direct, indirect, and total effects of host genotypes and growth stages on microbial Simpson diversity are shown in Supplementary Table S3. Soil pH, OM, AP, and AK values were significantly affected by host genotypes and growth stages. The fungal Simpson diversity was indirectly influenced by host genotypes, which in turn affected the concentrations of OM, AK, and pH values. In addition, the growth stages had an indirect impact on fungal Simpson diversity through their influence on the concentrations of AP and AK.

[image: Structural equation model illustrating relationships between soil properties (pH, OM, AP, AK) and biodiversity indices (fungal and bacterial) across genotypes and growth stages. Arrows indicate influences, with significance levels marked by asterisks. The model includes statistical fit indices: CMIN, DF, CMIN/DF, CFI, and RMSEA.]

FIGURE 6
 Path diagram of structural equation models (SEMs) showing the effects of genotypes, growth stages, and soil properties on microorganism diversity. Structural equation modeling (SEM) is a method for establishing, estimating, and testing causal relationship models. Path coefficients indicate the magnitude of the relationships between causal factors. The numbers on the lines between the parameter boxes are the standardized regression coefficient. The thickness of the line represents the level of significance (*p < 0.05; **p < 0.01; and ***p < 0.001). The solid and dashed arrows represent the significance and non-significance of the relationship, respectively. OM, organic matter; AP, available phosphorus; AK, available potassium.





4 Discussion

The ground diameter and crown width of C. gauchowensis were significantly different from those of C. chekiangoleosa (Supplementary Figure S2). C. chekiangoleosa is mainly distributed in Zhejiang, Jiangxi, Hunan, and Fujian provinces, with large fruits and leaves, and the ground diameter was significantly smaller than C. oleifera and C. gauchowensis (Wang et al., 2022). Significant differences were observed in the chemical properties of rhizosphere soils for the three varieties, which may be associated with the variations in shoot biomass and fine root biomass among different genotypes of Camellia (Kong et al., 2020). At the sapling stage, nutrient concentrations in the rhizosphere soil of C. oleifera were the lowest. The concentrations of TN, AN, and AK exhibited a trend of initially increasing and then decreasing with the growth stages, which could be attributed to rhizosphere secretions and the accumulation of nutrients in the rhizosphere soil (Zhong et al., 2023).

A strong correlation was found between the properties of rhizosphere soil and microorganisms (Xu et al., 2021). Mortierella can promote phosphorus cycling in the rhizosphere (Zhang et al., 2018; Li et al., 2020). Trichoderma, a widely utilized biological fungicide in agriculture, primarily functions by triggering plant defense mechanisms and engaging in fungal parasitism (Wang et al., 2020). This study revealed a negative correlation between Mortierella and Trichoderma with rhizosphere soil pH value, TN, AK, AN, AP, WC, and OM concentrations. Similarly, Burkholderia–Caballeronia–Paraburkholderia exhibited a negative correlation with soil chemical properties. Interestingly, it was observed that Burkholderia–Caballeronia–Paraburkholderia displayed the ability to colonize and thrive in contaminated soil, suggesting its potential for biological remediation. This could prove advantageous for the growth of Camellia roots, particularly under conditions of nutrient deficiencies or other unfavorable circumstances (Mukherjee et al., 2012). Candidatus Solibacter, a bacterium capable of decomposing organic matter and utilizing carbon sources (Lin et al., 2022), was also negatively correlated with soil chemical properties. The findings of this study revealed that the growth of Mortierella, Trichoderma, Burkholderia–Caballeronia–Paraburkholderia, and Candidatus Solibacter was promoted by low pH and soil nutrient content (Rime et al., 2015). These microorganisms play a beneficial role in nutrient cycling and plant disease suppression. Archaeorhizomycetes play a significant role as a component of the rhizosphere soil microbiota. Previous studies have indicated that their presence reflects the specificity of the ecosystem and the root habitat of the host (Menkis et al., 2014). The species of Archaeorhizomycetes play important roles in the carbon cycle in the surrounding soil of roots (Rosling et al., 2011). This study found a positive correlation between Archaeorhizomyces and the chemical properties of rhizosphere soil, suggesting that improving the chemical properties of rhizosphere soil could enhance soil carbon cycling. By contrast, Fusarium is a genus of fungi that includes many species, some of which are pathogenic fungi associated with soil-borne diseases, posing a greater risk to plants with a long growth cycle and impeding plant growth (Li et al., 2019). For instance, Fusarium oxysporum can lead to significant losses, including vascular bundle browning, growth retardation, defoliation, and plant death (Rosling et al., 2013).

Research on crops and fruit trees has demonstrated that plant genotypes have an impact on the structure and composition of rhizosphere soil microbial communities (Liu et al., 2022; Dean et al., 2012; Mao et al., 2013). Differences among host genotypes were primarily influenced by rhizosphere soil properties, genetic materials, root morphological structure, and secretions. These factors either promoted or inhibited the growth and development of soil fungi and bacteria, consequently impacting the characteristics of microbial community structure (Kong et al., 2020; Xu et al., 2009; Badri et al., 2013). In addition, the different root-associated microorganisms among plant varieties had different nutritional requirements, which also contributed to the obvious influence of varieties on rhizosphere microbial communities (Cangioli et al., 2022). In this study, Ascomycota and Basidiomycota were the dominant fungal phyla in the rhizosphere soils of Camellia forests, which was similar to dominant fungi in the rhizosphere soils of different ecological types from different regions (Li et al., 2021; Dayakar et al., 2009; Egidi et al., 2019). The results were also similar to those obtained by Zhang et al. (2020) in C. oleifera forestland (Franke-Whittle et al., 2015). However, the dominant fungi with a relative abundance greater than 1% in rhizosphere soil did not include Zygomycota, which might be linked to significant differences in soil properties. In the soil of alpine Rhododendron nitidulum shrubs, the dominant fungal phyla were Ascomycota, Basidiomycota, and Glomeromycotina, which was consistent with the results of this study (Zhang et al., 2020). Basidiomycota, as decomposers of organic matter, play a significant role in nutrient absorption and exchange in plants, thus contributing to afforestation (Li et al., 2021). The relative abundance of Basidiomycota in the rhizosphere soil of C. gauchowensis was significantly higher than that of C. chekiangoleosa and C. oleifera (Figure 3), indicating that C. gauchowensis had a greater advantage in the decomposition of dead organic matter and participation in the absorption and transport of root nutrients. This suggests that C. gauchowensis may have a more significant impact on nutrient cycling in the soil. In addition, the diversity of C. gauchowensis was significantly separated from that of C. chekiangoleosa and C. oleifera, suggesting that the microbial specificity of C. gauchowensis directly impacted the growth and health of C. oleifera. It has been identified that Saitozyma serves as a key rhizosphere fungal genus in areca nut plants and potentially plays a crucial role in regulating the stability of fungal interaction networks (Xie et al., 2023; Ma et al., 2021). Mortierella has the ability to dissolve phosphorus and degrade pesticides to improve the rhizosphere soil and promote plant growth and health (Torres-Cruz et al., 2018). The study results revealed a significantly higher relative abundance of Saitozyma and Mortierella at the genus level in the G11 rhizosphere soil compared to C11 and H11. This suggests that the symbiotic fungi-associated G11 may have a strong adaptability to environmental limitations, thereby enhancing plant growth.

Proteobacteria, Acidobacteriota, and Chloroflexi were the dominant bacterial phyla in the rhizosphere soils of three Camellia genotypes under five plots. This was similar to previous studies on C. oleifera, Angelica sinensis, and Aralia continentalis Kitag (Zhang et al., 2018; Franke-Whittle et al., 2015; Luo et al., 2021). Proteobacteria is the largest phylum of bacteria, and most of them live in the compositive or obligate anaerobic and heterotrophic life with low nutrient requirements. They are widely found in the rhizosphere soils, which are rich in nutrients and suitable for many types of symbiotic bacteria growth including Proteobacteria (Huo et al., 2024). Burkholderia–Caballeronia–Paraburkholderia is considered to be a plant growth-promoting rhizobacteria (PGPR) that provides plant hormones and important enzymes for the sugarcane, ginsenosides, and areca nut plants (Xie et al., 2023; Torres-Cruz et al., 2018; Fierer et al., 2007). Burkholderia–Caballeronia–Paraburkholderia accounted for a significantly higher proportion in G11, indicating that G11 has better growth performance with the help of this PGPR (Supplementary Figure S2). In addition, Vicinamibacteria are believed to play a role in enhancing phosphate activity and facilitating plant phosphate absorption (Fierer et al., 2007). Thus, Burkholderia–Caballeronia–Paraburkholderia and Vicinamibacterales can be studied as priority bacterial fertilizers.

Soil microbial communities vary mainly due to soil chemical properties, particularly those related to carbon, nitrogen, and phosphorus nutrient status (Kong et al., 2020; Wu et al., 2022). In this study, the fungal community exhibited a closer network connection at the sapling stage, while displaying a more clustered and closely connected pattern at the primary fruit and full fruiting stages. Mortierellomycota and Chytridiomycota had the largest relative abundance in the rhizosphere soil at the sapling stage of C. oleifera, which may be related to the acidic soil pH at the sapling stage (Wang et al., 2019). In addition, Vicinamibacterales had positive effects on plant growth, such as enhancing phosphate uptake from soils (Fierer et al., 2007; Jimu et al., 2018; Yu et al., 2022). Metarhizium is a diverse genus of fungi well adapted to various ecological niches, such as soil saprotrophs, entomopathogens, and endophytes (Botelho et al., 2019). Within this investigation, the pathogenic fungus Metarhizium belongs to entomopathogenic fungi and serves as an excellent biocontrol agent, playing a significant role in promoting plant growth (Sheng et al., 2022). Metarhizium is significantly affected by the growth stages of C. oleifera, and the proportion of Metarhizium increases with the growth stages and is conducive to the healthy growth of C. oleifera (Figure 4). Various nematode-pathogenic fungi exist in the genus Purpureocillium, such as Purpureocillium lilacinum, a soil fungus widely tested for biological control of plant-parasitic nematodes. Khan and Tanaka (2023) were able to show that P. lilacinum could significantly increase the biomass and photosynthesis of nematode-infected carnation plants, thereby promoting their growth. A recent study demonstrated that Schizothecium serves as a biocontrol agent against soil-borne pathogens, with its abundance strongly correlated to soil nitrogen content (Lv et al., 2022). The relative abundance of Schizothecium in the rhizosphere soil of C. oleifera was significantly higher at the fruiting stage compared to the sapling and primary fruit stages. This increase may be linked to the soil fertility during the plant’s growth stages. Therefore, soil nutrient concentrations should be ensured at the primary fruit stage of C. oleifera to enrich the beneficial Basidiomycota, which is conducive to the formation of mutualistic relationships between fungi and plants. During the full fruiting stage, it is important to control pathogenic fungi such as Metarhizium to reduce the risk of plant disease. In addition, applying beneficial fungi such as Schizothecium can help improve disease resistance. In this study, we did not analyze the microorganisms in the collected soil to verify their effects on C. oleifera plants. In addition, we did not investigate the function of the microorganisms through molecular biology and microbiology. The sample of this study only studied the oil tea forests in Xiaokeng Forestry in South China, so the data obtained in this study may have some limitations, and relevant studies in different areas are needed in subsequent studies. In addition, our study addressed three different Camellia species at three different ages (C. oleifera—at age 4, 7, and 11, C. gauchowensis—at age 11, and C. chekiangoleosa—at age 11). While comparisons across the different ages of C. oleifera and the three different species at age 11 provided valuable insights, the limitations and challenges especially due to the imbalance while sampling across ages are noted. Therefore, this study will follow up by exploring both of these aspects. In addition, we plan to isolate and identify the beneficial microbes abundant in the rhizosphere soils of Camellia plants. Subsequently, we aim to inoculate these beneficial microbes into Camellia plants to investigate their effects on plant growth and development.



5 Conclusion

In conclusion, the diversity and composition of microbiota in rhizosphere soils of Camellia forests were closely related to the soil organic matter (OM) and water content (WC). They were significantly affected by host genotypes and growth stages. Fungal diversity was more sensitive to the growth stage, and microbial diversity was similarly affected by genotype. During the early fruit stage of C. oleifera plants, it is important to inoculate beneficial microorganisms such as Burkholderia–Caballeronia–Paraburkholderia, Vicinamibacterales, Schizothecium, and P. lilacinum. This inoculation strategy fosters mutualistic relationships between microorganisms and plants, ultimately leading to improved plant health and productivity. Soil pH value and the soil OM, WC, TN, AN, and AK concentrations were the key factors that affected the microbial community in the rhizosphere soils of Camellia. The improvement of soil chemical properties can shape the root microbiota and affect nutrient circulation and substance transformation, thereby contributing to the adjustment of the rhizosphere microenvironment and enhancing the growth and health of forest trees.
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Introduction: Despite extensive studies on soil microbial community structure and functions, the significance of plant-associated microorganisms, especially endophytes, has been overlooked. To comprehensively anticipate future changes in forest ecosystem function under future climate change scenarios, it is imperative to gain a thorough understanding of the community structure, diversity, and function of both plant-associated microorganisms and soil microorganisms.
Methods: In our study, we aimed to elucidate the structure, diversity, and function of leaf endophytes, root endophytes, rhizosphere, and soil microbial communities in boreal forest. The microbial structure and composition were determined by high-throughput sequencing. FAPROTAX and FUNGuild were used to analyze the microbial functional groups.
Results: Our findings revealed significant differences in the community structure and diversity of fungi and bacteria across leaves, roots, rhizosphere, and soil. Notably, we observed that the endophytic fungal or bacterial communities associated with plants comprised many species distinct from those found in the soil microbial communities, challenging the assumption that most of endophytic fungal or bacterial species in plants originate from the soil. Furthermore, our results indicated noteworthy differences in the composition functional groups of bacteria or fungi in leaf endophytes, root endophytes, rhizosphere, and soil, suggesting distinct roles played by microbial communities in plants and soil.
Discussion: These findings underscore the importance of recognizing the diverse functions performed by microbial communities in both plant and soil environments. In conclusion, our study emphasizes the necessity of a comprehensive understanding of the structure and function microbial communities in both plants and soil for assessing the functions of boreal forest ecosystems.
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Introduction

Many studies have demonstrated the crucial role of the soil microbiome in maintaining the health of terrestrial ecosystems (Chaparro et al., 2012; Jiao et al., 2018; Dubey et al., 2019; Banerjee and van der Heijden, 2023). This diverse community of bacteria and fungi contributes to various essential functions. One of its primary roles is nutrient cycles (Bahram et al., 2018; Jiao et al., 2018; Sokol et al., 2022), where microorganisms decompose organic matter, releasing essential nutrients such as nitrogen, phosphorus, and potassium for plant uptake. Additionally, specific fungi can form symbiotic relationships with plant roots, aiding in nutrient absorption and enhancing plant growth (Bonfante and Genre, 2010; Begum et al., 2019; De Mandal et al., 2021). Furthermore, the soil microbiome acts as a key player in disease suppression, with certain microorganisms inhibiting the growth of harmful pathogens (De Corato, 2020; Pascale et al., 2020). Soil microorganisms also contribute to soil structure and stability, playing a crucial role in preventing erosion and promoting water retention (Hartmann and Six, 2023). In essence, the soil microbiome is indispensable for sustaining healthy ecosystems and mitigating environmental challenges.

In forest ecosystems, plants provide a diverse array of niches for the growth and proliferation of microorganisms. The plant microbiota, consisting of bacteria, fungi, and so on, colonizes all accessible plant tissues (Trivedi et al., 2020). These microorganisms establish complex associations with plants, playing crucial roles in enhancing plant productivity and maintain health in natural environments (Laforest-Lapointe et al., 2017; Trivedi et al., 2020). Previous studies have highlighted the significance of root microbiota in promoting plant growth and resilience to various stresses (Philippot et al., 2013; Trivedi et al., 2020). Additionally, leaf-associated microorganisms influence host fitness, growth, resilience to abiotic stresses, and resistance to pathogens (Vorholt, 2012; Laforest-Lapointe et al., 2017; Perreault and Laforest-Lapointe, 2022). Positive correlations between the diversity of tree-associated microbiota and ecosystem productivity have been observed, while decreases in diversity are linked to disease states and propagation (Laforest-Lapointe et al., 2017; Perreault and Laforest-Lapointe, 2022). Moreover, a growing body of evidence suggests that diverse microbial communities associated with roots, leaves, and soil collectively contribute to enhancing plant fitness under environmental changes (Giauque et al., 2019; Hawkes et al., 2020; Angulo et al., 2022). For example, the rhizosphere microbiome can also form a biological protective barrier, reducing the invasion of pathogenic microorganisms, which is especially important when plants face environmental stresses such as drought or disease outbreaks (Mendes et al., 2013; Singh et al., 2023). Despite recognizing the vital functions of soil microorganisms and plant endophytes, previous studies predominantly focused on soil microorganisms and neglected the interconnected dynamics of soil, root, and leaf microorganisms, particularly in boreal forests (Hassani et al., 2018; Hawkes et al., 2020; Angulo et al., 2022). Importantly, there is a gap in our understanding of microbial endophyte community structure, diversity, and functions in boreal forests. Addressing this gap is crucial, as it could limit our comprehensive understanding of the functions of soil microorganisms and plant endophytes across ecosystems.

To comprehensively boreal forest ecosystem function, exploring the structure, diversity, and functional groups of microbial communities within leaves, roots, rhizosphere, and soil is essential. The microbial communities (including their structure, diversity, and functional groups) and their effects on plant systems can influence plant growth, health, and stress resistance, making it a critical aspect of understanding ecosystem dynamics. The living environment acts as a major selective force, shaping the composition of both soil microorganisms and plant endophytes, as highlighted by Trivedi et al. (2020). Thus, we hypothesize significant differences in microbial community structure and diversity across various sampling positions (including bulk soil (non-rhizosphere soil), rhizosphere soil, leaf and root). Soil microorganisms, with their primary function in promoting soil nutrient cycling, are complemented by rhizosphere microorganisms, which enhance the efficiency of plant nutrient absorption. Simultaneously, plant endophytic microorganisms contribute to the adaptability of plants to their environment. Consequently, we further hypothesize significant differences in the functional groups of microbial communities in different positions, meeting diverse plant needs and ecosystem functions. To investigate these hypotheses, Larix gmelinii, the dominant tree species in the boreal forest, was chosen. We collected samples, including leaves, roots, rhizosphere, and soil, from 36 Larix gmelinii trees. Employing high-throughput sequencing, we determined the microbial community structure in different positions, with a specific focus on endophytic microbial communities identified in leaves and roots.



Materials and methods


Site description

Our sampling was conducted in the boreal forest within Nanwenghe National Natural Reserve, located in the Greater Khingan Mountains, China (51°05′-51°39′N, 125°07′-125°50′E). The study area features a cold temperate continental climate characterized by a protracted cold winter (October–April) and a brief, warm summer (May–September). With a mean annual temperature of −2.4°C, monthly variations range from −26.3°C in January to 18.6°C in July. Annual precipitation averages 489.2 mm, with the majority falling in July and August. The soil in this region is classified as sandy (including many stones) based on an international soil classification system,1 and the mean soil thickness is 20 cm. Dominating the ecosystem is the Larix gmelinii tree species.



Field sampling

In July 2021, we randomly selected 36 robust adult larch trees within the protected area for sampling. Each selected tree contributed comprehensive samples, including leaves, roots, rhizosphere, and bulk soil. To ensure representation, a minimum of ten fresh, intact, and fully expanded leaf samples were collected from the highest part of the tree crown, with sampling conducted from four directions. To capture the complete root system, spanning orders 1–5, excavation was carried out in four directions around the tree base. The collected leaf or root samples from each individual were then mixed and homogenized. Rhizosphere soil was obtained using the shaking-off method, where soil tightly attached to the root surface was designated as rhizosphere soil (Phillips et al., 2011). Bulk soil samples were gathered 2–3 meters away from the tree trunk in four directions. To minimize the influence of surface microbes, leaves and roots underwent prompt surface sterilization within 12 h of collection. This process involved sequential rinsing in deionized water, 95% ethanol, 0.5% sodium hypochlorite (NaOCl), and 70% ethanol, following established protocols (Pan et al., 2023). The rhizosphere soil or bulk soil from each tree was thoroughly mixed and sieved through a 2-mm mesh to eliminate plants, small animals, roots, and gravel. This process yielded four distinct samples from each tree: leaf, root, rhizosphere soil, and bulk soil. All samples were promptly flash-frozen in liquid diatomic nitrogen (N2) for transportation to the laboratory and subsequently stored at −80°C for nucleic acid extraction.

Part of the soil sample was used to determine soil properties. The soil pH value was measured i using a pH meter (SX7150, China). Ammonium nitrogen (NH4+) and nitrate nitrogen (NO3−) were measured using a continuous flow analyzer (Skalarsan+, Netherlands). The soil total organic carbon (TOC) and total N (TN) concentrations were measured using an automated TC/TN analyzer (multi N/C 3100, Analytik Jena AG, Germany). Soil total phosphorus (TP) was measured via spectrophotometer with molybdenum–antimony antibody colorimetry.



DNA extraction

Total microbial DNA was extracted from pooled leaf and root tissue samples using Qiagen Plant DNeasy kits. For soil genomic DNA extraction in each sample, the MoBio PowerSoil DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) was employed following the manufacturer’s protocol, with minor adjustments for enhanced yield and purity. A uniform one-step PCR amplification process was applied to all samples, achieving normalization through primers designed to attach a 12-base-pair barcode and Illumina adaptor sequence during PCR. Targeting the 16S rRNA gene for bacteria and the ITS region for fungi amplicons, in alignment with established protocols, each sample underwent a single 25 μL PCR reaction. The resulting amplicons underwent processing using an Invitrogen Sequalprep PCR Cleanup and Normalization Kit. Following equal concentration pooling, the samples underwent sequencing using Illumina Hiseq 2500, generating pair-end 250-base pair reads. To ensure data accuracy, rigorous sequencing quality control measures were implemented to filter out low-quality reads.



Bioinformatic analysis

The raw sequence data underwent processing using QIIME2 pipelines (Bolyen et al., 2019). This comprehensive procedure involved merging paired-end sequences into a single sequence of approximately 350 bp in length. To ensure data quality, sequences with a mean quality score less than 30 or with any series of five bases having a quality score below 30 were eliminated. Subsequently, the sequences were de-multiplexed into respective samples. Quality-controlled reads were subjected to denoising using the DADA2 plugin (Callahan et al., 2016), resulting in the identification of amplicon sequence variants (ASVs) with a 97% similarity. Taxonomy assignment for each ASV was achieved through a Naive Bayes classifier trained with eukaryotes ITS sequences from the UNITE database (version 7.2, Nilsson et al., 2019) and prokaryotic 16S sequences from the Greengenes database (version 13.5, DeSantis et al., 2006). The final ASV table was meticulously generated by excluding nonfungi or nonbacterial ASVs and potential false-positive ASVs with a low abundance of fewer than ten reads across all samples. To estimate alpha-diversity indices for bacteria and fungi, MOTHUR software (version 1.30.1) was employed. We employed FAPROTAX (Louca et al., 2016) and FUNGuild (Nguyen et al., 2016) to analyze the functional groups of bacteria and fungi in the soil. For bacterial Operational Taxonomic Units (OTUs), we compared them with the dataset obtained by FAPROTAX (script version 1.1), and the output functional table used the default settings. FUNGuild v1.0 was utilized to determine the functional groups of fungi, and it is a flat database hosted on GitHub.2 To prevent over-interpretation of fungal functional groups, we excluded the confidence level of “possible” and retained only the two levels of “highly probable” and “probable.” Communities that could not be identified or were identified as having multiple complex nutrition methods were unified as “undefined.”



Statistical analysis

For statistical analysis, the Kolmogorov–Smirnov test was employed for a normality test, and Levene’s test was used for the homogeneity of variance test. We utilized the linear model with Tukey’s multiple comparison to evaluate the differences in microbial diversity indices, relative abundance of microphyla, and microbial functional groups among different sampling positions. Visualization of microbial communities and functional structures was conducted through nonmetric multidimensional scaling (NMDS) based on the Bray-Curtis distance. Additionally, the “ADONIS” function of the vegan package in R (999 permutations) was used to test the significance of the separation between successional stages. ANOSIM analysis was employed to detect differences within and between groups. All analyses were conducted in R (version 4.1.1, R Core Team, 2021).




Results


Microbial diversity

The soil properties in the study area are presented in Table 1. Significant differences in bacterial and fungal diversity, as assessed by the Shannon diversity index, were observed across leaf endosphere, root endosphere, rhizosphere, and bulk soil (Figure 1). However, distinctive patterns emerged when comparing bacterial and fungal diversity across different sampling positions. Bacterial diversity exhibited the highest values in bulk soil and the lowest in the leaf endosphere. In contrast, fungal diversity showed a different trend, with the highest values in the rhizosphere and the lowest in the root endosphere (Figure 1). In summary, the order of bacterial diversity was as follows: bulk soil (4.25) > root endosphere (4.02) > rhizosphere (2.17) > leaf endosphere (2.10). Similarly, the order of fungal diversity was rhizosphere (2.79) > bulk soil (2.68) > leaf endosphere (2.20) > root endosphere (1.73) (Figure 1).



TABLE 1 Soil properties in the study area.
[image: Table displaying soil properties for a study area: pH is 4.56±0.15, NH4+ is 25.68±1.72 mg/kg, NO3- is 14.97±4.29 mg/kg, TN is 1.31±0.10 g/kg, TP is 0.38±0.02 g/kg, and SOC is 23.66±1.43 g/kg.]

[image: Violin plots comparing microbial diversity. Panel (a) shows bacterial diversity among leaf, root, rhizosphere (Rh), and soil, with significant differences marked by asterisks. Panel (b) illustrates fungal diversity across the same samples, also highlighting significant differences with asterisks. Both panels feature colored violins representing data distribution and a vertical axis labeled from zero to ten.]

FIGURE 1
 Bacterial diversity (a) and fungal diversity (b) of endophytic and soil microorganisms. Leaf, leaf endophyte; Root, root endophyte; Rh, rhizospheric microorganism; Soil, soil microorganism. One-way analysis of variance was used to compare differences in the microbial diversity of different positions. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.




Microbial community structure

Bacterial and fungal community structures also show notable differences across leaf endosphere, root endosphere, rhizosphere, and bulk soil (Table 2; Figure 2). This variation in community structure may arise from differences in species composition (Figures 3, 4). The phyllosphere community primarily consists of bacteria from the phyla Proteobacteria, Actinomycetes, Firmicutes, Acidobacteria, and Chloroflexi, with members of phyla Proteobacteria constituting approximately 50% of the community composition in leaf endosphere, root endosphere, rhizosphere, and bulk soil (Figure 3). Plant endophytic communities are significant higher in Actinobacteria (approximately twofold or higher in relative abundance in the endophytic community than in the rhizosphere or bulk soil), while significant lower in Firmicutes (more than twofold lower in relative abundance in the endophytic community than in the rhizosphere), Acidobacteria, and Chloroflexi (more than twofold lower in relative abundance in the endophytic community than in the bulk soil). The diverse range of fungi colonizing both leaf and root tissues predominantly belong to the phyla Ascomycota and Basidiomycota (Figure 3). The rhizosphere and bulk soil are enriched in the phyla Mortierellomycota, while being depleted in plant endophytic communities (Figure 3). Among the unique species, bacterial and fungal species in the leaf endosphere were the most abundant compared to other tissues, while the rhizosphere had relatively fewer (Figure 4). This difference may primarily result from the distinct sources of endophytic microorganisms in leaves and roots.



TABLE 2 Differences on fungal and bacterial community composition were tested by adonis analysis based on Bray-Curtis distances.
[image: Table displaying the types of microorganisms (bacteria and fungi), with corresponding groups and statistical values. Groups include Soil/Leaf, Soil/Root, Soil/Rh, Leaf/Root, Leaf/Rh, Root/h. For bacteria, \( R^2 \) values range from 0.674 to 0.983, and for fungi, 0.138 to 0.855, with all \( p \) values below 0.001. Definitions are provided for group abbreviations.]
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FIGURE 2
 Non-metric multidimensional scaling analysis (NMDS) of bacterial community (a) and fungal communities (b) based on Bray-Curtis distances among different positions. Ellipses represent confidence intervals at 95%. The difference of bacterial and fungal community composition among different samples were tested by Adonis analysis based on Bray-Curtis distances. The PERMANOVA analysis showed that there were significant differences in bacterial and fungal communities between any two samples. Leaf, leaf endophyte; Root, root endophyte; RootR, rhizospheric microorganism; Soil, soil microorganism.


[image: Two bar charts compare microbial composition in different plant parts and soil. Chart (a) shows bacterial groups in leaf, root, rhizosphere (Rh), and soil, dominated by Proteobacteria, followed by Actinobacteria and others. Chart (b) presents fungal composition, with Basidiomycota and Ascomycota being prevalent across the same segments. Each chart includes a color-coded legend for easy identification of microbial groups.]

FIGURE 3
 Relative abundances of the soil bacterial (a) and fungal (b) phyla in different positions. The phyla that relative abundances less than 1% are replaced with the other. Leaf, leaf endophyte; Root, root endophyte; RootR, rhizospheric microorganism; Soil, soil microorganism.


[image: Two bar charts labeled (a) and (b) display data on plant components: Rh, Leaf, Root, and Soil. Each chart has vertical black bars representing numerical values with connecting green dots below, linking the data between components. Chart (a) shows the highest value at 201 for Rh, while chart (b) peaks at 130 for Leaf. Values decrease across other components in both charts, illustrating distribution differences.]

FIGURE 4
 UpSet showing the number of species unique or shared between different positions. (a) The horizontal bar chart on the left shows the total number of bacterial species in each group; The bar chart above shows the number of species of different samples in different positions; The green dots in the middle indicate the number of species in each sample during each position. (b) The horizontal bar chart on the left shows the total number of fungal species in each group; The bar chart above shows the number of species of different samples in different positions; The green dots in the middle indicate the number of species in each sample during each position. Leaf, leaf endophyte; Root, root endophyte; RootR, rhizospheric microorganism; Soil, soil microorganism.




Microbial fungal groups

Chemoheterotrophic bacteria emerged as the most dominant functional group, with their relative abundance exceeding 50% across various ecological niches, including the leaf endosphere, root endosphere, rhizosphere, and bulk soil (Figure 5a). Notably, the leaf endosphere exhibited a significantly higher relative abundance of hydrocarbon-degrading bacteria compared to other positions (p < 0.05, Figure 5a). Additionally, the relative abundance of nitrogen-fixing bacteria was higher in root endosphere and bulk soil compared to the leaf endosphere and rhizosphere (Figure 5a). The rhizosphere showed the highest relative abundance of fermentation and nitrate-reducing bacteria, while bulk soil had the greatest relative abundance of ammonia-oxidizing and nitrifying bacteria (Figure 5a).

[image: Two bar graphs labeled (a) and (b) compare microbial function across samples from leaf, root, rhizosphere, and soil. Graph (a) shows the dominance of chemoheterotrophy in red, followed by cellulolysis and hydrocarbon degradation. Graph (b) highlights ectomycorrhizal and unidentified categories in red and orange, with various saprotrophic and parasitic functions also represented. Each category is color-coded with a legend on the right.]

FIGURE 5
 Relative abundances of bacterial functional groups (a) and fungal functional groups (b) in different positions. The groups with relative abundances less than 1% are grouped into “other.” Leaf, leaf endophyte; Root, root endophyte; RootR, rhizospheric microorganism; Soil, soil microorganism.


The relative abundance of ectomycorrhizal fungi reached its peak in the root endosphere, rhizosphere, and bulk soil, but notably, it was not as pronounced in the leaf endosphere (Figure 5b). Conversely, the relative abundance of plant pathogenic fungi was highest in the leaves, followed by the rhizosphere, and was least in the root endosphere (Figure 5b). Additionally, the relative abundance of saprophytic fungi was significantly higher in the root endosphere, rhizosphere, and bulk soil compared to the leaf endosphere (Figure 5b). Noteworthy is the observation that a majority of leaf endophytes could not be assigned to the three familiar functional groups (symbiotic, pathogenic, and saprophytic fungi), suggesting that their function may significantly differ from those in other positions (Figure 5b).




Discussion

In this study, the diversity of bacteria and fungi in soil was significantly higher than that of endophytic bacteria and fungi, indicating that host could act as a filter, selecting specific populations (Trivedi et al., 2020). The higher bacterial diversity in bulk soil may be attributed to the diverse nutrient sources and environmental conditions available in this habitat (Bach et al., 2018; Xia et al., 2020). On the other hand, the lower bacterial diversity in the leaf endosphere could be influenced by factors such as limited nutrient availability or selective pressures exerted by the plant host (Bulgarelli et al., 2013; Trivedi et al., 2020). Similarly, the variation in fungal diversity across sampling positions underscores the importance of niche-specific interactions and ecological dynamics in the rhizosphere and endosphere compartments (Qian et al., 2019; Yang et al., 2021). The greater fungal diversity in the rhizosphere compared to bulk soil may be linked to the rhizosphere effect, where root exudates influence the structure of the microbial community (Haichar et al., 2008; Peiffer et al., 2013; Gong et al., 2023). Conversely, the lower fungal diversity in the root endosphere suggests potential selective processes or competition among fungal taxa for colonization within this niche (Qian et al., 2019; Wang et al., 2023). Overall, these results shed light on the complex interplay between plants and their associated microbial communities.

The significant variations in microbial diversity are accompanied by marked differences in bacterial and fungal community structures across the leaf endosphere, root endosphere, rhizosphere, and bulk soil. This divergence in community structure likely arises from difference in species composition. In the leaf endosphere, bacterial communities are predominantly represented by phyla Proteobacteria, Actinomycetes, Firmicutes, Acidobacteria, and Chloroflexi, with Proteobacteria comprising approximately 50% of the community composition across all sampled environments, which is consistent with findings from previous studies (Hardoim et al., 2008; Compant et al., 2021). Moreover, plant endophytic communities exhibit enrichment in Actinobacteria, while displaying depletion in Firmicutes, Acidobacteria, and Chloroflexi compared to the rhizosphere and bulk soil. The observation is consistent with previous study (Liu et al., 2017). The fungal communities inhabiting both leaf and root tissues demonstrate extensive diversity, primarily composed of phyla Ascomycota and Basidiomycota (Zuo et al., 2021). Furthermore, Mortierellomycota phyla were enriched in the rhizosphere and bulk soil, while was depleted in plant endophytic communities. The differences in fungal community composition between plant tissues and bulk soil suggest selective colonization processes within the plant ecosystem (Trivedi et al., 2020; Guo et al., 2021). Additionally, the analysis of specific species reveals that bacterial and fungal species in the leaf endosphere exhibit the highest endemism compared to other tissues, with relatively fewer specific species in the rhizosphere. This observation may be attributed to the distinct sources of endophytic microorganisms in leaves and roots, highlighting the influence of plant host specificity and environmental factors on microbial community assembly (Vandenkoornhuyse et al., 2015; Xiong et al., 2021). These results underscore the intricate interplay between plant-associated microbial communities and their respective habitats, emphasizing the importance of considering both microbial diversity and community structure in understanding the ecological dynamics within the plant microbiome. This study provides insights that enhance our understanding of the complex relationships between plants and their associated microbial communities, highlighting the need for further investigation into the mechanisms driving microbial community assembly and function within different plant organs (Bulgarelli et al., 2013).

The difference of microbial community structure and diversity at different positions may lead to the difference in microbial community function. Our study highlights the diverse functional roles played by microbial communities across various ecological niches within the plant ecosystem. Chemoheterotrophic bacteria were the dominant functional group, with a relative abundance exceeding 50% across all sampled positions. Interestingly, significantly higher relative abundance of hydrocarbon-degrading bacteria (includes species like Pseudomonas aeruginosa, Rhodococcus erythropolis, Mycobacterium vanbaalenii, Sphingomonas paucimobilis, Pseudomonas putida, and so on) was found in leaf endosphere compared to in other positions, suggesting a potential role in detoxification or metabolism of organic compounds in leaf endosphere (Gupta et al., 2017; Feng et al., 2017). Moreover, distinct patterns in specific bacterial functional groups were also observed across different sampling positions. The root endosphere and bulk soil showed a higher relative abundance of nitrogen-fixing bacteria compared to the leaf endosphere and rhizosphere, highlighting their importance in nitrogen cycling and plant nutrition (Beltran-Garcia et al., 2021; Zhang et al., 2022). Conversely, the rhizosphere displayed a higher relative abundance of fermentation bacteria and nitrate-reducing bacteria, while the bulk soil harbored a greater prevalence of ammonia-oxidizing bacteria and nitrification bacteria, indicating niche-specific microbial metabolic activities (Singh et al., 2022). In terms of fungal functional groups, ectomycorrhizal fungi reached their peak relative abundance in the root endosphere, rhizosphere, and bulk soil, underscoring their symbiotic association with plant roots and potential roles in nutrient uptake (Philippot et al., 2013). Conversely, plant pathogenic fungi exhibited their highest relative abundance in leaves, suggesting a potential threat to plant health within this microenvironment (Eberl et al., 2020; Trivedi et al., 2020). Additionally, the root endosphere, rhizosphere, and bulk soil displayed a significantly higher relative abundance of saprophytic fungi compared to the leaf endosphere, highlighting their role in organic matter decomposition and nutrient cycling in soil-associated habitats (Schappe et al., 2020). Notably, a majority of leaf endophytes could not be assigned to familiar functional groups, suggesting unique functional roles that may significantly differ from those observed in other positions (Trivedi et al., 2020). This underscores the need for further exploration to elucidate the specific functions and ecological significance of these enigmatic leaf endophytes within the plant microbiome. Overall, these findings provide valuable insights into the functional diversity and ecological roles of microbial communities in boreal forests, contributing to our understanding of microbial-mediated processes essential for plant health and ecosystem functioning (Berendsen et al., 2012).



Conclusion

In conclusion, our study elucidates the intricate relationships between microbial diversity, community structure, and functional roles in a boreal forest. The results underscore the significance of considering both bacterial and fungal communities in understanding the dynamic interplay between plants and their associated microbiota. Chemoheterotrophic bacteria emerged as the predominant functional group, exhibiting diverse metabolic capabilities across sampled positions, while fungal functional groups exhibited distinct distribution patterns that reflected their ecological roles. Notably, the leaf endosphere harbored unique microbial communities with specialized functional attributes, suggesting niche-specific adaptations and potential contributions to plant health and fitness. Furthermore, differences in specific bacterial functional groups, such as nitrogen-fixing bacteria and ammonia-oxidizing bacteria, across the sampling positions emphasize the significance of microbially mediated nutrient cycling and plant-microbe interactions. Future research should be focused on unraveling the functional significance of microbial communities in mediating plant-microbe interactions and ecosystem processes, ultimately enhancing our ability to harness the beneficial contributions of microbes for sustainable agriculture and environmental stewardship.
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Background: Climate change has recently boosted the severity and frequency of pine bark beetle attacks. The bacterial community associated with these beetles acts as “hidden players,” enhancing their ability to infest and thrive on defense-rich pine trees. There is limited understanding of the environmental acquisition of these hidden players and their life stage-specific association with different pine-feeding bark beetles. There is inadequate knowledge on novel bacterial introduction to pine trees after the beetle infestation. Hence, we conducted the first comparative bacterial metabarcoding study revealing the bacterial communities in the pine trees before and after beetle feeding and in different life stages of two dominant pine-feeding bark beetles, namely Ips sexdentatus and Ips acuminatus. We also evaluated the bacterial association between wild and lab-bred beetles to measure the deviation due to inhabiting a controlled environment.
Results: Significant differences in bacterial amplicon sequence variance (ASVs) abundance existed among different life stages within and between the pine beetles. However, Pseudomonas, Serratia, Pseudoxanthomonas, Taibaiella, and Acinetobacter served as core bacteria. Interestingly, I. sexdentatus larvae correspond to significantly higher bacterial diversity and community richness and evenness compared to other developmental stages, while I. acuminatus adults displayed higher bacterial richness with no significant variation in the diversity and evenness between the life stages. Both wild and lab-bred I. sexdentatus beetles showed a prevalence of the bacterial family Pseudomonadaceae. In addition, wild I. sexdentatus showed dominance of Yersiniaceae, whereas Erwiniaceae was abundant in lab-bred beetles. Alternatively, Acidobacteriaceae, Corynebacteriaceae, and Microbacteriaceae were highly abundant bacterial families in lab-bred, whereas Chitinophagaceae and Microbacteriaceae were highly abundant in wild I. accuminatus. We validated the relative abundances of selected bacterial taxa estimated by metagenomic sequencing with quantitative PCR.
Conclusion: Our study sheds new insights into bacterial associations in pine beetles under the influence of various drivers such as environment, host, and life stages. We documented that lab-breeding considerably influences beetle bacterial community assembly. Furthermore, beetle feeding alters bacteriome at the microhabitat level. Nevertheless, our study revisited pine-feeding bark beetle symbiosis under the influence of different drivers and revealed intriguing insight into bacterial community assembly, facilitating future functional studies.

Keywords
 Ips acuminatus; Ips sexdentatus; core bacteriome; microhabitat; holobiont; amplicon sequence variances (ASVs)


Introduction

Bark beetles (Coleoptera: Curculionidae: Scolytinae) are economically important forest pests that cause large-scale forest damage across Europe (Biedermann et al., 2019; Singh et al., 2024). The outbreaks of pine bark beetles such as Ips sexdentatus (Börner, 1776) and Ips acuminatus (Gyllenhal, 1827) heavily impact forestry economics, affecting the forest-dependent sector and international wood markets (Montagné-Huck and Brunette, 2018). These outbreaks reduce the forest tree lifespan, decrease carbon uptake, and alter microclimatic situations in the forest, along with recreational and aesthetic values (Abdullah et al., 2018; Dobor et al., 2018). According to recent reports, particularly in the Czech Republic, the severity of pinewood damage by bark beetles increased by over 80,000 m3 in 2019 from about 10,000 m3 in 2009 (Liška et al., 2021). Moreover, climate changes such as increased air temperature, altered precipitation patterns, and increased frequency of drought and heat events have critically stimulated the outbreaks of bark beetles by altering the tree defence physiology (Raffa et al., 2008; Marini et al., 2017). Precisely, drought affects host tree fitness and can stimulate bark-beetle populations to overcome the epidemic threshold and cause an outbreak (McNichol et al., 2022). For instance, high spring temperature stimulates I. acuminatus to infest weakened and vigorous trees (Chinellato et al., 2014). Subsequently, the increasing infestations by I. acuminatus have listed the species among the most-aggressive bark beetle species within Europe (Faccoli et al., 2012; Colombari et al., 2013; Plewa and Mokrzycki, 2017; Liška et al., 2021). Climate change has also stimulated the importance of I. sexdentatus as a forest pest with considerable dispersal competency (Pineau et al., 2017b).

Although I. sexdentatus and I. acuminatus share several ecological characteristics, including host, I. sexdentatus infests the lower part of the bole, whereas I. acuminatus attacks the higher bark canopy (top branches) (Davydenko et al., 2017). Nonetheless, both Ips species must overcome the robust pine defence system to thrive. The robust pine defence system has physical and chemical barriers against biotic stress, including bark beetles (Mumm and Hilker, 2006). Physical barriers include tissues having lignin and suberin polymers that offer protection against degradation, penetration and ingestion, while the chemical barriers involve phenolic compounds and terpenoids (monoterpenes, diterpenes, and sesquiterpenes) with entomotoxic competency. A high concentration of monoterpenes shows ovicidal, repellent, adulticidal, and larvicidal effects against bark beetles (Krokene, 2015). Therefore, the defence barrier in healthy pine trees is a formidable challenge for bark beetles. Alternatively, gut microbial assemblage in bark beetles might promote the competency of bark beetles to exhaust conifer defence (Chakraborty et al., 2020a; Chakraborty et al., 2020b). Bacterial genera such as Pseudomonas, Serratia, and Rahnella associated with Dendroctonus valens (LeConte, 1860) might play an important role in metabolising monoterpenes (Boone et al., 2013; Xu et al., 2016). Similarly, Erwinia typography isolated from Ips typographus (Linnaeus, 1758) is suggested to tolerate a high concentration of myrcene-a plant defensive monoterpene (Skrodenytė-Arbačiauskienė et al., 2012). Furthermore, mountain pine beetle (Dendroctonus ponderosae Hopkins) has been reported to have bacterial mutualists containing genes (i.e., dit genes-diterpene degrading genes) that could be associated with terpene degradation (Adams et al., 2013).

Apart from overcoming the tree defence, a significant challenge for bark beetles is nutrient acquisition, as they primarily thrive on phloem tissues with limited nutrition and complex carbohydrates. Subsequently, the gut microbiome comes to the rescue, helping the beetles to digest and metabolise complex polysaccharides (i.e., lignin from conifers) (Hu et al., 2014) and nutrient acquirement (Morales-Jiménez et al., 2009; Morales-Jiménez et al., 2013). Beetle-associated microbiome extends their symbiosis with the host by producing pheromones, thus facilitating chemical communications (Xu et al., 2015). Furthermore, beetle-bacterial mutualism also plays an important role in defence against pathogens (González-Dominici et al., 2021). However, such microbial contribution to bark beetle survival is limited to only a few beetle genera, such as the red turpentine and mountain pine beetle (Adams et al., 2013; Cheng et al., 2018). Nevertheless, our understanding of bark beetles as holobionts is restricted. Few studies have evaluated microbial acquisition and succession in bark beetles (Ibarra-Juarez et al., 2020; Veselská et al., 2023; Baños-Quintana et al., 2024). In addition, limited studies in pine bark beetles have focused on understanding the effect of environment and metamorphosis that can cause comprehensive changes in the beetle microbiome, resulting in distinct bacterial communities. Moreover, microbial community assembly at the level of bark beetle microhabitat is still lacking. There is limited information on the influence of the host plant microbiome in shaping the beetle bacterial community, particularly in terms of Ips bark beetles (Kolasa et al., 2019; Silver et al., 2021; Chakraborty et al., 2023; Pirttilä et al., 2023; Baños-Quintana et al., 2024). No literature highlights the impact of beetle feeding on the pine-associated microbiome. Subsequently, it is also crucial to assess the microbial assembly in wild and lab-bred beetles to evaluate the influence of the bark beetle breeding facility.

We hypothesised that metamorphosis, microhabitat, and lab-breeding might shape the bacterial community structure in the Ips pine beetles similar to other insects (Chen et al., 2018; González-Serrano et al., 2020; Tian et al., 2022; Chakraborty et al., 2023; Veselská et al., 2023; Baños-Quintana et al., 2024). Hence, we conducted the first comparative metabarcoding study on two pine-feeding beetles (I. sexdentatus, I. acuminatus) to evaluate our hypothesis and respond to the following fundamental questions regarding bark beetle symbiosis: (1) What are the bacterial communities associated with the two pine-feeding Ips beetles across life-stages? (2) What influence does the host microbiome have in shaping the bacterial community assemblage or vice versa? (3) How does lab-breeding impact pine beetle bacterial community assemblage?



Materials and methods


Bark beetle collection and breeding for life-stage specific sample collection

Adult bark beetles (Coleoptera: Curculionidae: Scolytinae) were collected from infested logs (dbh ~20 cm) obtained from different beetle colonies in the Rouchovany forest area (49.0704° N, 16.1076° E) in the Czech Republic in 2020. The two bark beetle species (I.sexdentatus and I.acuminatus) were identified based on the work of Nunberg (Nunberg, 1981) and Pfeffer (Pfeffer, 1955, 1995). The infested logs were brought to the debarking room directly from the forest, where the adult beetles were collected using surface disinfected tweezers and bred to F2 generation in laboratory conditions (temp around 25°C in the day and 19°C at night, RH 60%) on fresh pine logs collected from the same forest area. Over 50 samples from each life stage (larva, pupa, adult) were collected from multiple infested logs in 50 mL plastic conical tubes, snap-frozen with liquid nitrogen, and kept at −80°C for DNA extraction. The gallery wood was collected from the same F2 generation infested logs using surface sterilised blades and kept in plastic tubes with RNAlater solution at −80°C for future use. All the beetle and wood samples were collected at least 10 cm below the edges of the logs to minimise contamination (Table 1). Uninfected, fresh woods with no beetle infestation were taken as control wood (unfed fresh phloem) and were kept in plastic conical tubes with RNAlater solution at −80°C.



TABLE 1 Sample description.
[image: A table with four columns: Sample Code, Sample Details, Collection, and Replicates. It lists various samples of Ips sexdentatus and Ips acuminatus in different stages—larvae, pupae, adults—and types of wood. Samples are collected from either a lab environment or the forest, with replicates ranging from four to five per sample type.]



Wild beetle collection

Similarly, the infested logs, collected from the same Rouchovany forest area in 2021, were directly brought to the debarking room, where adult I. sexdentatus and I. acuminatus wild beetles were collected using surface sterilised tweezers in 50 mL plastic conical tubes, snap-frozen with liquid nitrogen and kept at −80°C for DNA extraction. The gallery wood samples were collected from the same infested logs in RNAlater solution and stored at −80°C. Similarly, unfed wood samples (fresh phloem tissue) were collected from logs from the same locality without any beetle infestation. Beetle bacteriome variability of individual colonies was not explored in the current study due to the mixing of beetle samples from different colonies. However, such a sampling method can reduce the random variability from the heterologous sampling material. The sample details are provided in Table 1.



DNA extraction

Developmental stage-specific lab-bred and wild-collected samples were randomly selected and disinfected by rinsing the beetles twice with 70% ethanol and subsequently washing them with sterile water. Any sample with apparent infection was discarded. Due to size differences, the sampling amount per replicate for both species differed. One individual per replicate was used for I. sexdentatus, whereas, for I. acuminatus, four larvae/replicate, two pupae/replicate, and five adults/replicate were used. Total DNA from whole beetles was extracted using the MACHEREY-NAGEL NucleoSpin Soil DNA kit with modifications in the manufacturer’s protocol. Similarly, wood microbial DNA was extracted (~120 mg wood/replicate) using QIAGEN DNeasy Plant Mini Kit following the manufacturer’s protocol with modifications. The samples were homogenised under liquid nitrogen, and the lysis was performed for 1 min. The extracted DNA quantity and quality were accessed using a Qubit 2.0 Fluorometer (Thermo Scientific) and 1% agarose gel electrophoresis. High-quality samples (five biological replicates from each life stage for both species and 4 biological replicates for each wood sample) and two negative extraction controls were selected for 16S rRNA gene metabarcoding at Novogene Company, China.



16S amplicon sequencing

16S amplicon sequencing was executed at Novogene, China, using a pre-optimised protocol. Precisely, 1 ng/μl template DNA, bacterial 16S rRNA gene primers (341F-806R) (Klindworth et al., 2013) containing unique barcodes, and Phusion High-Fidelity PCR Master Mix (New England Biolabs) were used to set up PCR reactions. Subsequently, a PCR reaction mixture without template DNA was used as a negative control. PCR products were visualised in 2% agarose gel electrophoresis. The samples with amplification between 450 and 480 bp were selected and mixed in equidensity ratios for gel purification using a QIAGEN Gel extraction kit. NEBNext Ultra DNA Library Pre-Kit for Illumina was used to create sequencing libraries followed by index code ligation. Sequencing libraries were quantitively and qualitatively analysed using Qubit 2.0 Fluorometer (Thermo Fisher Scientific) and Agilent Bioanalyser 2,100 system. An Illumina Novaseq 6,000 platform obtained 250 bp paired-end reads from the sequenced libraries.



Bacteriome data analysis


Data processing and species annotation

The bioinformatic data analysis was performed using a standardised pipeline in QIIME2 (version 2022.2) (Bolyen et al., 2019) as described in our earlier studies (Gupta et al., 2023). The barcodes and primer sequences were removed, and the sample sequences were merged using FLASH (V1.2.11)1 to generate raw Illumina pair-end reads (Magoč and Salzberg, 2011) and then checked for high-quality reads using fastp software. VSEARCH software (Rognes et al., 2016) was used to identify and remove chimeric sequences. The chloroplast and mitochondrial sequences were discarded to facilitate downstream bioinformatic analyses. The amplicon sequence variant (ASV) (Li et al., 2020) abundance table was obtained using the DADA2 module (Callahan et al., 2016). The ASV abundance table or the feature table is a matrix of samples, and the feature (ASV) abundance represents the number of times each feature/ASV was observed in each sample. Sequences that have an abundance lesser than five were discarded. Furthermore, classify-sklearn algorithm, a pre-trained Naive Bayes classifier was used for species annotation with the bacterial SILVA database (version 138.1) (Quast et al., 2012; Bokulich et al., 2018) to obtain individual ASVs with respective species annotation in QIIME2 (version 2022.2) (Bolyen et al., 2019). The core consortium of the bacterial communities in the samples was defined as ASVs present in ≥60% of each beetle sample group to avoid the occurrence of any transient species.



Alpha diversity

Alpha diversity indices like bacterial community richness (Chao1), evenness (Pielou) (Magurran, 1988) and bacterial diversity (Shannon) (Magurran, 1988) were used to analyse bacterial community structure. Kruskal-Wallis-pairwise-group test was performed to test the significance level within the samples. In addition, QIIME2 (version 2022.2) was used to estimate Good’s coverage (sequence depth) (Chao et al., 1988) and observed species from all stage-specific and wood samples that were represented by R software (Version 2.15.3; R Core Team, 2013, Vienna, Austria) (R Core Team, 2013).



Beta diversity

The bacterial diversity variation between different life stages and wood samples for both Ips species was estimated using the UniFrac distance metric (Lozupone et al., 2011) determined in QIIME2 (version 2022.2). Moreover, unweighted UniFrac distance measurement was used for non-metric multi-dimensional scaling (NMDS) analysis illustrated by R software (Oksanen, 2007). The functions ADONIS (analysis and partitioning sum of squares using dissimilarities) and ANOSIM (analysis of similarities) (Clarke, 1993; Anderson, 2001) were used to determine significant differences in life-stage specific and wood bacteriome in QIIME2 (version 2022.2). ADONIS is a non-parametric multivariate variance test analysis that utilises a distance metric (Lozupone et al., 2011) to determine significant differences in the bacterial community among the sample groups (Stat et al., 2013). However, ANOSIM analysis utilises the same distance metric to estimate if the variation among different sample groups is larger than within the sample group (Chapman and Underwood, 1999). Additionally, a permutational multivariate analysis of variance (PERMANOVA) (Anderson, 2001) using Bray Curtis distance was conducted to assess the significance of overall bacterial diversity across different life stages and to evaluate the impact of lab-breeding on the two pine beetles. Furthermore, a t-test was used to determine significantly abundant bacterial species (p < 0.05) in the sample groups (D’Argenio et al., 2014). Similarly, Metastats analysis using false discovery rate (FDR) and multiple hypothesis tests for sparsely-sampled features revealed that the intra-group differed significantly on abundant bacterial species (Paulson et al., 2011). LEfSe (linear discriminant analysis effect size) analysis was performed to obtain significant biomarkers that can help to distinguish two samples in an experimental condition (Segata et al., 2011). These biologically consistent, statistically significant biomarkers derived from LEfSe can disclose metagenomic attributes (taxa/metabolites/genes) to distinguish between the two samples.




Quantitative PCR assay

The relative abundance of selected bacterial taxa was estimated using quantitative PCR assay and correlated with the metagenomic sequencing results. Six individuals for each life stage (larvae/pupae/adults) were pooled per replicate, and four biological replicates were prepared. However, due to the limited availability of I. acuminatus samples, only four replicates of adult beetles were prepared. For the same reason, life stage comparisons for I. acuminatus were not performed using qPCR. Tubulin beta-1 chain (β-Tubulin) was used as reference genes for I. sexdentatus (Sellamuthu et al., 2021), while ribosomal protein (RPL7) and the elongation factor (EF1a) genes were selected for I. accuminatus (unpublished data). Six primer pairs representing different bacterial taxa and one eubacterial primer revealing the total bacterial population were used for qPCR assay (Supplementary Table 5). The specific bacterial primers were selected from previously published studies, while Psedoxanthomonas and Serratia genus-specific primers were designed in-house based on 16S rRNA gene sequences available in NCBI. The in-house designed primers were validated by sequencing the amplified product of the genus-specific primers and confirming it by NCBI blast. In addition, we also checked the primer with other non-specific bacterial cultures. The qPCR was performed with 10 μL of reaction mixture containing 4 μL of gDNA (10 ng/μl), 5 μL SYBR® Green PCR Master Mix (Applied Biosystems), 0.5 μL forward and reverse primer (10 μM). Amplification conditions included initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. The relative quantification (RQ) of the selected bacterial population was estimated using the delta–delta Ct method (2−ΔΔCt), where ΔCt was estimated as the difference between the threshold Ct values with specific bacterial primers and the housekeeping reference gene. In this study, the 2−ΔΔCt method reveals the fold change of the bacterial abundance relative to the housekeeping genes. It is worth mentioning here that the relative abundance of a specific bacterial population compared to the total bacterial population often lacks consistency (Navidshad et al., 2012). Hence, the housekeeping genes with stable gene expression were considered to normalise the data and determine the relative bacterial abundance. In the qPCR analysis, the significant difference in relative bacterial abundance between different life stages of I. sexdentatus and I. acuminatus was estimated using the method described by Pekár and Brabec (2016). The best linear model was elected under Akaike’s information criterion (AIC), and goodness of fit and heterogeneity were ensured by plotting residuals of the model against fitted values. Then, the variable was tested using ANOVA, and the difference between the categorical variable levels was compared by treatment contrasts t-test (Crawley, 2012). All analyses were performed in the R 4.3.1 environment (R Core Team, 2013).




Results


Bacteriome structure


Sequencing statistics

The sequencing data from two pine bark beetle species, I. sexdentatus (ISX) and I. acuminatus (IAC), of different populations (lab-bred, wild collection) and life stages (larva, pupa, adult) along with host tissue (control wood, fed/gallery wood) generated 6,393,911 raw reads. A Phred Quality score > 30 was used for quality control. Therefore, a total of 5,812,983 clean reads were obtained (Control wood-374,493; Fed wood-374,084; I. sexdentatus larvae-463,927; I. sexdentatus pupae-440,213; I. sexdentatus adult-446,527; I. acuminatus larvae-463,230; I. acuminatus pupae-446,017; I. acuminatus adult-372,076; I. sexdentatus wild adult-475,613; I. sexdentatus Control wood-364,782; I. sexdentatus Fed wood-381,812; I. acuminatus wild adult-447,180; I. acuminatus Control wood - 387, 312; I. acuminatus Fed wood-375,717) (Supplementary Excel 1).




Bacterial relative abundance at distinct taxonomic levels

The bacterial sequences obtained from the two beetle species and wood samples generate 4,056 ASVs at a 100% similarity level (Supplementary Excel 2). The Good’s coverage indicator (>98%) and the rarefaction curve indicated sampling comprehensiveness that represented the bacterial communities associated with the beetle and wood samples (Table 2; Supplementary Figure 1). The estimation of the Goods coverage index (0.98) after filtering of sequence read (n > 5) suggests that the majority of the ASVs present in the samples were detected, and approximately only 2% of the ASVs were not covered during the sequencing. The predominant bacterial classes across all samples were Gammaproteobacteria, Alphaproteobacteria, Actinobacteria, Bacteroidia, Bacilli (Figure 1A). The relative abundance of Gammaproteobacteria was higher in I. sexdentatus pupae (0.94 ± 0.03) and adult (0.99 ± 0.002) samples compared to larvae (0.57 ± 0.15) and wild-collected adults (0.63 ± 0.20) samples (Supplementary Excel 2). Similarly, the relative abundance of Gammaproteobacteria was highest in I. acuminatus larvae (0.95 ± 0.004) compared to other stages (larvae-0.84 ± 0.06, pupae-0.79 ± 0.06) and wild-collected adults (0.88 ± 0.02). Furthermore, Gammaproteobacteria [I. sexdentatus Control wood (0.73 ± 0.03), I. sexdentatus Fed wood (0.80 ± 0.01), and I. acuminatus Control wood (0.36 ± 0.02) I. acuminatus Fed wood (0.72 ± 0.05)] was also the dominant class in different phloem wood samples (Supplementary Excel 2). The relative abundance of Alphaproteobacteria was documented as highest in I. sexdentatus wild-collected adults (0.34 ± 0.19) compared to all other samples (Supplementary Excel 2).



TABLE 2 Alpha diversity indices.
[image: Table presenting measures of diversity across different samples of pine-feeding beetles and wood types. Columns include Good's coverage, observed species, Chao1, Pielou, and Shannon indices. Data is shown for Ips acuminatus and Ips sexdentatus across various life stages and sample types, with mean values and standard errors provided.]
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FIGURE 1
 Bacterial diversity in lab-bred (life-stages), wild-type adult beetles and wood samples. (A) The bar plot represents the relative abundance of bacteriome at the class level (top 10). (B) Heatmap depicting the relative abundance of 35 dominant bacterial genera among lab-bred (life-stages), wild-type adult beetles and wood samples. The relative ASV abundance is represented by a colour gradient where the darker colour indicates higher abundance, whereas the lighter colour indicates low abundance for a specific bacterial genus (ISX-Ips sexdentatus, IAC-Ips acuminatus).




Life stage-specific bacteriome


Bacterial associations in I. sexdentatus (ISX)

Our study revealed that the ASV distribution of the different life stages of both pine beetles comprises a pool of diverse bacterial populations. I. sexdentatus larvae, pupae, and adult stages contained 16, 5, and 3 unique ASVs, respectively (Figure 2A). Moreover, nine common ASVs were present in all life stages of I. sexdentatus, constituting the core bacteriome. However, it is essential to mention that each ASV may not represent an individual species. The I. sexdentatus core consortium consisted of bacterial genera, including Pseudomonas, Pseudoxanthomonas, Sphingomonas, Acinetobacter, and members belonging to the bacterial family Erwiniaceae (Supplementary Excel 3). The heatmap revealed the high abundance of Pseudomonas in adults, whereas Acinetobacter, Saccharomonospora, and Rickettsia were dominant in pupae, larvae, and wild adults, respectively (Figure 1B). The alpha diversity analysis showed that I. sexdentatus adult beetles had substantially lower bacterial richness (Chao1 63.32 ± 12.32) than the other developmental stages (Chao1, larvae-396.9 ± 101.78, p < 0.01 and pupae-181.37 ± 56.39, p < 0.01) (Table 2; Supplementary Figure 2). However, I. sexdentatus larvae represented significantly higher bacterial diversity (Shannon-4.99 ± 1.32) compared to the adult (Shannon-2.34 ± 0.38, p < 0.01) (Table 2; Supplementary Figure 2). Similarly, the bacterial community evenness was significantly higher in I. sexdentatus larvae (Pielou-0.61 ± 0.14) compared to adults (Pielou-0.43 ± 0.07) (p < 0.05) (Table 2; Supplementary Figure 2). The overall bacterial diversity showed significant differences while comparing different developmental stages of I. sexdentatus (Permanova analysis, Pseudo F statistics = 5.399, p = 0.00003). Subsequently, Metastat analysis revealed the differential abundance of top bacterial genera between different developmental stages (Table 3). Among the bacterial genera present, Pseudomonas was the most dominant bacterial genus in all the three life stages of I. sexdentatus beetles, with differences in their relative abundance. LEfSe represented the key bacterial biomarkers in I. sexdentatus life stage-specific bacterial populations (Figure 2D; Supplementary Figure 3A; Supplementary Table 3). I. sexdentatus pupae documented the bacterial families, including Enterobacteriaceae and Moraxellaceae, as biomarkers (Figure 2D). In contrast, Yersiniaceae and Pseudomonadaceae were the biomarkers of I. sexdentatus adults. Similarly, I. sexdentatus larvae represented the class Alphaproteobacteria as a distinct biomarker (Supplementary Table 3).

[image: Five panels illustrate microbial community data. Panels A and B are Venn diagrams showing shared and unique genetic components among life stages of ISX and IAC groups, respectively. Panel C combines the Venn diagrams for comparison. Panels D and E are circular dendrograms representing microbial taxa associated with different life stages, using color-coded legends. Each dendrogram differentiates between ISX and IAC groups by stage. The diagrams highlight core and specific taxa distributions, with legends indicating microbial families in different colors.]

FIGURE 2
 Core bacteriome. (A) Venn diagram illustrating bacterial ASV distribution in I. sexdentatus life stages (ISX.Larvae, ISX. Pupae, ISX.Adult). (B) Venn diagram depicting bacterial ASV distribution in I. acuminatus life stages (IAC.Larvae, IAC.Pupae, IAC.Adult). The shaded regions indicate the common areas between the sample groups. (C) Flower diagram representing the core ASVs across the life stages of two pine beetles. (D) Cladogram illustrating the results from LEfSe analysis revealing the biologically consistent, statistically significant bacterial biomarkers across different life stages of I. sexdentatus (ISX). (E) Cladogram representing significantly distinct bacterial biomarkers across I. acuminatus (IAC) life stages. Distinct taxonomic level (phylum to genus) is denoted in the circle from inward to outward. The different coloured nodes (red, green, and blue) represent bacterial species that play a significant role in different life stages across two different beetles (ISX and IAC), whereas yellowish-green circles represent non-significant bacterial species. Specific bacterial biomarkers are denoted by letters above the circles. The size of the nodes represents the relative abundance of the bacterial species at a particular taxon (ISX-Ips sexdentatus, IAC-Ips acuminatus).




TABLE 3 Metastat analysis representing the top 10 differently abundant bacterial genera across different life stages of Ips pine beetles.
[image: Table listing comparisons of bacterial genera differences among various insect developmental stages and conditions. Each row shows a comparison of groups, such as larvae vs. adults, with significantly different genera identified, like Pseudomonas and Serratia, for each comparison. The statistical significance is noted as p < 0.05.]




Bacterial associations in I. acuminatus (IAC)

The core bacteriome in I. acuminatus comprised 28 ASVs that were categorised into 10 families including Erwiniaceae, Pseudomonadaceae, Xanthomonadaceae, and Rhodanobacteraceae being the most dominant bacterial families (Figure 2B; Supplementary Excel 4). Comparing the developmental stages, Pseudomonas showed a high abundance in I. acuminatus larvae, while Taibaiella, Sphingomonas, and Curtobacterium were dominant in the pupal stage (Figure 1B). Furthermore, the alpha diversity indices revealed higher bacterial richness in I. acuminatus adults (Chao1, 251.42 ± 51.88) compared to larvae (Chao1, 117.92 ± 13.59) (p < 0.01) (Table 2; Supplementary Figure 2). However, no stage-specific differences in bacterial diversity and evenness were observed in I. acuminatus beetles (Table 2). Similar to I. sexdentatus, significant differences in the bacterial diversity were observed between I. acuminatus life stages (Permanova analysis Pseudo F statistics = 5.789, p = 0.00008). Metastat analysis revealed a significantly high abundance of Pseudomonas in I. acuminatus larvae, while Arachidicoccus, Dyella and Burkholderia-Caballeronia-Paraburkholderia were prevalent in adults and pupae (Table 3). Furthermore, LEfSe analysis corresponds to the bacterial biomarkers in I. acuminatus life stages (Figure 2E; Supplementary Figure 3B; Supplementary Table 3). I. acuminatus pupal biomarkers were categorised into class Bacteroidia (Figure 2E; Supplementary Table 3), while members from the phyla Proteobacteria (class Gammaproteobacteria, family Erwiniaceae, Pseudomonadaceae) were represented as the biomarkers in I. acuminatus larvae. Similarly, I. acuminatus adults documented family-Rhodanobactericeae, Xanthomonadeceae and Microbactericeae as predominant biomarkers (Supplementary Table 3).



Comparing bacteriome of two pine-feeding Ips beetles

Comparing the two beetle species, I. acuminatus and I. sexdentatus, 5 ASVs were shared across the developmental stages in both species (Figure 2C) that were assigned to 3 families including Xanthomonadaceae, Erwiniaceae, and Sphingomonadaceae (Supplementary Excel 5). Furthermore, the adult and larval stages of both species (I. sexdentatus and I. acuminatus) showed a significant difference (p < 0.01) in bacterial richness. For instance, in I. sexdentatus beetles, the larvae have higher bacterial richness, but in I. acuminatus, it was adult beetles. Although there was not much variation in bacterial diversity and evenness within the pupal and the larval stages between the two beetle species (I. acuminatus and I. sexdentatus), I. acuminatus adult showed significantly higher bacterial diversity (Shannon-3.73 ± 0.66) compared to I. sexdentatus adult (Shannon-2.34 ± 0.38, p < 0.05) (Table 2; Supplementary Figure 2). Additionally, NMDS using unweighted UniFrac distances revealed the differences between I. sexdentatus and I. acuminatus bacterial communities by hierarchically clustering different life stages and wood samples (Figure 3A). The larval and adult beetle-associated bacteria in I. acuminatus and I. sexdentatus had significant differences within and among them. Similarly, ADONIS and ANOSIM analysis revealed significant differences between the developmental stages of the two pine-feeding beetles (Supplementary Tables 1, 2).

[image: Panel A displays an NMDS plot with diverse markers representing various groups like Fed.W, ISX.Larvae, and IAC.Pupae. Panel B illustrates a circular cladogram depicting taxonomic relationships, highlighting phyla such as Bacteroidota and Actinobacteriota. Biomarkers are color-coded, with a legend indicating taxa such as Microbacteriaceae and Xanthomonadaceae.]

FIGURE 3
 Impact of lab breeding on bacterial association. (A) Non-metric Multi-Dimensional Scaling (NMDS) based on unweighted UniFrac distance matrix represents bacterial diversity variation in different life stages of two beetles along with the wood samples. (B) Cladogram representing significant bacterial biomarkers among I. sexdentatus, I. acuminatus wild type and lab-bred beetles (ISX-Ips sexdentatus, IAC-Ips acuminatus). Distinct taxonomic level (phylum to genus) is denoted in the circle from inward to outward. The different coloured nodes (red, green, blue and purple) represent bacterial species that play a significant role in wild-collected adults and lab-reared adults in two different beetles (ISX and IAC), whereas yellowish-green circles represent non-significant bacterial species. Specific bacterial biomarkers are denoted by letters above the circles. The size of the nodes represents the relative abundance of the bacterial species at a particular taxon (ISX-Ips sexdentatus, IAC-Ips acuminatus).




Impact of beetle lab breeding on bacterial assemblage


I. sexdentatus: wild vs. lab-bred

According to our study, the lab-bred adult population (F2 generation) and the wild beetle population have considerable differences in ASV composition. The I. sexdentatus wild and lab-bred adults had 7, 1 unique ASVs, and 22 shared ASVs (Supplementary Excel 6). The core bacterial consortium accounted for 6 families, including Xanthomonadaceae, Erwiniaceae, Yersiniaceae, and Pseudomonadaceae as the dominant families (Supplementary Figure 5; Supplementary Excel 6), while Pseudomonas was the highly abundant genera. Alpha diversity comparisons revealed that in Ips sexdentatus samples, the lab-bred adult beetles (Chao1-63.32 ± 12.32) had lower bacterial richness than wild adults (Chao1-138.87 ± 12.60, p < 0.05), while no significant variation was observed in the bacterial diversity and community evenness (Table 2; Supplementary Figure 2). However, lab-breeding showed a significant influence on the bacterial beta diversity in I. sexdentatus adults (Permanova analysis, Pseudo F statistics = 4.816, p = 0.00794) Metastat analysis revealed significant differences in bacterial abundance between the lab-bred and wild-collected beetles (Table 3). Additionally, the lab-bred and wild-collected beetles possess distinct bacterial markers (Figure 3B; Supplementary Figure 3C). For instance, LEfSe analysis revealed the members of the class Gammaproteobacteria, family-Pseudomonadaceae as the biomarkers of lab-bred adults, while class Alphaproteobacteria, family-Erwiniaceae, and Rickettsiaceae was represented as the biomarker of wild-collected adults (Figure 3B; Supplementary Table 4).



I. acuminatus: wild vs. lab-bred

The lab-bred and wild-collected I. acuminatus adult beetles comprised 30 common bacterial ASVs belonging to Xanthomonadaceae, Erwiniaceae, Pseudomonadaceae, Rhodanobacteraceae, Chitinophagaceae, and Microbacteriaceae (Supplementary Excel 6). The heatmap indicated that Curtobacterium, Dyella, and Pseudoxanthomonas dominated lab-bred adults, while Taibaiella, Lactococcus, and Serratia were prevalent in wild I. acuminatus beetles (Figure 1B). In contrast to I. sexdentatus, the alpha diversity analysis revealed that lab-bred I. acuminatus adult (Chao1 251.42 ± 51.88) had higher bacterial richness compared to wild adults (123.57 ± 19.99) (p < 0.05) (Table 2; Supplementary Figure 2). However, no significant differences in bacterial diversity and evenness were observed (Table 2; Supplementary Figure 2). Beta diversity analysis revealed significant differences between the bacterial communities in the lab-bred and wild-collected I. acuminatus adults (Permanova analysis, Pseudo F statistics = 6.389, p = 0.00794). LEfSe analysis represented biomarkers in I. acuminatus adult belonging to different phyla-Actinobacterioda (class-Actinobacteria; order-Micrococcales; family-Microbacteriaceae), Bacteroidota (class-Bacteroidia; order-Chitinophagales; family-Chitinophagaceae), Proteobacteria (family-Rhodanobactericeae, Xanthomonadeceae) (Figure 3B; Supplementary Figure 3C; Supplementary Table 4). I. acuminatus wild adults contained biomarkers belonging to two phyla-Proteobacteria (order-Enterobacterales; family-Yersiniaceae) and Firmicutes (class Bacilli; order-Lactobacillales; family-Streptococcaceae). Nevertheless, the wild adult beetles for both Ips species were clustered separately from lab-bred adults in the NMDS plot, indicating laboratory breeding impact on beetle bacteriome (Figure 3A). The ADONIS and ANOSIM results also demonstrate significant differences between the bacterial communities associated with wild and lab-bred beetles (Supplementary Tables 1, 2).




Host contribution in shaping beetle bacteriome

Comparing the I. sexdentatus wild beetles with their control and fed woods revealed a consortium of 20 shared ASVs (Figure 4A; Supplementary Excel 7). The shared bacteriome documented a high abundance of bacterial families Pseudomonadaceae, Yersiniaceae, and Erwiniaceae, while Pseudomonas is the dominant genus (Supplementary Excel 7). The unfed pine wood (I. sexdentatus Control wood) from the forest documented a high abundance of bacterial genera-Burkholderia_Caballeronia_Paraburkholderia whereas Pseudoxanthomonas, Robbsia were dominant in gallery wood of the wild I. sexdentatus (Figure 1B).

[image: Venn diagrams and cladograms illustrate bacterial community compositions and overlap. Diagrams A and C show the overlap of bacterial groups among different conditions labeled ISX and IAC. Cladograms B and D show phylogenetic relationships with highlighted taxa. Legends indicate corresponding colors for the conditions.]

FIGURE 4
 Host contribution in shaping beetle bacteriome. (A) Venn diagram showing the bacterial ASVs contribution of wood bacteriome in shaping I. sexdentatus bacteriome. (B) Cladogram representing significant bacterial biomarkers in I. sexdentatus wild-adult beetle and different wood types (control wood and fed wood). (C) Venn diagram showing the bacterial ASVs contribution of wood bacteriome in shaping I. acuminatus bacteriome. (D) Cladogram representing significant bacterial biomarkers among I. acuminatus wild adult beetle and different wood types (control wood and fed wood) (ISX-Ips sexdentatus, IAC-Ips acuminatus).


Similarly, considering the I. acuminatus wild beetles with their control and fed wood documented 16 shared ASVs belonging to bacterial families Xanthomonadaceae, Erwiniaceae, Rhodanobacteraceae, Chitinophagaceae, Burkholderiaceae, Acetobacteraceae (Figure 4C; Supplementary Excel 8). The heatmap revealed the prevalence of Pseudoxanthomonas, Taibaiella, Dyella in gallery wood of the wild I. acuminatus, which in turn had a lower abundance in unfed control pine wood (I. acuminatus Control wood), indicating an alteration in pine wood bacterial assemblage after beetle feeding (Figure 1B).

Several biomarkers were found while comparing the wild adult and wood bacterial communities. For instance, Proteobacteria was a significant biomarker with high abundance in the wild adult population (I. sexdentatus and I. acuminatus wild adult) (Figures 4B,D; Supplementary Figures 4A,B; Supplementary Table 3). Other biomarkers such as bacterial orders-Burkholderiales (family-Burkholderiaceae) and Pseudomonadales showed low abundance in I. sexdentatus fed wood, while an increase in the relative abundance of bacterial biomarkers belonging to bacterial family Chitinophagaceae, Rhodanobacteraceae, Xanthomonadaceae were observed compared to the control wood (Supplementary Table 3). Subsequently, biomarkers in I. sexdentatus wild adults were categorised into the family-Pseudomonadaceae, order-Pseudomonadales, and the biomarkers for I. acuminatus wild adults were classified into the family-Streptococcaceae, Yersiniaceae, order-Enterobacterales, class-Gammaproteobacteria. Concomitantly, in I. acuminatus control wood samples Bacterodiota, Dessulfobacteriota, Verrucomicrobiota were the significant biomarkers predominated by families like Bacterodiaceae, Desulfovibrionaceae, Akkermansiaceae. However, in the fed wood samples from two beetle species (I. sexdentatus and I. acuminatus fed wood), Proteobacteria, Acidobacteriota, and Bacterodiota were the predominant phyla. Similarly, there were differences at other taxa levels. LefSe analysis revealed that I. sexdentatus fed-wood biomarkers belonged to families such as Acidobacteriaceae _(Subgroup_1), Chitinophagaceae, Rhodanobacteraceae, and Xanthomonadaceae (Figure 4B; Supplementary Table 3). Similarly, Chitinophagaceae, Rhodanobacteraceae, and Xanthomonadaceae were the prevalent biomarkers in I. acuminatus fed wood (Figure 4D; Supplementary Table 3). Investigating the functional relevance of these biomarkers in different sample groups will be intriguing.

Alpha diversity analysis revealed higher bacterial diversity in control wood samples compared to fed wood. However, no significant difference was observed between wood samples (Table 2; Supplementary Figure 2). In contrast, the I. acuminatus fed/gallery wood samples collected from the forest demonstrated significantly different lower bacterial community evenness (I. acuminatus Fed wood-0.64 ± 0.03) than its respective control wood samples (I. acuminatus Control wood 0.84 ± 0.01) (p < 0.05) (Table 2; Supplementary Figure 2). Such findings indicate the enrichment of bacterial species in the feeding gallery after beetle feeding.

Consequently, the NMDS plot represented I. acuminatus wild adults, fed wood, and control wood into distinct clusters (Figure 3A). However, no such clustering was observed in the case of wild-collected I. sexdentatus samples. In contrast, comparing lab-bred and wild-collected wood samples (control wood and fed wood) for the I. sexdentatus revealed a distinct bacterial population, suggesting the influence of environment and beetle feeding as drivers in shaping the host microbiome (Figure 3A; Supplementary Excel 9; Supplementary Tables 1, 2). A schematic diagram containing the top five bacterial families across the developmental stages of two pine beetles and their respective wood and their putative role in the beetle holobiont is illustrated as a summary figure (Figure 5).

[image: A series of pie charts illustrate bacterial family distribution across different life stages of Ips beetles and phloem tissue, both lab-bred and wild-collected. Categories include Enterobacteriaceae, Burkholderiaceae, and others, with key functions like nutrient provision and detoxification identified. Images of larval, pupal, and adult beetles are shown alongside a pine tree representing host contribution. Phloem tissue is examined both unfed and beetle-fed. The color-coded key defines bacterial families and their functional potentials.]

FIGURE 5
 Schematic diagram containing the top five bacterial families at each developmental stage of two pine beetles (ISX-Ips sexdentatus, IAC-I. acuminatus) and their respective wood samples (control wood, gallery wood).




Relative bacterial abundance using quantitative PCR assay


I. sexdentatus life stages

The qPCR assay revealed a relatively high abundance of total bacterial population (eubacterial primers) in I. sexdentatus adults compared to all other life stages (Supplementary Figure 6A; Supplementary Excel 10). Precisely, there is a difference between the life stages of I. sexdentatus (ANOVA; df = 2, p < 0.01). However, the relative bacterial abundance between larval and pupal stages is marginally varied (contrast t-test; p = 0.099); adult bacterial assemblage was significantly different from larvae (contrast t-test; p < 0.01) but slightly diverse from pupae (contrast t-test; p = 0.054). The relative abundance of Bacteroidetes (phylum), Enterobacteriaceae (family), Pseudoxanthomonas, Pseudomonas, and Serratia (genus) varied within the life stages of I. sexdentatus (Figures 6A,B,D–F). No abundance difference was observed for Firmicutes (Figure 6C).

[image: Bar charts comparing bacterial abundance across different life stages and types of Ips sexdentatus beetles. Each chart represents a different bacterial group. Categories include larvae, pupae, adults, and variations in lab-bred versus wild adults, with additional comparisons between IAC and ISX adults. Color-coded legends indicate bacterial types: Bacteroidota, Firmicutes, Pseudomonas, among others. Error bars indicate variability, and annotations show significant differences between groups.]

FIGURE 6
 Quantitative PCR assay representing the relative abundance of selected bacterial taxa present in the two pine-feeding beetles. The 2−ΔΔCt revealed the fold change of the bacterial abundance relative to the stable reference genes (ISX-β-Tubulin; IAC-EF1a, RPL7). The data indicates the mean fold change of bacterial abundance within the beetles (n = 4). The data was tested using ANOVA, and the difference between the categorical variable levels was compared using the treatment contrasts t-test. Different letters indicate the statistical significance, p < 0.01. (A–F) I. sexdentatus life stage comparisons; (G–L) I. sexdentatus wild vs. lab-bred adults; (M–R) I. sexdentatus vs. I. accuminatus lab-bred adults. The statistical analysis results were presented in Supplementary Excel 10.





Wild adults vs. lab-bred adults

Similarly, the overall difference in bacterial abundance (eubacterial primers) between wild and breeding adult beetles was non-significant (ANOVA; df = 1, p = 0.076) (Supplementary Figure 6B; Supplementary Excel 10). However, the lab-bred I. sexdentatus adults showed a higher abundance of Pseudomonas and Serratia than wild adults (Figures 6J,L). Meanwhile, Enterobacteriaceae and Pseudoxanthomonas are more abundant in wild beetles (Figures 6H,K). No differences were observed in the relative abundance of Bacteroidetes and Firmicutes (Figures 6G,I).


I. sexdentatus vs. I. acuminatus

Comparing the two pine beetles, adults of I. acuminatus had significantly higher relative abundance than I. sexdentatus (ANOVA; df = 1, p < 0.001) (Supplementary Figure 6C; Supplementary Excel 10). The relative abundance of Bacteroidetes (phylum), Enterobacteriaceae (family), Pseudomonas, and Pseudoxanthomonas (genus) was significantly higher in I. acuminatus adults (Figures 6M,N,P,Q). However, Serratia (genus) abundance was greater in I. sexdentatus adults (Figure 6R). No significant differences in the relative abundance of Firmicutes were observed for any comparisons (Figures 6C,I,O).





Discussion

Conifers have evolved a formidable defence against pests and pathogens (Klepzig et al., 1996; Krokene, 2015). In contrast, pests, including bark beetles and their associated microbiota, can successfully invade host trees by compromising host defence (Cheng et al., 2018). The insect microbiota is often influenced by the diet, sex, life stages, and the environment and facilitates the expansion of the ecological and evolutionary potential of their hosts (Yun et al., 2014; Lange et al., 2023). Recently, there has been growing interest in understanding the role of bark beetle-microbial association in shaping the plasticity of beetles. For instance, a recent study on Eurasian spruce bark beetles (ESBB), I. typographus, reported the developmental stage and the geo-location as drivers in shaping the beetle-microbial association (Chakraborty et al., 2023; Veselská et al., 2023; Baños-Quintana et al., 2024; Moussa et al., 2024). The gut bacterial dynamics in the pine beetle Dendroctonus rhizophagus revealed that the presence of persistent bacterial communities across the life stages of the beetle might be essential for ensuring certain physiological functions for the host (Briones-Roblero et al., 2017). However, information on the contribution of life stage and environment on the pine-feeding Ips bark beetles, I. sexdentatus, and I. acuminatus (Coleoptera: Curculionidae) is lacking. Hence, the present comparative study is focused on the influence of life stage and environment on the bacterial communities associated with the two pine-feeding Ips bark beetles. It is also important to mention that as our study focused on different life stages of the beetles, we did not separately evaluate sex-specific microbial assemblage in adult beetles. The sex-specific variation in the microbial association and their functional relevance will be an exciting avenue for future investigation. However, a recent gut proteomics study on ESBB failed to find any significant sex-specific protein expression difference in male and female adult beetles (Ashraf et al., 2023), suggesting conservation in gene expression. It will be interesting to see if such conservations exist in the case of microbial associations or not.

The bark beetle larvae spend their entire life gregariously feeding and developing under the bark. The larvae acquire microbial communities during feeding that mainly aid nutrient acquisition and detoxify plant defensive compounds (Peral-Aranega et al., 2020; Liu et al., 2022). During metamorphosis, beetles undergo complete structural changes from larvae to adults via the non-feeding pupal stage, which might lead to the gain or loss of certain microbiota (Sela et al., 2020). The compartmentalisation of the internal structures and organogenesis during metamorphosis leads to different physiological conditions, including redox potential, oxygen concentrations, and pH changes influencing the distribution and survival of the insect microbiota (Callegari et al., 2021). Recent findings by Peral-Aranega et al. (2023) revealed that the bacterial diversity in I. typographus reduced in the pupal stage compared to the larvae and regained in the adult stages, which was also observed with I. acuminatus beetles in our current study. However, there is no such trend in I. sexdentatus beetles. In I. sexdentatus beetles, bacterial richness and diversity gradually decreased after each life stage. Interestingly, adult beetles perform multiple duties on maturation, including feeding, host finding, and reproduction. Such responsibilities of the adult beetles can be associated with the maintenance and selectivity of their symbionts (Lemoine et al., 2020). Nevertheless, such possibilities need further experimental validation.

Our results demonstrated that the bacterial richness and diversity varied across the same developmental stages between the two Ips beetles. For instance, a high bacterial richness and diversity in I. acuminatus (IAC) adults was observed compared to I. sexdentatus (ISX). This interspecies variation in the bacterial community might be associated with their variable preference for pine trees. Although both I. sexdentatus and I. acuminatus feed on the same pine trees, they have particular preferences for pine trees. I. acuminatus beetles can attack healthy trees, whereas I. sexdentatus beetles are considered a secondary pest that prefers weakened and stressed pine trees to colonise (Wermelinger et al., 2008; Pineau et al., 2017a). In addition, I. acuminatus beetles infest young pine stands and plantations more aggressively than I. sexdentatus (Davydenko et al., 2017). Therefore, both Ips species might have differential resistance to host chemical defence that can influence bacterial partner selection and maintenance. Also, I. acuminatus beetles might require a wide range of bacterial species to deal with pine allelochemicals, which might explain the higher bacterial diversity in I. acuminatus adults compared to I. sexdentatus adults. In addition, I. acuminatus adult (wild) feeds on the upper canopy of the pine tree where the bark is thin, whereas I. sexdentatus adult (wild) beetles feed on the lower part of the bole where the bark is thick (Davydenko et al., 2017). Such habitat specialisation can be reflected by the differences in the bacterial diversity and richness between the two bark beetle species feeding on the same host. Recent research documented specific bark beetle fungal symbiotic system-mediated adaptation to feeding on different parts of the same conifer (spruce) hosts (Bai et al., 2024). Therefore, it can be assumed that microclimatic conditions can influence the symbiont association, richness and diversity in bark beetles. Nonetheless, such interpretations need to be further investigated in these beetles.

Moreover, for bark beetles and many other species, the competency of an organism to associate with other microorganisms can allow the species to thrive under challenging scenarios like climatic fluctuations and resources (Lemoine et al., 2020). Therefore, the fungus-feeding nature of I. acuminatus larvae might have some influence on its bacterial population dynamics. In addition, I. acuminatus also possess oral mycetangium for fungal transmission, which is rare to other Ips beetles, making them phylogenetically and morphologically distinct (Papek et al., 2024). The fungal species can be pathogenic to the host tree, while on the contrary, they may play nutritional roles in the I. acuminatus larvae (Villari et al., 2012) and might also interact with the bacterial communities residing in the developing larvae (Zhang et al., 2018). This could explain the lower bacterial richness in fungus-feeding I. acuminatus larvae but a higher bacterial diversity in I. sexdentatus larvae. However, dedicated investigations are needed to confirm the ecological relevance of such observations.

Laboratory adaptation and breeding conditions are essential factors that can affect bacterial associations unpredictably (Augustinos et al., 2019; Baños-Quintana et al., 2024). Compared to laboratory-bred beetles, broader and continuous environmental challenges in wild-collected beetles can encourage highly diversified and rich bacterial assemblage in wild-collected beetles. Furthermore, the bottleneck effect and high selective pressure are the key drivers in laboratory populations that often reduce symbiont load (Augustinos et al., 2019). Such observations may result in I. sexdentatus adults (wild) having higher bacterial diversity and richness than lab-bred adults (Table 2). However, no such trend was observed in I. acuminatus. Hence, dedicated investigations are needed to understand the ecological relevance of such observation. It is worth mentioning that the beetles were collected in different years; hence, the observed variation can also be due to feeding on different wood under different environmental conditions. A comparison of lab-bred (control wood, fed wood) and wild-collected (I. sexdentatus control and fed wood) wood samples for the same species (I. sexdentatus) has revealed that each wood sample poses a distinct bacterial population (Supplementary Excel 9) endorsing our prediction.

Although both pine beetles have distinct bacterial communities influenced by microclimatic conditions, canopy preference, metamorphosis, and feeding behaviour, our study revealed a core bacteriome across all developmental stages of two pine beetles (Figure 2C). Nevertheless, the bacterial composition did not vary, but there were distinct variations in the relative abundance of the bacterial genera. The core bacterial communities within the developmental stages of the two pine-feeding beetles were dominated by bacterial genera belonging to Erwiniaceae and Pseudomonaceae. A similar observation was reported in other beetles (Cambronero-Heinrichs et al., 2023; Peral-Aranega et al., 2023; Veselská et al., 2023). Our results documented the prevalence of Pseudomonas in the pine-feeding larvae. Pseudomonas is one of the most prominent bacterial genera isolated from different bark beetle species and across life stages (Saati-Santamaría et al., 2021), suggesting their pivotal role in the survival of the beetles. For example, the bacterial strains P. bohemica and P. typographi that were consistently present in I. typographus are reported to produce lytic enzymes and antifungal compounds (Peral-Aranega et al., 2023). Other abundant bacterial genera, including Serratia, Pseudoxanthomonas, Sphingmonas, Acinetobacter were present throughout the developmental stages of the two beetles, I. acuminatus and I. sexdentatus. The persistence of such bacterial strains across the life stages indicates their pivotal role in bark beetle holobiont (Cardoza et al., 2009; Fang et al., 2020; Ge et al., 2021; Peral-Aranega et al., 2023). Different strains of Pseudomonas, Serratia, Pseudoxanthomonas have been shown to be associated with lignocellulose degradation (Kumar et al., 2015; García-Fraile, 2018; Saati-Santamaría et al., 2021), indicating their role in the provision of nutrients to the beetles. For instance, Pseudomonas putida and P. azotoformans isolated from Dendroctonus rhizophagus were shown to have cellulolytic, amylolytic, xylanolytic, lipolytic, and esterase activity (Briones-Roblero et al., 2017). Our findings revealed a high abundance of Serratia in adults and the pupal stage of the pine beetles. Such observation was corroborated by Fang et al. (2020) where Serratia was dominant in adults and pupal stages of Ips typographus (Fang et al., 2020). Bacterial strains Serratia marcescens, and Pseudomonas mandelii, isolated from Dendroctonus ponderosae adults, have been shown to degrade plant defense chemicals (monoterpenes) (Boone et al., 2013). Additionally, bacterial strains from the core consortium, including Pseudomonas, Acinetobacter, and members of the Erwiniaceae family in the two pine beetle species, were reported to produce siderophores, aiding in competition by limiting the availability of iron in the environment (Peral-Aranega et al., 2023). Such results can provide some working hypothesis to follow up in future with individual stains isolated from these beetles via culture dependent methods.

Our study also reveals beetle-mediated alterations in wood bacterial assemblage, similar to insect herbivores that reshape the native plant leaf microbiome (Humphrey and Whiteman, 2020). However, the degree of overlap or distinctiveness between insect and host (wood) microbiome remains ambiguous (Pirttilä et al., 2023). Precisely, higher sharing between fed wood and beetle samples followed by lower bacterial diversity in fed wood samples than in control wood can be due to several reasons. It can be presumed that bacterial association in both beetle species is influenced by the horizontal transfer of bacteria from the pine host. Further studies are required to comprehend the ecological relevance of beetle-mediated tree bacteriome alteration.


Limitation

The sample size in our study is relatively small, with fewer individuals per replicate, which may have reduced our ability to eliminate transient species while characterising the core microbiome. Secondly, we collected samples from one forest location in the Czech Republic, and that geographical distribution might introduce a potential confounder that could influence the composition of the pine beetle bacteriome, leading to some biases in the results. Moreover, 16S rRNA amplicon sequencing restricted our taxonomic identification to the genus level, potentially missing crucial functional associations at the species or strain levels. Nonetheless, our study offers valuable hypotheses for delving into pine bark beetle symbiosis in future.




Conclusion

Our comparative metagenomic study reported the impact of life stage and lab-breeding on the bacterial communities in two pine-feeding beetles. The core bacterial genera, including Pseudomonas, Pseudoxanthomonas, and Acinetobacter were dominant in the pine beetles. The bacterial diversity and richness varied significantly across life stages, wild collected, and laboratory populations. I. sexdentatus larvae represented significantly higher bacterial diversity and community richness and evenness compared to other developmental stages, while I. acuminatus adults demonstrated higher bacterial richness with no significant variation in the bacterial diversity and richness between the life stages. Lab-bred and wild beetles showed distinct bacterial diversity and richness. Beetle feeding substantially influenced the host bacteriome at the feeding galleries. Further downstream studies to characterise the key highly abundant and transient bacterial species will provide new ecological insights into pine bark beetle symbiosis, particularly concerning their metabolic capacities, interactions with other symbionts, and roles in the detoxification of conifer allelochemicals. Essential bacterial partners can also be used for microbiome-based sustainable pest management practises as carriers for dsRNA against bark beetles (Whitten et al., 2016; Qadri et al., 2020; Joga et al., 2021; Gupta et al., 2023).
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Introduction: Parashorea chinensis Wang Hsie (Pc) is an endangered tree species endemic to tropical and subtropical China. However, the acidic red soil areas where it is distributed generally face nutrient limitation. The study of the effects of mixed planting on soil biogeochemical processes contributes to the sustainable management and conservation of Pc.
Methods: We selected pure and mixed stands of Pc and collected its rhizosphere and bulk soil samples to clarify the effect of mixed planting on the soil microbial community and the nutrient status.
Results: The results showed that (1) All stands were strongly acidic phosphorus-deficient soils (pH < 4.0, available phosphorus <10.0 mg·kg−1). There was a significant rhizosphere aggregation effect for soil organic C, total and available N and K, microbial biomass, and inorganic P fraction. (2) The mixed planting significantly increased the soil water content, organic C, available nutrients, the activities of β-1,4-glucosidase and urease, and microbial biomass. The inorganic P fractions are more influenced by rhizosphere, while organic P fractions are more influenced by tree species composition. (3) Fungi and their ecological functions are more susceptible to tree species than bacteria are, and have higher community compositional complexity and α-diversity in mixed plantations. And mixed planting can improve network complexity among key microorganisms. (4) The correlation between soil microorganisms and environmental factors was significantly higher in mixed forests than in pure forests. Soil organic C, available N and P, microbial biomass C and N, β-1,4-glucosidase, and stable P fractions were the key environmental factors driving changes in fungal and bacterial communities.
Conclusion: In conclusion, the mixed planting patterns are more advantageous than pure plantations in improving soil physicochemical properties, enhancing nutrient effectiveness, and promoting microbial activities and diversity, especially Pc mixed with Eucalyptus grandis × E. urophylla is more conducive to soil improvement and sustainable management, which provides practical references for relocation protection of endangered tree species and species selection and soil fertility management in mixed planting. In addition, the study highlighted the key role of rhizosphere microenvironment in soil nutrient cycling and microbial community structure, which provides new perspectives for a deeper understanding of soil-microbe-plant interaction mechanisms.
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1 Introduction

Soil microorganisms play a key role in nutrient cycling through the decomposition and mineralization of organic matter and the release and transformation of inorganic matter (Fierer et al., 2021). The establishment of mixed forests not only improves the diversity and composition of understorey vegetation and soil microbial communities, but also improves soil physicochemical properties and microbial functional and catabolic diversity (Gillespie et al., 2021). As tree diversity increases, the complexity of soil microbial biomass, plant-microbe interactions also increases (Chen et al., 2019). Not only does the symbiotic network of soil microbiota become more complex during the transition from pure to mixed forests, but nutrient limitation shifts from carbon (C) to nitrogen (N) and phosphorus (P) limitation. Therefore, while focusing on the effects of mixed silviculture on soil microbial communities, nutrient bioavailability and limitation characteristics, as well as on the relationship between soil microbes and nutrient availability, cannot be ignored.

Acidic soils are less effective than other soil types for P and potassium (K), leading to soil nutrient limitation, which has become an urgent challenge in agroforestry production (Zhu et al., 2018; Xia et al., 2022). Subtropical red soils are widely distributed in southern China, which are typically characterized by low pH and rich in clay minerals and iron (Fe) and aluminum (Al) oxides. However, these clay minerals, oxides of Fe3+, Al3+ and Ca2+, and hydroxides combine with most of the phosphates in the soil to become ineffective P, resulting in P-limited soils (Li et al., 2024). In addition, soil acidity reduces the availability of essential nutrients, such as calcium (Ca) and magnesium (Mg), and can also lead to toxic effects of Al and Mn on the plant root system, resulting in a significant reduction in plant growth and development (Huang et al., 2023). In the hilly red soil regions of southern China, the accumulation of plantation forest apoplastic litter also leads to soil acidification and nutrient limitation such as N and P (Zhan et al., 2009; Jin et al., 2023). Mixed afforestation strategies are significantly effective in alleviating nutrient limitation, confirming that there is a strong link between nutrient bioavailability and tree species (Yang et al., 2024). Mixed forests alter soil microbial functioning by affecting nutrient availability and root resource acquisition in forest apoplasts, which is driven by tree species composition (Dawud et al., 2017). Especially phosphorus limitation may play an important role in determining the stability of soil microbial symbiotic networks during tree species diversification (Gao et al., 2024). With the restoration of subtropical broadleaf mixed forests, soil nutrient limitation also shifted from N limitation to P limitation, which further emphasizes the critical role of P in forest restoration (Yang et al., 2021). Tree-mix silviculture may affect the structure of P fractions (Marschner et al., 2011). However, there is limited research on rhizosphere microbes in relation to P fractions and P effectiveness in mixed forests on acidic soils (Maharjan et al., 2018). Soils are spatially heterogeneous, and many soil conditions can vary dramatically with space (Fierer et al., 2021). The rhizosphere is the most active region of the soil microbial community, is more capable of breaking down the available substrate, and the structure of the community is different from that of bulk soils (Yu et al., 2018). Bulk and rhizosphere soils at different depths undergo different adaptation processes (Herre et al., 2022). Mixing effects were inconsistent across sampling locations and soil horizons, with differentiation and complementarity of ecological niches among tree species having greater advantages than pure forests for increasing soil nutrient content and effectiveness (Dawud et al., 2017). It is crucial to study the impact of mixed planting on rhizosphere and bulk soil fertility indicators and microbial diversity, which is useful to better understand the ecological function of rhizosphere effects in nutrient activation and microbial building processes.

Parashorea chinensis Wang Hsie (Pc) is a canopy species of the Dipterocarpaceae family endemic to China and the emblematic species of tropical seasonal rainforests (Jin et al., 2024). Its distribution area is indicative of the delineation of tropical forest vegetation types, and is also important for the conservation and study of endangered species of the Dipterocarpaceae family (Wang et al., 2024). However, it is facing many threats to its survival, such as its need for high temperature and humidity for growth, as well as alternating wet and dry frost-free environments (Ullah et al., 2024). Its native communities have narrow and fragmented distribution areas, low seed production and extensive fruit drop due to seed recalcitrance, and high seedling mortality making natural regeneration difficult (Su et al., 2014). Inadequate root development, insufficient nutrient uptake dynamics and growth retardation have been found in artificial seedlings and silviculture (Kaewgrajang et al., 2014; Jin et al., 2015; Dossa et al., 2019; Duan et al., 2019). In addition, it was once over-harvested and utilized due to its excellent timber attributes and high economic value, reasons that ultimately led to it being listed as an endangered species by the International Union for Conservation of Nature and Natural Resources (IUCN) and protected at the highest level by the Chinese government (Qin et al., 2017; Ming, 2021). Therefore, by studying the growth characteristics and environmental features of Pc, high-quality artificial cultivation and ex situ conservation are the best options for expanding its community numbers and restoring its habitat (Li et al., 2005). The results of previous studies have shown that severe P and N limitation in soils of Pc pure plantation, which may be responsible for its endangerment (Li et al., 2023); whereas mixed plantations of Pc are with better for the maintenance of soil nutrients and microbial functions, and mixed forests are an effective way to save endangered species of Dipterocarpaceae (Li et al., 2022). However, there is a lack of research on how mixed forests affect the spatial variation of soil microbial communities and the relationship between the availability of N, P, K and other nutrients (Waring et al., 2013; Zhang et al., 2021). For these reasons, we chose pure and mixed plantations of Pc as the subjects of our study. We hypothesized that mixed planting would be more conducive to increasing soil microbial diversity and nutrient availability, and thus alleviating nutrient limitation, compared to pure stands. And will address the following questions: (1) Does tree-species mixing enhance the rhizosphere aggregation and alter vertical spatial distribution characteristics of soil nutrients and microorganisms? (2) Does mixed forestry enhance soil fertility and activity and alleviate nutrient limitation faced by acidic red soils? (3) What are the key environmental variables that we are trying to explain the changes in microbial diversity in the rhizosphere driven by the mixing effect? This study aims to verify the positive role of mixed planting in alleviating nutrient limitation and enhancing microbial activity and diversity in the acidic red soil area. It also reveals the core factors driving changes in the rhizosphere effect of microorganisms, and ultimately provides practical guidance for the artificial management and relocation conservation of endangered tree species in the acidic red soil region.



2 Materials and methods


2.1 Experimental site

The experimental sample site of this study was located in the subtropical region of China, within the arboretum area of Nanning City, Guangxi Zhuang Autonomous Region (22°37′57″N, 108°18′47″E), and a detailed stand overview and geographical position is shown in Table 1 and Supplementary Figure S1. In January 2012, pure stands (denoted as PP) of Parashorea chinensis (Pc), mixed stands (denoted as MPE) of Pc and Eucalyptus grandis × E. urophylla, and mixed stands (denoted as MPD) of Pc and Dalbergia odorifera were established. As shown in Table 2, these plantation stands had similar soil parent material and properties, as well as close nutrient content at the time of establishment; the soil types were all dominated by red soil, which corresponds to laterite in the soil classification system of the Food and Agriculture Organization of the United Nations (FAO-UNESCO). In addition, these stands have similar climatic and topographic conditions, as shown in Supplementary Figure S1, they were all situated south of the Tropic of Cancer (23°26′N) and have a southern subtropical monsoon climate with an average annual temperature of 21°C, an average annual precipitation of about 1,300 mm. When selecting pure and mixed experimental stands, in addition to considering the above environmental factors to be as consistent as possible, it was also ensured that they had the same stand density, fertilizer standards and forest tending operations. In this way, data inaccuracies due to spatial heterogeneity will be avoided. Specifically, all stands were initially planted at a density of about 1,665 trees·ha−1, and a base fertilizer was applied to each tree at the time of planting. In the first 2 years after planting, a follow-up fertilizer was applied in May each year.



TABLE 1 Sample plot profiles of plantations with different planting patterns.
[image: Table comparing various planting patterns and conditions for Parashorea chinensis and mixed species. It includes columns for planting patterns, species composition, age of stand, management density, tree height, diameter at breast height, average crown width, stand canopy density, altitude, aspect of slope, position of slope, and slope in degrees. The data highlights differences in management density, tree measurements, and environmental conditions for three different compositions labeled PP, MPE, and MPD.]



TABLE 2 Basic properties of the soil at the time of afforestation in 2012.
[image: Table showing soil nutrient composition across three planting patterns: PP (Parashorea chinensis), MPE (Parashorea chinensis × Eucalyptus grandis × E. urophylla), and MPD (Parashorea chinensis × Dalbergia odorifera). Nutrients measured include TN, TP, TK, AN, NN, AP, and AK. Values vary slightly between patterns, with TN ranging from 0.54 to 0.6 g/kg, TP from 0.27 to 0.32 g/kg, and AK from 41.73 to 45.18 mg/kg. Samples were collected from 0 to 20 cm soil depth in 2012.]



2.2 Experimental design and sample collection

In July 2020, stands of three planting patterns (PP, MPE and MPD) were selected within the above study area. Three standard sample plots of 400 m2 (20 m × 20 m) were set up within each planting pattern, with plots spaced at least 200 m apart from each other. Within each standard sample plot, five Pc plants with close growth (their diameter at breast height (DBH) was close to the average DBH of the entire stand) were randomly selected. The area of their root distribution was used as the collection site for rhizosphere soil samples, and another five sites were selected as bulk soil sampling sites in areas with no root distribution evenly distributed within the sample plots. When collecting soil samples, the following scientific methods and steps were followed to ensure that the samples were sufficiently representative and to minimize bias: firstly, the root distribution area of each sampled target tree was identified, which are usually the parts of the tree where the root system is the most dense and the soil-root interactions are the strongest, and are therefore the optimal locations for rhizosphere soil collection. Secondly, a reasonable sampling depth is determined, and since the top soil layer may be disturbed by external factors, it is necessary to remove the top soil layer before sampling. After sampling, mixing and splitting are carried out to ensure homogeneity and representativeness of the samples. Aseptic tools are used throughout the sampling process to ensure that the soil is not contaminated. The method is as follows: after removing about 5 cm of top soil, the fine roots were excavated (to a vertical depth of 40 cm or less) in the direction of the root extension, and soil adhering to the fine roots (5 mm from the root surface) was collected with a brush as rhizosphere soil sample (Clausing et al., 2021). When collecting bulk soil samples, the surface apoplastic material was firstly removed, and the soil was collected vertically downwards in the area without plant roots in the depth ranges of 0–20 cm and 20–40 cm, respectively. Finally, the samples from all collection points of each sample plot were mixed into one soil sample and divided into three parts. The first partition was air-dried and sieved (pore size 0.15 mm) for the determination of soil physicochemical properties, nutrient content and phosphorus fractions, while the second partition was refrigerated in fresh state (4°C) for the determination of soil microbial biomass and extracellular enzyme activities. The third was frozen at ultra-low temperature (−80°C) for high-throughput sequencing of fungi and bacteria (Li et al., 2023).



2.3 Determination of soil physicochemical properties, nutrient content and phosphorus forms

For the determination of electrical conductivity (EC), a conductivity meter was used at 25°C after leaching the soil (10 g) with distilled water (50 mL); Soil moisture content (WC) was determined by weighing method. The pH was determined using a pH meter after leaching the soil (10 g) using distilled water (25 mL); Determination of organic carbon (SOC) by the K2Cr2O7-H2SO4 mixed heating oxidation-colorimetric method using a Titrette titrator; total nitrogen (TN) was determined by H2SO4-catalyst digestion using a continuous flow chemistry analyzer type AA3. Total phosphorus (TP) and total potassium (TK) were determined using inductively coupled plasma mass spectrometry with the NaOH melting method (Bao, 2000). Available phosphorus (AP) was determined by filtration using a double acid leaching method using an ultraviolet spectrophotometer, Available potassium (AK) was determined using flame photometer. Ammonium nitrogen (AN) and nitrate nitrogen (NN) by KCl leaching using a continuous flow analyzer type AA3 (Kammann et al., 2015). Soil β-1,4-glucosidase activity (Glu) activity was determined using p-nitrophenyl-β-glucopyranoside (C12H15NO8) as a substrate at 410 nm with a spectrophotometer at 410 nm; Urease activity (Ure) was determined by the Sodium phenol hypochlorite colorimetric method using urea (CO(NH2)2) as substrate; Acid phosphatase activity (Acp) by colorimetric method using sodium benzene phosphate (C6H9Na2O6P) as a substrate (Guan, 1986). To determine the effective aluminum (Al), a desilication leach solution at pH 7.3 was used with the KCl substitution-EDTA volumetric method. The effective iron (Fe) was measured by atomic absorption spectrophotometry (AAS method) using an acetylene-air flame.

Soil available nitrogen, ANN:

[image: ANN equals ammonium nitrogen plus nitrate nitrogen, equation number one.]

Soil microbial biomass carbon, nitrogen, and phosphorus (MBC, MBN, and MBP) (Equations 2–4) were determined by chloroform fumigation and leaching, and were calculated based on the difference between the measured contents of fumigated and unfumigated soil (Ept) and the conversion factor (Kp):

[image: Formula displaying "MBC equals EC divided by K sub c", labeled as equation two.]

[image: Mathematical formula showing MBN equals EN divided by Kc, labeled as equation three.]

[image: Equation showing "MBP equals Ept divided by Kp," labeled as equation four.]

Where EC, EN and Ept are the difference between the amount of organic C, total N and organic P in the leachate of fumigated and unfumigated soil samples, respectively, and Kc and Kp denote the conversion factor of 0.45 and 0.4, respectively (Brookes et al., 1985; Yu et al., 2011; Fanin et al., 2013).

Bioavailability of nitrogen, BN:

[image: BN equals the sum of ammonium nitrogen and nitrate nitrogen, divided by the product of total nitrogen (TN) and one thousand, then multiplied by one hundred percent.]

Bioavailability of phosphorus, BP (Chen et al., 2020):

[image: The formula shown is BP equals AP divided by the product of TP and one thousand, all multiplied by one hundred percent, indicated as equation six.]

Bioavailability of potassium, BK:

[image: Mathematical formula is shown as: BK equals AK divided by the product of TK and one thousand, multiplied by one hundred percent.]

Soil P was fractionated according to the method of Hedley et al. (1982) and He et al. (2021), which classified it into four inorganic and four organic P forms sequentially. The fractionation of the four inorganic P forms was determined according to the Chang-Jackson method (Chang and Jackson, 1957), which included Aluminum-bound P (Al-P), Iron-bound P (Fe-P), Calcium-bound P (Ca-P) and Occluded P (O-P). The four organic P forms was determined according to the Bowman-Cole method (Bowman and Cole, 1978), which included labile organic P (LOP), moderately labile organic P (MLOP), moderately resistant organic P (MROP), and highly resistant organic P (HROP).



2.4 High throughput sequencing of soil microorganisms

Rhizosphere soil samples were subjected to high throughput sequencing by Novegene Technology Co. DNA purity and concentration were assessed using agarose gel electrophoresis. Diluted genomic DNA was used as a template for PCR with specific primers containing barcodes. The bacterial diversity was determined using 16S V4 region primers (515F, 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806R, 5′-GGACTACHVGGGTWTCTAAT-3′), while fungal diversity was determined using ITS1 region primers (ITS5-1737F and ITS2-2043R). The PCR products were examined by electrophoresis, and the target bands were recovered. Library construction was performed using the TruSeq® DNA PCR-Free Sample Preparation Kit. Sequencing was conducted on the Illumina NovaSeq 6000. Sequences with 97% similarity were clustered into operational taxonomic units (OTUs) and annotated with species classification.



2.5 Statistical analysis of data

Initial data collection and statistics on soil environmental factors were performed using Microsoft Excel 2019. Outliers were measured by standard deviation and the effect of outliers significantly deviating from the data center was reduced by logarithmic transformation. The Shapiro–Wilk test was used to verify the statistical distribution, and the values of the non-normal distribution were logarithmically converted to 10 (Li et al., 2023). The One-way ANOVA and Three-way ANOVA were conducted using SPSS (IBM SPSS Statistics 25.0) for each of the environmental indicators in this study. To determine whether the three categorical variables (planting pattern [PP, MPE, MPD], soil type [rhizosphere soil, bulk soil], soil layer [0–20 cm, 20–40 cm]) had a significant effect on the results and whether there was an interaction effect between any two categorical variables. Principal component analyses were performed on these indicators using Origin 2023. Mantel test analyses were performed using the “Vegan” and “linkET” packages of R software (Version 2.15.3) for plotting, including LEfSe (LDA Effect Size) analysis and cluster analysis for fungi and bacteria, RDA (Redundancy Analysis) for environmental factors and microbial communities, and NMDS (Non-metric multidimensional scaling) analysis based on Unweighted Unifrac. Significance levels were all set at p < 0.05 and p < 0.01. After filtering out OTUs with mean relative abundance less than 0.01% and less than 1/5 of the total sample size using R software, microbial co-occurrence network metrics were computed using the WGCNA package, and the network was constructed to present the community co-occurrence relationships of microorganisms. The OTUs that appeared in at least half of the samples in the corresponding group were retained for network analysis (Bai et al., 2023). The networks were established by calculating correlations among OTUs in different planting patterns, and the co-occurrence patterns were explored based on strong (spearman’s (|r|) > 0.6) and significant correlations (p-values <0.001). The networks were visualized using the interactive platform Gephi v. 0.9.2 (Gong et al., 2023).




3 Results and analysis


3.1 Soil physicochemical properties and nutrient bioavailability

The pH of all stands’ soils was less than 4, indicating that the local soils were strongly acidic. Mixed stands have the potential to enhance soil fertility, soil organic carbon (SOC), total and available N and K, and the bioavailability of phosphorus (P) are higher than in pure stands (Table 3). They were highly significantly affected by tree species composition (R2 = 0.9865, p = 0.001), with PP and MPE in particular showing the greatest differences (Figure 1). In terms of rhizosphere effects, exchangeable Fe and Al were significantly higher (p < 0.05) in rhizosphere than in bulk soils in pure plantations, which may indicate potential metal toxicity risks. In mixed stands, SOC and most nutrients and their bioavailability were higher in rhizosphere soils, reflecting the positive effects of root activity in mixed plantations.



TABLE 3 Physicochemical properties and nutrient content of soil in different planting patterns.
[image: A detailed table compares soil properties across different planting patterns and soil collection locations. Columns represent planting patterns: PP, MPE, and MPD, with sub-columns for rhizosphere soil and bulk soil at depths 0–20 cm and 20–40 cm. Rows list properties like electrical conductivity, pH, organic carbon, nutrients, and bioavailability indicators. Values include means, standard deviations, and statistical significance denoted by different lowercase letters. Significant findings are highlighted, and interactions are noted with references to equations and supplementary tables in the study.]

[image: Principal Component Analysis (PCA) scatter plot displaying soil types with colored ellipses representing PP(R), PP(B1), PP(B2), MPE(R), MPE(B1), MPE(B2), MPD(R), MPD(B1), and MPD(B2). The x-axis is PCA1 explaining 37.44% variance, and the y-axis is PCA2 with 21.71%. R-squared is 0.9865 and P-value 0.0010. Different clusters are marked for each soil type using color-coded legends.]

FIGURE 1
 Principal component analysis of soil physicochemical properties and nutrients. PP, pure Parashorea chinensis plantations; MPE, P. chinensis trees in the mixed plantations of P. chinensis and Eucalyptus grandis × E. urophylla; MPD, P. chinensis trees in the mixed plantations of P. chinensis and Dalbergia odorifera. R, rhizosphere soil; B1, bulk soil (0–20 cm); B2, bulk soil (20–40 cm). In this study, the principal component results were ranked in descending order of variance, with PC1 having the largest variance and explaining the largest variation in the data, and PC2 having the next largest variance and further explaining the remaining variation. The variance contribution of PC1 was the highest, and that of PC2 the second highest. The three environment variables with the largest absolute values of load for PC1 are SOM, SOC and TN, and for PC2 are TP, AK and ANN.




3.2 Soil enzyme activity, microbial biomass and phosphorus fractions

Microbial biomass C, N, and P (MBC, MBN, and MBP) were higher in mixed than in pure stands in most cases (Figure 2a), and the mixed stands increased the activities of β-1,4-glucosidase, urease, and acid phosphatase in rhizosphere soils (Figure 2b). It was shown that the mixed planting patterns promoted microbial population richness and enzyme activities and optimized soil biogeochemical processes. The MBC, MBN, MBP and P fractions (either inorganic P or some fractions of organic P) showed a rhizosphere aggregation effect with the pattern of rhizosphere soil > bulk soil (0–20 cm) > bulk soil (20–40 cm). This proves that the rhizosphere microenvironment has a strong influence on nutrient accumulation and microbial activity.

[image: Bar graphs and PCA plots show various soil parameters across different treatments. Graphs (a)-(c) display microbial biomass and enzyme activities, with red, blue, and green bars representing different treatments. Significant differences are marked with letters. Plots (d)-(e) depict PCA results with data clustering by soil type, indicated by colored ellipses. Significance level for comparisons is 0.05.]

FIGURE 2
 Soil microbial biomass (a), enzyme activities (b) and its principal component analysis (d), phosphorus fractions (c) and its principal component analysis (e). The meanings expressed by PP, MPE, MPD, R, B1, and B2 are the same as in the caption of Figure 1. (d): the 3 environmental variables with the largest absolute values of loadings for PC1 were β-1,4-glucosidase activity, MBC and MBP, and for PC2 were acid phosphatase activity, MBP and β-1,4-glucosidase activity; (e): the three environmental variables with the largest absolute values of loadings for PC1 were HROP, MLOP and MROP, and for PC2 were HROP, LOP and Ca-P.


Inorganic P fractions were higher in mixed stands than in pure stands, especially significantly highest in rhizosphere of MPE stands, suggesting that mixed plantations may have promoted the transformation and storage of inorganic P. The inorganic P content in the combined state with Fe, Al and Ca were all higher in rhizosphere soils than in bulk soils, and higher in surface soils than in subsoils, suggesting that the rhizosphere environment is favorable for the accumulation of inorganic P. Organic P fractions varied drastically between patterns, with the moderately labile organic P (MLOP), moderately resistant organic P (MROP) and highly resistant organic P (HROP) significantly higher in mixed stands than in pure stands in most cases, suggesting that mixed planting increased the content of these fractions, especially in MPD stands. Changes in organic P fractions were more complex and were influenced by both mixed planting patterns and tree species composition, suggesting that mixed plantations have the potential to enhance soil organic P content (Figure 2c). Principal component analysis further confirmed that microbial biomass, enzyme activities and P fractions were significantly different between mixed and pure plantations (R2 = 0.9865, p = 0.001). In particular, the rhizosphere region showed more active P conversion activity, further emphasizing the central role of the rhizosphere in soil nutrient cycling (Figure 2d).



3.3 Structural composition of soil microbial communities

In the rhizosphere of Parashorea chinensis, the α-diversity indices of fungi and bacteria were higher in mixed stands than in pure stands (Table 4). The OTU numbers of fungal was higher in the two mixed stands than in the pure stands, but the OTU numbers of bacterial was higher in the pure stands (Figures 3a,b). This suggests that the fungal community is more sensitive to changes in tree species diversity. Interestingly, the OTU numbers of fungal shared by the three planting patterns (759) was smaller than any of them, but the opposite was true for bacteria. This suggests that fungal communities are more specialized across planting patterns, whereas bacterial communities have a wider range of shared core members. Fungal communities of Basidiomycota were dominant in rhizosphere soils, whereas Ascomycota was more common in bulk soils, which may be related to the preference of different fungal taxa for the rhizosphere microenvironment. Bacteria did not differ significantly between rhizosphere and non-rhizosphere, with Acidobacteriota consistently dominating, followed by Proteobacteria (Figures 3c,d). Cluster analyses further showed that both fungal and bacterial species composition in mixed plantations showed higher complexity at the phylum and genus levels, and that the species composition was more complex in mixed stands (Figures 3e,f).



TABLE 4 The α diversity index of bacteria and fungi.
[image: Table showing alpha diversity index values for fungi and bacteria in different soil types: rhizosphere soil, bulk soil 0-20 cm, and bulk soil 20-40 cm. For each type, indices include Chao1 and Ace with values presented for PP, MPE, and MPD conditions. The data represents mean plus or minus standard deviation.]

[image: Venn diagrams (a) and (b) show overlap of fungi and bacteria among PP, MPE, and MPD. Bar charts (c) and (d) display the relative abundance of fungi and bacteria in different soil types and layers, categorized by taxonomic groups. Heatmaps (e) and (f) present specific genera distribution across treatments, highlighting differences in relative abundance by phylum.]

FIGURE 3
 Taxonomic composition of soil fungi and bacteria under different planting patterns. The meanings expressed by PP, MPE, and MPD are the same as in the caption of Figure 1. OTU Venn diagrams (a,b), histograms of relative abundance of dominant clades (c,d), cluster analyses of the top 35 genera (e,f).




3.4 Soil microbial community diversity

Species with significant differences in abundance between planting patterns were detected by LEfSe (LDA Effect Size) and the effect size (LDA Score) of differentially significant species was assessed. The results showed that significant species of fungi and bacteria were not only more numerous in mixed plantations than in pure plantations, but also had a higher proportion of LDA Score > 4 (Figures 4a,b), and the evolutionary branching diagrams further demonstrated that there were more differentially significant species in mixed stands (Figures 4c,d). The high predominance of the dominant fungus Basidiomycota in rhizosphere soils reflects its important role in nutrient cycling, whereas the dominance of Ascomycota in bulk soils may be related to different ecological niche preferences. Rozellomycota and Mortierellomycota were more likely to appear in MPE. Among the dominant bacterial communities, Acidobacteriota and Proteobacteria were dominant and evenly distributed in both rhizosphere soil and bulk soil, pure and mixed plantation, suggesting that their ecological niches overlap (Figures 4e,f).

[image: Bar graphs, cladograms, and circular graphs compare fungi and bacteria under three different treatments: MPD, MPE, and PP. Panels (a) and (b) show LDA scores for fungi and bacteria respectively. Panels (c) and (d) display cladograms illustrating the evolutionary relationships of the microorganisms. Panels (e) and (f) present circular diagrams depicting interactions between soil types and treatments for fungi and bacteria. The graphs highlight differences in microbial communities and treatment effects.]

FIGURE 4
 LDA Effect Size analysis and sample distribution of fungal and bacterial communities. Histograms of the distribution of LDA values for fungi and bacteria (a, b), cladograms of LEfSe (c, d) and sankey diagrams of the distribution of dominant microbial phyla on different planting patterns (e, f). Note: The meanings expressed by PP, MPE, and MPD are the same as in the caption of Figure 1.


The results of cluster analysis showed that the ecological function richness of fungal and bacterial communities was higher in mixed stands than in pure stands, and different stand types had significant effects on the ecological functions of specific microbial taxa. Specifically, fungi showed more diverse ecological functions in mixed plantations (especially MPE stands), such as Ectomycorrhizal, Ericoid Mycorrhizal, Arbuscular Mycorrhizal, and Endophyte, which are essential for plantation growth and soil health (Figure 5a). The major ecological functions exhibited by bacteria in mixed plantations were Nitrification, Ureolysis and Respiration (Figure 5b). These processes are essential for soil nutrient cycling and energy flow. Non-metric multidimensional scaling (NMDS) analysis further demonstrated that there were significant differences in the diversity of soil microbial communities in the rhizosphere in pure and mixed stands (Figures 5c,d).

[image: Heatmaps and NMDS plots show functional differences between fungi and bacteria. Panels (a) and (b) display heatmaps of functional guilds for fungi and bacteria, with clustering and a color gradient indicating functional abundance or activity levels from -1 to 1. Panels (c) and (d) show non-metric multidimensional scaling (NMDS) plots for fungi and bacteria, respectively, illustrating community structure with ellipses representing different groups: PP (red), MPE (green), and MPD (blue). Stress values indicate plot fit quality: 0.218 for fungi and 0.118 for bacteria.]

FIGURE 5
 Ecofunctional clustering (a, b) and NMDS analysis (c, d) of fungal and bacterial communities. Note: The meanings expressed by PP, MPE, and MPD are the same as in the caption of Figure 1. Ellipses indicate 95% confidence intervals.




3.5 Network analysis of key microbial communities

The results of co-occurrence network analysis showed that the complexity of the microbial community network, characterized by Average degree (AD), produced a large divergence between planting patterns, with differences in the spatial distribution of microbial core species and microbial network module structure in the soil (Figure 6). Interaction relationships among key species in the fungal network and their co-occurrence complexity were significantly higher in mixed stands, especially MPE stands, than in pure stands. It indicates that mixed planting can increase the number of key species that are important for network structure and function. In addition, the abundance of fungi and bacteria as well as interaction or co-occurrence relationships were lower in rhizosphere soils than in bulk soils as shown by the performance of Node and Edge (Table 5).

[image: Diagram comparing fungal and bacterial interactions in rhizosphere and bulk soils at different depths. Fungi (a) include Ascomycota, Basidiomycota, and others, shown with positive or negative interactions. Bacteria (b) include Acidobacteriota, Chloroflexi, and others, also with interaction types. Each row represents a method: PP, MPE, and MPD, showing network clusters and diversity in each soil type and depth.]

FIGURE 6
 Co-occurrence networks of key soil fungal (a) and bacterial (b) communities under different planting patterns. Note: The size of each node is proportional to the number of connections. Each node is marked at the phylum level. Every two nodes are connected by edges, and the two colors of the edges represent positive or negative correlation. PP, MPE and MPD are the same as in the caption of Figure 1.




TABLE 5 Topological properties of co-occurrence networks.
[image: Table showing microbial network metrics for different planting patterns and soil collection locations. Categories include fungi and bacteria under planting patterns PP, MPE, and MPD. Data columns list nodes, total edges, positive and negative percentages, average degree, modularity, and density for rhizosphere soil and bulk soil at depths zero to twenty centimeters and twenty to forty centimeters. Definitions for average clustering coefficient, average path length, modularity, and density are provided at the bottom.]



3.6 Relationship between soil nutrients and microorganisms

Mantel test results showed that in pure stands, only bacterial diversity showed a significant positive correlation with microbial biomass C (p < 0.05), whereas fungi were not significantly associated with all environmental factors (Figure 7a). In mixed stands, the interaction between microorganisms and environmental factors is more significant and complex. In the MPE stands, bacterial communities were highly significantly positively correlated (p < 0.01) with ammonium N, microbial biomass C and N, and fungal communities were highly significantly positively correlated with multiple nutrient (Figure 7b). Within the MPD stand, while none of the bacterial correlations with environmental factors were significant, fungi were highly significantly correlated with soil conductivity, organic C, exchanged Al, β-1,4-glucosidase and acid phosphatase (Figure 7c). It indicated that soil microorganisms in mixed forests were more vigorous and sensitive to environmental responses.

[image: Diagram showing three panels (a) PP, (b) MPE, (c) MPD, illustrating relationships among soil properties, bacteria, and fungi. Each panel includes a grid with color-coded Pearson's r values and links depicting Mantel's r, indicating positive or negative correlations. Sizes and colors represent significance levels, with red for positive and teal for negative correlations. Labels on grids include properties like pH and SOC. Lines connecting bacteria and fungi highlight relational dynamics. A key provides scale for correlation strength and significance.]

FIGURE 7
 Mantel test for correlation between soil microorganisms and environmental factors. Note: (a), Planting pattern PP; (b), Planting pattern MPE; (c), Planting pattern MPD. The meanings expressed by PP, MPE, and MPD are the same as in the caption of Figure 1. EC, electrical conductivity; WC, water content; SOC, soil organic carbon; TN, total nitrogen; TP, total P; TK, total potassium; NN, nitrate nitrogen; AN, ammonium nitrogen; AP, available P; AK, available potassium; Glu, β-1,4-glucosidase activity; Ure, urease activity; Acp, acid phosphatase activity; PA, P availability; Al, exchangable aluminium; Fe, exchangable iron; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass P. Fe-P, iron-bound P; Al-P, aluminum-bound P; Ca-P, calcium-bound P; O-P, insoluble P; LOP, labile organic P; MLOP, moderately labile organic P; MROP, moderately resistant organic P; HROP, highly resistant organic P.


Redundancy analysis further showed that the effects of soil physicochemical properties, microbial biomass and enzyme activities, and P fractions on the structural variability of the fungal community reached significant levels (p < 0.05), however, only the P fractions affected the bacterial community at highly significant levels (p < 0.01). The total N, ammonium N, nitrate N, organic C, available K, microbial biomass C and acid phosphatase activity were the key factors driving changes in fungal communities; The total P, available P, microbial biomass N and P and acid phosphatase activity were the key physico-chemical and biological factors driving changes in bacterial communities (Figures 8a–d). Phosphorus in the Fe, Al, and Ca-bound states, as well as moderately labile organic phosphorus, were the key P factors driving changes in fungal and bacterial communities (Figures 8e,f).

[image: Six scatter plots display redundancy analysis of fungi and bacteria in relation to environmental factors. Plots (a), (c), and (e) show fungi data, while plots (b), (d), and (f) depict bacteria. Each plot has axes labeled RDA1 and RDA2 with percentages. Different colored ellipses represent groupings: PP, MPE, and MPD. Vectors indicate relationships with variables, such as physicochemical properties, enzyme activity, and phosphorus fractions. Statistical values R² and P are included, indicating the model's fit and significance.]

FIGURE 8
 Redundancy analysis of soil microorganisms with environmental factors. RDA of fungi (a) and bacteria (b) with physicochemical properties, fungi (c) and bacteria (d) with microbial biomass and enzyme activities, and fungi (e) and bacteria (f) with phosphorus fractions, respectively. Note: The abbreviations in the figures convey the same meaning as in the caption of Figure 7.





4 Discussion


4.1 Effects of mixed planting on soil environmental factors in Parashorea chinensis plantations

Red soils in the tropics and subtropics are inherently acidic (pH < 6.0), and nutrient limitation occurs when soil acidification is severe enough to affect the bioavailability of nutrients (Lu et al., 2014). The soil pH of all sample plots in this study was below 4.0, which implies that the study area is located in a region of strongly acidic soils, where P and K are more easily lost or immobilized. However, we found that mixed forests show potential to alleviate soil nutrient limitation by increasing soil fertility through increased organic C and N content, total and effective state content of N and K, and bioavailability of P. This may be due to the fact that mixed plantations promote the return of nutrients from tree litter and the accumulation of soil organic matter (Deng et al., 2016; Kooch and Bayranvand, 2017; Xu et al., 2021). In contrast to the performance of pure forests, rhizosphere soils in mixed forests had significantly lower water content but higher electrical conductivity. This reflects the more complex root structure and higher water use efficiency of mixed plantations. Moreover, the significant increase in electrical conductivity in rhizosphere soils of mixed stands may be attributed to the combined effects of chemosensitivity, root secretions, and microbial activities among the mixed species (Nsengimana et al., 2024). Specifically, the wide root distribution and high litterfall of Eucalyptus grandis × E. urophylla and Dalbergia odorifera in the mixed stands had a greater influence on the spatial distribution and the rhizosphere effect of soil nutrients (Xiang et al., 2021). Moreover, Dalbergia odorifera, as a N-fixing woody legume, fixes atmospheric N through the symbiotic action of rhizobacteria and can transfer N to other tree species, thus enhancing N cycling and transfer (Yao et al., 2019). In addition, N fixation by legume rhizosphere can indirectly increase the bioavailability of P and K and promote their uptake by plants (Duchene et al., 2017). These findings provide useful tree species options for the construction of Parashorea chinensis mixed plantations. Although the above study verified our first hypothesis that mixed plantations changed the soil nutrient and spatial distribution structure and improved the soil physicochemical properties. However, the problem of strongly acidic soil still needs to be solved, and it can be improved in the future by adding lime and other measures.

The assembly process of fungal community were affected by soil enzyme activities (Ma et al., 2024). In this study, it was found that compared to pure stands, mixed planting increased soil microbial biomass C, N, P and β-1,4-glucosidase and urease activities, altered their spatial distribution patterns and optimized soil biogeochemical processes. This may be related to the more complex ecological niche and richer resources provided by the root system of mixed forests. This implies a change in the way soil C, N, and P are cycled and utilized, a change that may favor the improvement of soil nutrient effectiveness and promote the transformation and accumulation of P among its components (Duan et al., 2019). Statistically significant correlation between phosphorus fraction effectiveness and acid phosphatase activity (Giles et al., 2018; Fu et al., 2020). We found that the rhizosphere accumulation of inorganic P fractions was significantly higher in mixed forests than in pure forests, and the variation in organic P fractions was complex but with high potential for enhancement. Higher soil acid phosphatase activity in P-poor sites may accelerate the release of P into soil solutions. However, it has also been suggested that soil physicochemical processes determine P bioavailability, and that mixed forests influence soil respiration and microbial amounts of P (Bünemann et al., 2016). Other studies in the region have also shown that soil P effectiveness is mainly associated with changes in moderately active P concentrations in pure forests and highly stable P concentrations in mixed forests (Yue et al., 2022). These results above validate our hypothesis that mixed forests increase microbial biomass and key enzyme activities, enhancing P conversion and thus alleviating nutrient limitation.

This study also found that O-P and MLOP dominated P fractions, consistent with their instability and difficulty in decomposition (Gatiboni et al., 2017). Another study in the subtropical mountains of China concluded that occluded and organic P was the dominant P fraction only in a low-P site (Fu et al., 2020). Strong correlations exist between exchangeable aluminum (Al) and exchangeable iron (Fe) content and P effectiveness in acidic soils (Zarif et al., 2020). Mixed plantations exhibit differing correlations between available P, Fe3+, and Al3+ content in acidic soils, likely due to altered physicochemical properties (Deforest, 2020). Root exudates release bound P from soil surfaces and cations like Ca2+, Al3+, and Fe3+ without directly increasing biologically-available P, affecting P sequestration and effectiveness (Mezeli et al., 2020). These results support the positive effects of mixed forests on soil P morphological transformation and P activation in the rhizosphere of Parashorea chinensis plantation.



4.2 Effects of mixed planting on soil microorganisms in Parashorea chinensis plantations

Plant species and soil collection locations together determine the structure and function of rhizosphere microbial communities (Berg and Smalla, 2009). The composition of microbial communities in forest soils is mainly determined by dominant tree species, and fungal and bacterial communities respond differently to dominant tree species, and they affect the soil to different degrees (Bai et al., 2023). In this study, we found that OTU numbers of fungi were higher in mixed stands, whereas bacteria were more abundant in pure stands. This suggests that fungal communities are more sensitive to changes in tree species diversity, possibly due to differences in root secretions and microenvironments of different tree species providing more ecological niches for fungi (Figures 3a,b). In contrast, bacterial communities may be more adapted to stable environments formed by a single tree species, or there may be a wide range of adaptations among different tree species. The composition of the microbial community in forest soils is largely determined by the dominant tree species, with fungal and bacterial communities responding differently to the dominant species, and the extent to which they affect the soil varies (Urbanová et al., 2015). The results of the OTU numbers we found to be shared by different planting patterns also suggest a high degree of specialization of fungal communities in specific ecological niches. Bacterial communities, on the other hand, have a wider range of shared core members and may possess more general and flexible survival strategies. The present study demonstrated that fungal communities are more susceptible to rhizosphere environments than bacteria, and that microbial diversity and species composition complexity were higher in rhizosphere soils of mixed stands than in pure stands. Mixed planting significantly increased the relative abundance of the dominant fungus Basidiomycota and bacteria Acidobacteriota (Figures 3c–f). This may be due to the fact that eucalyptus and leguminous species Dalbergia odorifera in mixed stands exist in more symbiotic relationships with soil microorganisms, which can provide a wider range of ecological niches for the microorganisms (Chou et al., 2019).

The results of LEfSe analyses showed that the proportion of significantly different species (Biomaker) with LDA Score > 4 was also higher, suggesting that microbial communities in mixed forests have more significant diversity differences and greater ecological effects (Figures 4a,b). This may be related to more complex ecological niches and richer resource conditions in mixed forests, supporting the theory that biodiversity promotes ecosystem stability. The cladogram visually demonstrated significant differences in microbial communities between mixed and pure stands, especially for species with higher LDA Score, which provides an important basis for understanding the effects of different stands on microbial community structure (Figures 4c,d). The results of cluster analyses revealed the dominance of mixed forests over pure forests in terms of ecological functional richness of fungal and bacterial communities, and that different stand types had significant effects on the ecological functions of specific microbial taxa (Figures 5a,b). Notably, bacterial ecological functions in MPD stands reached the highest level of significance, suggesting that specific mixed patterns may be favorable to the enhancement of bacterial functional diversity. NMDS analyses reinforced the significant difference in functional diversity of soil microbial communities in the rhizosphere between pure and mixed stands, which not only revealed the profound effect of stand type on microbial community structure, but also emphasized the role of mixed forests potential advantages in maintaining and enhancing soil microbial functional diversity (Figures 5c,d). Co-occurrence network analysis of microorganisms showed that mixed forests possessed more nodes of the fungal Mortierellomycota network (Figure 6), suggesting the presence of more fungi involved in P catabolism and transport in mixed forest soils, since Mortierellomycota is widely recognized as an important component of the tufted mycorrhizal fungi that help plants take up P and other mineral nutrients while simultaneously obtaining carbon from the plants to obtain carbon sources, and is a major predictor of P cycling (Xu et al., 2021). Mixed plantations of Parashorea chinensis and eucalyptus were more favorable for maintaining complex and diverse network relationships among fungal communities than mixed plantations, with the particularly rhizosphere soils, and improved the correlation between the number of key species and microbial networks. This may be due to the diversity of tree species in mixed forests, which gain rapid growth by virtue of their deep and large root systems, which have a greater impact on the soil biotic and abiotic environments (Baumert et al., 2021). And the mixing of two species optimizes and complements the spatial structure and nutrient utilization of soil, as well as the function and structure of microbial communities, and improves the stability of the soil microbiology, especially in the active rhizosphere region. Long-term organic matter transfer by deep-rooting plants like eucalyptus, such as trees might thus strongly affect aggregation in subsoils (Blanco-Canqui and Lal, 2004). Although these findings provide important insights into understanding the functional properties of microbial communities under different stand types, studies still need to consider the interactions of additional environmental factors and what long-term monitoring data reveal about the dynamics of microbial communities.



4.3 Effect of mixed planting on the relationship between soil microbial communities and environmental indicators

The mixed planting significantly affects soil physicochemical properties and the structural and functional diversity of microbial communities (Zhang et al., 2021). In this study, it was found that microbial communities in mixed stands (MPE) had higher correlations with environmental factors compared to pure stands, but microbes in mixed stands (MPD) had lower correlations with environmental factors, especially in terms of fungal communities. This suggests that tree species composition has an important influence on the relationship between microbial communities. Other studies have found that when microbial changes are induced by mixed planting, fungal diversity is more sensitive to tree species than bacteria, which are more susceptible to microhabitat changes (Urbanová et al., 2015), which may be due to the fact that fungi are more affected by changes in apoplastic inputs, and this is in line with our findings. It may also be due to the fact that stands with a more complex tree species composition produce more diverse apoplastic material and a wider range of species of root secretions, while fungi are able to take up more nutrients, leading to the development of a more diverse microbial community structure and function (Klimek et al., 2016).

Significant changes in microbial communities occur with the decomposition of apoplastic leaves of various plants (Liu et al., 2022). The results of Mantel test in this study showed stronger interaction and association between microorganisms and environmental factors in mixed stands compared to pure stands (Figure 7). In particular, In this study, the compositional structure of the microbial community in the mixed forests of Parashorea chinensis and eucalyptus was significantly correlated (p < 0.01) with most of the environmental factors. The reason may be that apoplasts of mixed forests have higher fungal and bacterial abundance as well as microbial community diversity than apoplasts of pure forests, and they have significantly different microbial community compositions (Patoine et al., 2017). Interestingly, fungal communities were significantly more correlated with environmental factors compared to bacteria. Soil organic C content, β-1,4-glucosidase and acid phosphatase activity were all highly significantly and positively correlated with fungal community diversity in both mixed forests. This may be because microbial limitation of C and P is regulated by the stoichiometric ratios of the relevant cyclic enzymes (Yang et al., 2023). Biotic and abiotic factors shape the rhizosphere microbiome (Pii et al., 2016). Redundancy analyses indicated that organic C, effective N, microbial biomass C and N, β-1,4-glucosidase, and insoluble P were the key factors driving changes in the fungal and bacterial communities together (Figure 8). The biotic factor aspect could be the direct interaction between apoplastic production and C, N, and microorganisms in root deposits that are symbiotic with roots and have the ability to transform C and N (Urbanová et al., 2015). And abiotic factors may be richer biomass in the soil and the C sources in root secretions (Yu et al., 2018).




5 Conclusion

All the stands in this study had strongly acidic (pH < 4) soils. The mixed plantations significantly outperformed the pure plantations in terms of soil physico-chemical properties, nutrients and their availability, especially in terms of increased soil water content, organic carbon, total N, K and available nutrients. The spatial distribution of microbial biomass, enzyme activities and P fractions in mixed stands was significantly affected, with rhizosphere soils showing higher nutrient bioavailability and P conversion activity. Fungal communities were more sensitive to tree species composition and had higher diversity in the rhizosphere of mixed plantations, whereas bacterial community structure did not show strong mixing and rhizosphere effects. The species composition of fungi was more complex than that of bacteria in mixed forests, and there were more differential species present in mixed stands than in pure stands, and the diversity of soil ecological functions embodied by these species was significantly higher than in pure stands. The correlation between microbial communities and environmental factors was higher in mixed stands than in pure stands, and all soil environmental factors had a significant effect on the structure of fungal communities, but bacterial communities were only significantly affected by phosphorus fractions. In summary, the mixed planting pattern not only improves soil quality, but also enhances the diversity and activity of soil microbial communities and their connection with the soil environment. In particular, the microbial community in the rhizosphere soil plays an important role in soil nutrient availability and P transformation. Therefore, when afforestation is carried out in acidic, low-phosphorus red soils, it may be helpful to optimize nutrient effectiveness and microbial communities through a rational mix of tree species, and special attention should be paid to this in the practice of converting pure forests to mixed forests. And we recommend the establishment of mixed plantations of Parashorea chinensis and Eucalyptus grandis × E. urophylla, as well as the introduction of tree species such as Dalbergia odorifera, which contribute to the improvement of soil fertility and the regulation of interspecific relationships, in order to fulfill better soil ecological functions and improve the sustainable management of plantation forests in nutrient-limited areas.
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Understanding how different tree species affect soil microbial communities is crucial for sustainable forestry and ecosystem management practices. Despite Black walnut (Juglans nigra L.) forestry having a rich history, the overall comprehension of how this hardwood species influences soil remains incomplete. In earlier studies, we examined the effects of hardwood plantations on soil chemical properties and their interaction with microbial biomass, however, we highlight the importance of studying the soil microbial communities and their relationship with soil properties in greater depth. Building on this foundation, our research focused on evaluating microbiome compositions beneath J. nigra and another hardwood, Northern red oak (Quercus rubra L.) after a decade of establishment. We uncovered intriguing patterns within the soil bacterial/archaeal and fungal structures by conducting meticulous analyses utilizing amplicon sequencing alongside soil chemical properties. Our findings underscore that tree species play a pivotal role in shaping soil microbial structures, a role that surpasses even seasonal and depth influences. Most notably, J. nigra stands out for its ability to enhance microbial diversity, as evidenced by increased alpha-diversity indices compared to baseline values. Conversely, Q. rubra tends to decrease these indices. Significant disparities in microbial composition between the two tree species were evident, with J. nigra exhibiting enrichment in certain taxa such as Nitrospira, Geobacter, and Bacillus while Q. rubra showed enrichment in others like Acidobacteriota and ectomycorrhizal fungi. Furthermore, we also observed differences in co-occurrence networks by delving deeper into the interconnections within the soil microbiota. In both fungal and bacterial/archaeal communities, J. nigra and Q. rubra notably decreased the number of connections within their networks, while Q. rubra increased some, suggesting a more interconnected network. These differences were further highlighted by network metrics with Q. rubra displaying a higher mean degree and clustering coefficient. Additionally, our analysis revealed that tree species influence soil chemical properties, either directly or indirectly, thereby affecting soil bacterial and fungal communities. In conclusion, our study elucidates the intricate interplay between tree species and soil microbiota, emphasizing the need to consider these relationships in forestry and ecosystem management practices.
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1 Introduction

The soil on the planet Earth teems with life and harbors a remarkable diversity of microorganisms which constitute over 15% of Earth’s biomass (Wall et al., 2019). These microorganisms, collectively known as microbiota, are involved in vital ecological processes such as biogeochemical cycles, carbon (C) mineralization, and plant nutrient acquisition (Fierer, 2017). These complex relationships are intricately intertwined with the diverse biological components of soil communities (Tecon and Or, 2017). Various environmental factors like pH, substrate quality, temperature, and water availability sculpt the intricacies of microbial interactions. Moreover, the dynamic nature of microbial community composition spans from short-term seasonal fluctuations to long-term changes over years or decadal scales, adding another layer of complexity to the soil ecosystem (Morriën et al., 2017). The depth of soil further influences microbial communities, revealing gradients in soil resource availability and pH that correlate with variations in the microbiome (Tang et al., 2018).

Bacteria, archaea, and fungi form taxonomically and functionally diverse communities within the soil and rhizosphere that facilitate plant nutrient uptake through direct access to limiting nutrients (Ling et al., 2022). These communities are interconnected through intricate networks, which comprise interactions within and across species and domains (Wassermann et al., 2019). Furthermore, microorganisms also influence ecosystem dynamics by mediating the exchange of compounds between plant vegetation and soils. The interactions between trees and microorganisms within forest ecosystems are vital to shaping soil microbial communities as these relationships influence ecosystem dynamics and nutrient cycling (Ferlian et al., 2021).

Forests, especially in the northern hemisphere, emerge as critical sinks with tree-microorganism interactions (Onufrak et al., 2020): trees harbor specific microorganisms that perform essential functions such as nutrient supply and stress protection, thereby shaping plant health and tree species distribution (Bakker et al., 2020; Pantigoso et al., 2022; Sánchez-Cañizares et al., 2017). The forest environment significantly influences soil microbiomes through aboveground (e.g., leaf litter) and belowground (e.g., rhizodeposition) contributions (Reich et al., 2005; Calvaruso et al., 2010). Symbiotic relationships between plants and microorganisms, including those between bacteria and fungi, play a pivotal role in nutrient and water access (Ramirez et al., 2019; Averill et al., 2019). These differences underscore the necessity of understanding microbial composition at varying depths and over time to appreciate the complex interactions within forest soils fully. Forest soils are predominantly inhabited by fungal communities, with associations varying based on tree mycorrhizal type (Lauber et al., 2009; Averill et al., 2019). Each tree species exhibits distinct rhizodeposition and leaf litter patterns that selectively enhance or suppress soil microbial members (Baldrian, 2017).

Black walnut (Juglans nigra L.) and Northern red oak (Quercus rubra L.) are notable timber species that contribute distinct characteristics to soil conditions (Williams, 1990; Dyderski et al., 2020). Although both tree species influence soil microbial communities but differ in their effects on soil functions and microbial associations (Washington, 2003; Mortier et al., 2020; Gardner et al., 2023). For instance, J. nigra enhances microbial biomass and soil functions, whereas Q. rubra may have opposing effects (Sun et al., 2013; Gardner et al., 2023). Their associations with different tree mycorrhiza types (AM for J. nigra and EM for Q. rubra) also contribute to distinct soil microbial dynamics (Washington, 2003; Mortier et al., 2020; Gardner et al., 2023).

In our study, we sought to elucidate the specific effects of J. nigra and Q. rubra on soil structure. Specifically, our interests involve investigating the composition of bacterial, archaeal, and fungal communities within these plantations a decade post-establishment. We hypothesized that (i) tree species strongly shaped microbial communities in the soils of each forest plantation as a consequence of a change of soil pH; (ii) soil depth will enhance more Proteobacteria and Bacteroidota due to litter addition in the upper layer while Acidobacteroidota is more abundant in deeper layers as a consequence of less nutrient availability, and (iii) seasonal changes on soil temperature and humidity will affect more bacterial communities than fungal communities. To test our hypothesis, we investigated the structure of soil bacterial/archaeal (16S rRNA) and fungal (ITS) communities, using Illumina Miseq sequencing, at two different time points: autumn (October) and spring (March), and two soil depths. Additionally, we analyzed microbial structural and belowground C and N transfer, shaped by trees and through microbial processes. To unravel the intricate relationships within soil microbial communities, we employed co-occurrence networks and evaluations of soil chemical parameters to assess their responses to environmental factors such as seasonality and soil depth variations. Ultimately, our findings contribute to the broader understanding of the complex interplay between tree species and soil microbiomes.



2 Methods


2.1 Soil site

Our investigation was conducted within a J. nigra and Q. rubra forest plantation located near Calcedonia, in midwestern Michigan (42.8412°N, 85.5828°W). The plantation, established in 2008, maintained a 2 m spacing between each tree. Site selection was carefully planned to cover the growth areas of both tree species, ensuring a thorough examination of soil microbial communities. We selected plots for analysis that encompassed each planting. Four composited samples were obtained from adjacent blocks, each confined to a 20 × 20 m area. Because of the near canopy and surface litter, there was no extra vegetation in the Q. rubra’s planted plot. On the other hand, the J. nigra’s planted plot had scant vegetation made up of local grasses. Additionally, a site devoid of plants (DB) adjacent to these blocks served as a reference for detecting changes and was centrally situated between the two sites. The soil in the area is predominantly Blount loam, with a slope averaging 1–3% but ranging from 0 to 6 percent. The texture of the soils was found to be silty clay loam or clay loam till. The average annual temperature at the study site is approximately 9.5°C, with an annual precipitation of 932 mm.

Soil samples were collected in October 2019 and March 2020 using a 2.5 cm diameter soil corer. Cores were taken 1 m away from the trunk in each plot. Surface litter was removed to ensure consistent sample collection as plot surfaces were covered in fallen leaves during the autumn sampling, a condition absent during the spring. In each case, plots were spaced at least 50 m apart, with a total of 4 plots per tree species, each adhering to the standard 20 × 20 m dimensions. Our composite soil sample was created from 25 randomly selected soil cores across each plot. Samples were collected from two soil depths, 0–10 and 10–20 cm, before being promptly transported to the laboratory on freezer packs to preserve microbial integrity. Upon arrival, all soil samples were sieved through a 2-mm mesh, with small roots discarded. After this, samples were split into two, one part was stored at −20°C for DNA extraction, and the other half was air dried for soil properties characterization.



2.2 Characterization of soil properties

We conducted a series of laboratory analyses, to thoroughly evaluate the soil properties across all samples which included assessments of gravimetric soil moisture, total carbon (TC), total organic carbon (TOC), total nitrogen (TN), and pH (H₂O). Gravimetric soil moisture was first determined by extracting 10 g subsamples, which were subsequently dried in an oven at 105°C for 24 h. These dried samples were then utilized for soil dry weight correction. TOC, TC, and TN were quantified using automated dry combustion, performed with a LECO Tru-Spec CN analyzer at the Instrumentation and Environmental Laboratory Services (IELS) at North Carolina State University (NCSU), located in North Carolina, USA. To assess soil pH, we employed a compound electrode from (Accumet, MA, USA) following the method described by Smith and Mullins (1991) that utilized a soil-water ratio of 1:2.5.



2.3 DNA extraction and PCR amplification

Soil DNA extraction was conducted in triplicate using 0.3 g of soil (total fresh weight) with the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA), following the manufacturer’s protocol to accurately analyze microbial communities. Subsequently, we targeted the fungal ITS1 hypervariable region for amplification via PCR, utilizing the primers ITS1F (5′-CTTGGTCATTTAGAGGA AGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) for fungal community analysis (Yan et al., 2021). Bacterial and archaeal communities were characterized with barcoded fusion primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTAT CTAATCC) to amplify and sequence the V3–V4 region of the 16S rDNA gene (Herlemann et al., 2011). The PCR protocol began with a 3 min denaturation step at 95°C, followed by 27 cycles of 30 s denaturation at 95°C, a 30 s annealing at 55°C, and a 45 s elongation at 72°C before concluding with a 10 min extension at 72°C. Reactions were performed in triplicate. Each 20 μL reaction volume contained 2 μL of 2.5 mM dNTPs, 0.8 μL each of the forward and reverse primers, 4 μL of 5× FastPfu Buffer, (5 μM), 0.4 μL of FastPfu Polymerase (TransGen Biotech), and 10 ng of template DNA.



2.4 Illumina MiSeq sequencing

Following agarose gel electrophoresis, amplicons were extracted and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The purified amplified PCR products were then quantified with a QuantiFluor™-ST Fluorometer (Promega, USA). Next-generation sequencing was conducted at the NC State University Genomic Sciences Laboratory (Raleigh, NC, USA) utilizing Illumina MiSeq technology, employing a paired-end sequencing approach with 2 × 300 bp read lengths.



2.5 Bioinformatics and data analysis

Raw reads were processed using Mothur v.1.48.1 software (Schloss, 2020) for comprehensive bioinformatics and computational analysis. Trimming operations adhered to specific criteria, requiring a minimum length of 425 and 350 bp for bacterial and fungal amplicons, a minimum quality score of 25, allowance for one primer mismatch, and no barcode mismatches. Additionally, homopolymers greater than 10 were restricted. Reads with indistinct bases and singletons were eliminated, and chimeras were detected and eliminated using Uchime (Version 4.2) within the Mothur platform (Edgar, 2013). Subsequently, alignment and classification of 16S rDNA and ITS sequences were performed against the SILVA bacterial SSU reference database v138.2 (Yilmaz et al., 2014) and UNITE v10 database (Abarenkov et al., 2023), respectively. The resultant cleaned and refined sequences were grouped into distinct operational taxonomic units (OTUs) through the Average-Neighbor clustering algorithm – UPGMA implementation in Mothur, with a 97% minimum sequence similarity criterion. The average sequence count per sample was 160,813 for 16S rDNA and 135,690 for ITS sequences. Rarefaction was conducted using the Mothur program to standardize sample sizes to the smallest number of sequences (66,066 for 16S rDNA and 68,492 for ITS sequences) using the ‘sub.sample’ command (Supplementary Figure 1). Diversity Shannon index between samples was fair and accounted for differences in sequencing depth.



2.6 Classification of fungal functional guilds

Fungal operational taxonomic units (OTUs) were then assigned to fungal functional guilds using the FungalTraits database (Pölme et al., 2020). OTUs assigned for more than one functional guild were analyzed by dividing the sequence counts of each OTU by the number of functional guilds assigned to that OTU. This approach allowed for visualization of differences in predicted fungal function between tree species. Stacked bar plots depicting the relative abundance of each fungal functional guild were created for each tree species, according to season, and depth.



2.7 Statistical analysis

Data interpretation and graphical representation were obtained using the R software environment (version: 4.1.2, R Core Team, 2017), and all the figures were designed using ggplot2 package (v3.5.0) in R (Wickham, 2016). Differences in soil nutrient content and microbial community diversity (Shannon alpha-diversity index; α-diversity) were assessed through analysis of variance (ANOVA) with Tukey’s post hoc test (stats, v4.3.0, and agricolae, v1.3–7, packages). Nonmetric dimensional scaling (NMDS) ordinations based on Bray–Curtis dissimilarity matrices aided in visualizing beta-diversity (β-diversity) patterns (ordinate function, phyloseq package, v1.46.0). Treatment effects on β-diversity were assessed utilizing permutation-based analysis of variance (PERMANOVA), with subsequent multiple comparisons and Bonferroni adjustment to determine differences in community composition (adonis function, vegan package, v2.4–6). The Shannon diversity index was calculated using normalized OTU data (phyloseq package). Indicator species analyses were conducted to identify bacterial/archaeal and fungal OTUs indicative of tree species, soil depth, and seasonal variations (De Cáceres, 2013). Validation and identification of taxa responsible for observed variations were performed through Generalized Linear Model (GLM) fitting using the negative binomial distribution via the DESeq function of the DESeq2 package (v1.42.0) in R (Love et al., 2014). Visual representations of taxa abundance differences between treatments were generated using the phyloseq package (McMurdie and Holmes, 2013). The validity of the differential abundance analysis was confirmed by employing Analysis of Compositions of Microbiomes with Bias Correction (ANCOM-BC, v2.4.0), ensuring a robust assessment of microbial absolute abundances (Lin and Peddada, 2020). Microbial co-occurrence patterns across tree species and the reference sample (DB) were investigated using the SpiecEasi package (v1.0.0) in R (Kurtz et al., 2015), and the sparCC function (SpiecEasi package) was used to calculate the correlation between each genus. The genus with a frequency lower than 75% and sparCC correlation values less or equal to 0.6 were removed from the network to reduce artificial correlation. Primary keystone microbes were identified based on their betweenness centrality and degree values within the bacterial and fungal networks (Vick-Majors et al., 2014; Tipton et al., 2018). Keystone taxa in the bacterial network had degrees surpassing 100 and betweenness centrality scores exceeding 800, while in the fungal network, keystone taxa had degrees above 3 and betweenness centrality scores above 150 (Kourtellis et al., 2013). Network complexity was assessed based on average connectivity, clustering coefficient, and edge number using the vegan and igraph packages (v1.6.0) in R (Shi et al., 2016; Banerjee et al., 2019). Mantel test and Spearman correlation were used to correlate the bacterial/archaeal and fungal communities with chemical, physical, and biochemical parameters.



2.8 Data availability

All sequencing data (raw) for bacterial and fungal reads have been archived in the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI) under BioProject number PRJNA1035935. Additionally, the count tables, taxonomic tables, and metadata tables generated during this study are accessible at https://zenodo.org/record/10070239. Furthermore, the R scripts utilized for data analysis and processing are openly available at https://github.com/JuanFrene/Black-Walnut. These resources are provided to facilitate transparency, reproducibility, and further investigation by the scientific community.




3 Results


3.1 Soil environmental parameters under different tree species, soil depth, and season

A summary of the environmental properties assessed in this research is found in Table 1. Significant variations were observed in TOC (p = 0.0018), TC (p < 0.0001), C to N ratio (C/N) (p = 0.0482), and TN (p = 0.0002), primarily influenced by tree species. In particular, J. nigra exhibited higher levels of these parameters compared to Q. rubra (Table 1). Seasonal analysis further revealed that TOC (p = 0.0424), TC (p = 0.0424), and soil humidity (p = 0.0088) were significantly higher during autumn and in the upper soil layer (0–10 cm). TN levels, on the other hand, were consistently greater in the upper layer regardless of season (p = 0.0424) (Table 1). Furthermore, dramatic differences in pH levels were observed, with Q. rubra exhibiting a lower pH than J. nigra (p < 0.0001) and the control site DB (Table 1).



TABLE 1 Mean values of soil chemical properties by tree species.
[image: Table comparing three tree species: *J. nigra*, *Q. rubra*, and DB. Columns include Humidity (Hum), pH, Total Organic Carbon (TOC), Total Carbon (TC), Total Nitrogen (TN), and Carbon to Nitrogen Ratio (C:N). Values followed by different letters indicate statistical significance at a p < 0.05 level.]



3.2 Overall characteristics of the soil microbiome

We conducted NMDS ordination based on Bray-Curtis distances and subsequently performed PERMANOVA analysis to highlight seasonal and species-specific variation in microbial community structure to elucidate the factors influencing microbial community composition. Tree species emerged as the strongest predictor of bacterial/archaeal community composition (p = 0.001), followed by depth (p = 0.002) and season (p = 0.015, Figure 1a). Specifically, tree species accounted for 17.8% of bacterial/archaeal community variation, while depth and season contributed 4.2 and 6.2%, respectively (Figure 1a). Notably, both J. nigra and Q. rubra shared approximately 20% of unique bacterial/archaeal OTUs, with 26 and 20% unique OTUs, respectively. In contrast, DB harbored 15% unique bacterial/archaeal OTUs (Supplementary Figure 2a). Genus-level relative abundance data illustrated that Acidobacteriota and Proteobacteria were the most abundant taxa (Figure 2a). Specifically, Subgroup_2_ge, Candidatus_Solibacter (both Acidobacteriota) and Candidatus_Udaeobacter (Verrucomicrobiota) exhibited greater relative abundance in Q. rubra, whereas Flavobacterium (Bacteroidota), Vicinamibacteraceae_ge, and Comamonadaceae_unclassified (Proteobacteria) were more prevalent in DB and J. nigra (Figure 2a). The most pronounced differences were observed between Q. rubra and the other treatments. J. nigra and DB samples were primarily distinguished by season while depth exerted a greater influence on Q. rubra samples. Moreover, bacterial/archaeal α-diversity, as indicated by the Shannon index, was significantly higher under J. nigra for both seasons and depths compared to Q. rubra and DB (Figures 3a,b). Spring values of α -diversity generally exceeded those in autumn though no significant differences were detected across depth or season and no significant interactions among these factors were noted (p > 0.05) (Figures 3a,b).

[image: Scatter plots labeled a and b showing NMDS1 versus NMDS2 axes. Each plot includes data points represented by red, green, and blue symbols for plant types BS, BW, and RO, respectively. Circles and triangles indicate two depth levels: 0-10 and 10-20.]

FIGURE 1
 Non-metric multidimensional analysis (NMDS) plot illustrating the influence of tree species on (a) bacterial/archaeal and (b) fungal community composition. Each character corresponds to a sample collected in each season, while each color represents a category (J. nigra, Q. rubra, or DB).


[image: Two heatmaps, labeled a and b, display clustered genus data for different plant species. Heatmap a ranges from blue to red, indicating lower to higher values, with genera listed on the right. Plant species are marked at the top with green, red, and blue colors. Heatmap b uses a similar color gradient, showing the abundance of genera under different conditions. Both maps include dendrograms for hierarchical relationships, indicating similarities and differences among samples, with annotations for plant species and genera.]

FIGURE 2
 Heatmap showing the abundances of the 50 most abundant (a) bacterial/archaeal genera and (b) fungal genera in the soils for all three categories by depth, and season. Data were centered and scaled to the mean of each taxon’s log-transformed relative abundance. Samples are clustered along the top x-axis dendrogram based on community composition, while taxa are clustered on the side y-axis dendrogram according to their relative abundance distributed across samples. DB, non-plant soil; BW, J. nigra; RO, Q. rubra.


[image: Two bar charts labeled a) and b) display relative abundance of microbial phyla across different treatments. Chart a) shows bacterial and archaeal phyla with categories like Actinobacteriota and Proteobacteria. Chart b) shows fungal phyla, including Ascomycota and Basidiomycota. Each bar represents a treatment with varied color bands indicating abundance levels. Legends identify colors for each phylum type.]

FIGURE 3
 Relative abundances of (a) bacterial/archaeal and (b) fungal taxa, estimated from the proportional abundances of classifiable sequences, excluding unclassified sequences below the domain level. DB, non-plant soil; BW, J. nigra; RO, Q. rubra.


Tree species also significantly influenced fungal communities (p = 0.001), followed by soil depth (p = 0.001) (Figure 1b). A weak but significant interaction was observed relating to tree species and season (p = 0.049). Tree species accounted for 12.6% of fungal community variation, while depth and season explained 3% (Figure 1a). Moreover, J. nigra and Q. rubra shared 7% of unique fungal OTUs, with J. nigra and Q. rubra accounting for 34.75 and 22.25%, respectively. In contrast, DB contained 21.32% unique fungal OTUs (Supplementary Figure 2b). Genus-level relative abundance data exhibited variability across tree species, season, and soil depth (Figure 2b). Q. rubra exhibited a higher abundance of Cortinarius, Tuber, Russula, Lactarius, and Ramularia while J. nigra exhibited a higher abundance of Linnemannia, Podila, Trichoderma, and Fusarium (Figure 2b). Fungal α-diversity, as measured by the Shannon index, showed significant differences related to tree species (p = 0.0004), depth, and season (Figures 3c,d). Specifically, J. nigra exhibited the highest α-diversity, followed by Q. rubra and DB (Figure 3c). No significant differences were observed across depth or season, nor were there significant interactions among these factors (p > 0.05).

The analysis of fungal communities allowed for an exploration of functional guilds’ distribution and an assessment of their response to different environmental factors. Among fungal sequences, 1,046 of 7,893 OTUs were ascribed to a particular fungal functional guild. Ectomycorrhizas (EcM) were the most commonly identified guild, followed by saprotroph communities (Supplementary Figure 3). No significant differences in fungal guild relative abundances were observed between treatments, depth, or season (p > 0.05). However, significant differences in the richness of fungal guilds between tree species were noted. Saprotroph richness was notably higher in J. nigra (p = 0.0315), while Q. rubra exhibited greater EcM richness (p < 0.001). Additionally, saprotroph diversity showed significant seasonal variation (p = 0.0178), with greater diversity observed during autumn (Supplementary Table 1).



3.3 Major prokaryotic and fungal taxa

In the J. nigra, Q. rubra, and DB samples, Proteobacteria emerged as the dominant phylum among the recovered bacteria/archaea sequences, comprising 23.2% of the total, followed by Acidobacteriota (21.2%), Bacteroidota (13.4%), Verrucomicrobiota (9.9%), Planctomycetota (4.5%), and Actinobacteriota (3.8%) (Figure 4a). These top 6 phyla collectively accounted for over 90% of the recovered sequences. A total of 54 phyla were identified in the soil samples. At the class level, Gammaproteobacteria and Alphaproteobacteria, both belonging to the Proteobacteria phylum, represented 15.29 and 7.97% of the recovered 16S sequences, respectively. Proteobacteria exhibited significant variations associated with soil depths, while Acidobacteriota, Bacteroidota, and Myxococcota displayed variations linked to species and soil depth (Figure 4a). Other phyla such as Actinobacteriota and Planctomycetota were significantly influenced across depth and season. Notably, Armatimonadota were significantly influenced by tree species, while Chloroflexi showed a significant correlation with soil depth (Figure 4a).

[image: Box plots comparing tree species diversity across different soil depths and seasons using Shannon Index. Panels a and b depict depths 0-10 and 10-20, respectively, for spring and autumn. Panels c and d show similar comparisons with different significance values. J. nigra is red, DB is green, and Q. rubra is blue. Statistical significance is indicated, with different letters marking differences between species.]

FIGURE 4
 Influence of tree species, season, and depth on α-diversity for (a,b) bacteria/archaeal communities and (c,d) fungal communities at 0–10  cm (a,c) and 10-20  cm (b,d) soil depths. Values with different letters are significantly different among seasons (p-value < 0.05; ANOVA, followed by Tukey post-hoc test). DB, non-plant soil; BW, J. nigra; RO, Q. rubra.


Among the recovered fungal sequences from J. nigra, Q. rubra, and DB, Basidiomycota emerged as the predominant phylum, accounting for 59.3% of the total, followed by Ascomycota (15.3%), and Mortierellomycota (16.2%) (Figure 4b). Together, these phyla represented over 90% of the recovered sequences. Basidiomycota, Aphelidiomycota, and Chytridiomycota were significantly influenced by tree species, whereas Kickxellomycota was predominantly influenced by seasonal variations (Figure 4b). Mortierellomycota exhibited variations primarily associated with tree species that were evident only in autumn (Figure 4b).



3.4 Indicator species analysis

A total of 1,680 indicator operational taxonomic units (OTUs) were identified across the three designations: J. nigra (498 OTUs), Q. rubra (629 OTUs), and DB (256 OTUs) for bacterial/archaeal communities. Notably, J. nigra exhibited a higher percentage of Bacteroidota and Planctomycetota, while Q. rubra displayed elevated levels of Acidobacteriota (primarily Acidibacter, Bryobacter, and Subgroup_2_ge), Armatimonadota, and Planctomycetota compared to DB (Supplementary Table 2). Within Proteobacteria, J. nigra increased α- and β-Proteobacteria, whereas Q. rubra specifically elevated α-Proteobacteria compared to DB. Conversely, the presence of J. nigra led to a reduction in Actinobacteriota and Chloroflexi percentages, while Q. rubra limited the presence of Firmicutes (Supplementary Table 2). DESeq analysis corroborated these findings, highlighting significant taxonomic distinctions observed in J. nigra and Q. rubra (Figure 5a). This analysis revealed a total of 110 different OTUs belonging to 12 different phyla. The most abundant taxa within Q. rubra included Subgroup_2_ge, Granulicella, Bryobacter, Occallatibacter, Candidatus_Solibacter, and the Pedosphaeraceae_unclassified. Conversely, prevalent responders in J. nigra encompassed Sphingobium, Gemmatimonas, Tolumonas, Bacillales_Unclassified, and Perlucidibaca (Figure 5a). Comparing Q. rubra to DB unveiled pronounced differences primarily in Acidobacteriota and β-Proteobacteria taxa (Supplementary Figure 4a). A comparison between J. nigra and DB indicated distinct taxa, including GOUTA6 and Gematimonas in J. nigra and Granulicella and Subgroup_2_ge (Supplementary Figure 4b). Additionally, DESeq analysis was validated using ANCOM (Supplementary Figure 5a).

[image: Two plots show differential abundance of genera associated with Q. rubra and J. nigra. Panel a displays bacterial genera by phylum with diverse colored dots. Panel b shows fungal genera by phylum, also using colored dots. The x-axis represents genera names, while the y-axis depicts log2 fold change, highlighting the variation between the two species.]

FIGURE 5
 Differential representation of significant abundance OTUs, based on DESeq, between J. nigra and Q. rubra at the genus level for (a) bacterial/archaeal and (b) fungal taxa. Dots represent taxa, with colors indicating phylum and labels representing genus. Multiple points per genus correspond to different species of the genus. Positive values indicate a positive response to Q. rubra. Negative values indicate a positive response to J. nigra. Only OTUs with differential abundance at p < 0.05 are shown.


A total of 275 fungal community indicator OTUs were detected across our three categories: J. nigra (133 OTUs), Q. rubra (65 OTUs), and DB (65 OTUs) (Supplementary Table 3). The presence of J. nigra correlated with the Hymenogastraceae and Ceratobasidiaceae families, and the Coniochaeta genus, whereas Q. rubra showed elevated Basidiomycota, predominantly comprising ectomycorrhizal (EcM) fungi. Conversely, J. nigra led to a decrease in the percentage of Ascomycota, while Q. rubra exhibited reductions in Glomeromycota and Chytridiomycota. DESeq analysis demonstrated significant differences in fungal taxa within the J. nigra-Q. rubra comparison (Figure 5b), which was further validated using ANCOM (Supplementary Figure 5b). Specifically, Q. rubra enriched EcM fungal taxa such as Tuber, Inocybe, Tomentella, Amanita, and Russula, while J. nigra favored Hymenogaster, Lobulomyces, Thanatephorus, Otospora, and Entrophospora. These variations extended to comparisons with DB (Supplementary Figures 3c,d).



3.5 Tree species affect microbial co-occurrence network properties and taxa hubs

The soil bacterial/archaeal community network exhibited distinct co-occurrence patterns for each tree species and the DB category (Figure 6; Table 2). BD presented a higher number of nodes and edges than both tree species. Additionally, BD presented values for density, clustering coefficient, and avg. number of neighbors (Table 2). Q. rubra presented the highest mean degree and average path length values (Table 2). Among the identified keystones for bacterial networks under different plant species, 42 taxa belonging to five phyla were identified, including Sphingomonas, Arenimonas, Bryobacter, Bradyrhizobium, Ellin6067, and Subgroup_2_ge (Supplementary Table 4).
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FIGURE 6
 Co-occurrence patterns in bacterial/archaeal (a–c) and fungal (d–f) microbiomes in (a,d) J. nigra, (b,d) Q. rubra, and (c,e) DB. Connections represent strong (Spearman’s ρ > 0.6) and significant (FDR-corrected p < 0.01) correlations. Node size corresponds to the OTUs’ degree and edge thickness corresponds to Spearman’s correlation coefficient value. Node size of individual nodes corresponds to the OTUs’ degree, and the thickness of connections between noted (edges) corresponds to Spearman’s correlation coefficient value. DB, non-plant soil; BW, J. nigra; RO, Q. rubra.




TABLE 2 Topological features of the co-occurrence networks constructed based on bacteria and fungi.
[image: Table comparing network properties for bacteria/archaea and fungi trees. Columns include tree species names, number of edges and nodes, clustering coefficient, average path length, density, mean degree, and average number of neighbors. Each category has different species (e.g., *J. nigra*, *Q. rubra*, DB) with respective values showing variations in structure and connectivity.]

Similarly, both tree species experienced reduced nodes and edges in the soil fungal community network, resulting in a smaller mean degree and clustering coefficient (Figure 6d; Table 2). Notably, the Q. rubra network exhibited the highest clustering coefficient and modularity (Figure 6d; Table 2). The Nectriaceae and Ceratobasidiaceae families were the only ones identified as a keystone taxon in the DB network. Additionally, Saitozyma presented high values of mean degree and betweenness centrality in both Q. rubra and DB specifically. Finally, Tuber was presented in both tree plant species (Supplementary Table 4). Furthermore, other keystone taxa identified in Q. rubra were Inocybe, Talaromyces, Laccaria, and Podila while in J. nigra appeared Solicoccozyma, Staphylotrichum, Cladosporium, Phlegmacium, and Cortinarius (Supplementary Table 4).



3.6 Effects of tree species, season, and soil depth on environmental parameters and associated microbial communities

Results from a Mantel test revealed the significant influence of soil variables on microbial community structures. Specifically, soil pH (r = 0.3, p = 0.001) significantly affected bacterial/archaeal community structure. Additionally, pH (r = 0.3, p = 0.001), TN (r = 0.18, p = 0.003), and TC (r = 0.077, p = 0.044) collectively shaped fungal community structure. Humidity was significantly correlated with Ascomycota (r = 0.38, p = 0.006) and Kickxellomycota (r = −0.36, p = 0.011) among fungal phyla. In contrast, Glomeromycota and Kickxellomycota exhibited negative correlations with pH, TOC, TC, and TN (Supplementary Table 5). The C/N ratio also demonstrated a significant correlation with Murocomycota (r = −0.33, p = 0.021).

Chemical properties represented by TOC, TC, and TN positively correlated with Proteobacteria, Bacteroidota, and TM7 to a significant degree. These same chemical properties were negatively correlated with Acidobacteriota, Firmicutes (only TOC), Planctomycetota, and Chloroflexi (Supplementary Table 5). A significant correlation was observed between pH and several phyla, including Proteobacteria, Acidobacteriota, Actinobacteriota, Firmicutes, and Armatimonadota. The C/N ratio impacted Bacteroidota, Actinobacteriota, and Chloroflexi while soil humidity showed correlations with Bacteroidota and Chloroflexi (Supplementary Table 5).




4 Discussion

Tree species composition can drastically reshape soil microbial communities and consequently induce suppression or acceleration of soil functions (Chen et al., 2019; Ramirez et al., 2019). Therefore, understanding how different tree species influence soil microbial communities is imperative for elucidating these dynamics. In our work, we revealed significant distinctions in soil microbial communities associated with J. nigra, Q. rubra, and the DB. Specifically, building upon previous research by Gardner et al. (2023), our results underscore how the introduction of trees, particularly J. nigra and Q. rubra, significantly modified and enriched microbial diversity within the DB soil structure. Notably, an impressive 47 and 56% of bacterial/archaeal and fungal OTUs appeared only in the plots with trees. These results support our principal hypothesis that tree species were the strongest influencers of microbial communities. Furthermore, the distribution of bacterial/archaeal and fungal OTUs revealed that J. nigra harbored a higher proportion of these taxa compared to other species. Tedersoo et al. (2013) showed that J. nigra in agroforestry systems enhanced soil bacterial/archaeal diversity, particularly with increasing tree biomass and agroforestry age in a previous study. Also, litter from J. nigra can improve vital soil fertility indicators, such as C and N content, promoting abundance and diversity principally within bacterial/archaeal communities (Hong-ye et al., 2016). In contrast, fungal communities associated with both J. nigra and Q. rubra displayed a higher species diversity compared with soil without trees. The presence of J. nigra led to the highest increase in diversity within bacterial/archaeal communities.

Our findings revealed distinct responses of bacterial and fungal communities to different tree species, consistent with prior studies (Lu-Irving et al., 2019; Onufrak et al., 2020). This observation highlights that tree species exert varying degrees of influence on bacterial and fungal communities, shedding light on the complex interactions between plants and soil microbes. However, these results contrast previous studies, where soil depth was the main driver of bacterial community (Prada-Salcedo et al., 2022). In our study, depth and season had a significant but limited impact on bacterial and fungal communities. The influence of soil depth on microbial communities is a result of the nutrient gradient effect. Specifically, soil depth influenced Acidobacteriota, with higher levels detected in the deeper soil profiles (Eilers et al., 2012) where nutrient availability is often less abundant (DeAngelis et al., 2009). The seasonal effects mainly affect two important variables for soil microbial communities: humidity and temperature. Our samplings were carried out in autumn and spring when the climate is not extreme like in summer or winter, thus the effect on the microbial communities might be less influential or need more days to show significant changes detectable by technique (Gardner et al., 2023).

Bacterial community analysis showed Proteobacteria and Acidobacteriota, common in forest soil, were the most abundant phyla recovered in this study, a finding that aligns with observations by other researchers (Uroz et al., 2016). Additionally, this analysis detected a notable abundance of Bacteroidota, Verrucomicrobiota, and Actinobacteriota. J. nigra significantly increased the abundance of Bacteroidota and Proteobacteria in comparison to Q. rubra. In contrast, Onufrak et al. (2020) showed that the Spirosomaceae family (Bacteroidota) appeared as an indicator of J. nigra. Both phyla are well-known for their copiotrophic life strategy, different from oligotrophs in that they thrive in highly organic, nutrient-rich soils (Fierer et al., 2007; Prada-Salcedo et al., 2022). Conversely, Q. rubra increased the representation of Acidobacteriota members, a phylum characterized by their survival ability in low C availability or oligotrophic environments (Fierer et al., 2007). The shift is supported by the positive correlation between C and N stocks with Proteobacteria and the negative correlation with Acidobacteriota, supporting the theory of life strategy attributes. The decline in pH in Q. rubra soils allows for Acidobacteriota populations to rise.

Bacterial taxa in forests and plantations have been documented extensively (Uroz et al., 2016; Landesman et al., 2014). The substantially higher proportion of Subgroup_2_ge, Granulicella, Bryobacter, Occallatibacter, and Candidatus_Solibacter can be explained by the positive relationship between Acidobacteriota and the decreased soil pH found in Q. rubra (Fierer et al., 2007). Within the Q. rubra plots, we also observed a significant abundance of genera such as Burkholderia, Sphingomonas, and Rhizomicrobium, which can be associated with the robust growth of these trees (Landesman et al., 2014; Morrison et al., 2014). These genera play crucial roles in N cycling as nitrogen-fixing bacteria (Anderson and Habiger, 2012) and in phosphorous solubilization (Halder et al., 1990). Additionally, Kuramae et al. (2019) indicated a significant positive correlation between Acidobacteriota and nitrogen-fixing bacteria (Rhizobiales and Burkholderiales) and decomposers (Elsterales and Xanthomonadales). The enhancement of two Bacteroidota genera, Flavobacterium and Chryseobacterium, known for their occurrence in root associations and deadwood, was linked to J. nigra. This is consistent with the association of Bacteroidota with carbon-rich soils like those found around J. nigra (Fierer et al., 2012) and their diverse physiological capabilities, including ligninolytic activity (Dilly et al., 2001; Kolton et al., 2013).

Soil-associated fungal communities vary with tree species (Baldrian, 2017). In this study, the fungal community primarily featured phyla such as Basidiomycota, Ascomycota, and Mortierellomycota. Our findings align with prior studies indicating that Ascomycota and Basidiomycota dominate forest and plantation soils (Urbanova et al., 2015). Specifically, J. nigra increased the abundance of Glomeromycota, while Q. rubra favored Basidiomycota and Ascomycota. Several studies suggest that the uptick in Basidiomycota is linked to their capacity for decomposing more recalcitrant litter (Nguyen et al., 2016). In contrast, Glomeromycota represents AM fungi which can be associated with J. nigra (Štursová et al., 2016).

The identity of plant species remains a principal factor shaping AM fungal communities (Mummey and Rillig, 2006; Baldrian, 2017). Our findings suggest host preference in symbiotic EcM fungal species, with Q. rubra hosting the following genera: Inocybe, Amanita, Tomentella, Lactarius, and Russula, whereas J. nigra was more commonly associated with Hebeloma, Trichoderma, Coniochaeta, Coralloidiomyces, and Enterocarpus, as reported in previous research (Zhang and Wang, 2017). Previous research has emphasized the impact of N supplies and soil pH on EcM community diversification (Suz et al., 2014). Additionally, some studies have shown the crucial role of EcM fungi in accessing organic nutrients, particularly under acidic conditions (Averill et al., 2019), which is congruent with our results here. Moreover, the increased abundance of EcM fungi in Q. rubra is consistent with the greater EcM richness observed in these plots compared to J. nigra and DB. Furthermore, when comparing J. nigra with DB, J. nigra exhibited a greater abundance of various EcM fungi, including Hebeloma, Laccaria, Hymenogasters, and Protoglossum. In contrast to saprophytic fungal communities, tree host specialization is a significant force influencing EcM fungal populations (Ferlian et al., 2018; Chen et al., 2019).

Microorganisms thrive in complex associations rather than in isolation (Banerjee et al., 2019). To explore this, we created distinct co-occurrence networks for bacterial/archaeal and fungal communities and analyzed their features to understand how plant species affect microbial co-occurrence patterns. Our findings revealed that the DB zone presented the highest number of connections (edges) between the different nodes for bacterial/archaeal and fungal co-occurrence networks. Additionally, DB networks presented the highest values for clustering coefficient and density parameters. On the contrary, the Q. rubra presented higher values for the network average path length and mean degree parameters. This observation suggests that greater microbial diversity does not necessarily lead to more complex co-occurrence networks. This phenomenon can be explained by the ecological theory of the species-energy relationship (Evans et al., 2005; Gaston, 2000; Wright, 1983). J. nigra’s richer C and N environment provides a diverse range of energy sources for bacterial/archaeal communities, enhancing their diversity. Consequently, bacterial/archaeal species are more dependent on environmental energy and nutrients than on complex interactions with other bacterial species (Tu et al., 2020).

Keystone taxa are highly linked microorganisms that play essential roles in the structure and function of the microbiota and operate as environmental indicators (Banerjee et al., 2019). In our analysis, we identified keystone taxa belonging to Proteobacteria associated with tree species’ plantations, Arenimonas, Sphingomonas, KF-JG30-C25_ge, and Oxalobacteraceae_unclassified for J. nigra. These findings highlight the specific bacterial taxa that may be crucial in maintaining microbial community stability under varying soil conditions. This response pattern is consistent with the soil pH decrease produced by these trees. Additional keystone taxa associated with trees were Actinobacteriota which have a significant impact on the structure and function of forest ecosystems (Lupatini et al., 2014) due to their role in the degradation of cellulitic materials and the solubilization of P (Mitra et al., 2022; Zhou et al., 2020). Furthermore, Sphingomonas is capable of degrading very complex carbon substrates including both substituted and unsubstituted mono- and poly-aromatic hydrocarbons up to five rings (Jones et al., 2011), giving this genus a distinctive advantage in decomposing recalcitrant carbon sources such as lignin. When we analyzed fungal keystone taxa, Tuber, belonging to the Pezizales order, was a common keystone taxon in both plant species and DB. This fungus is integral to the forest food web, forming EcM associations that are most widely distributed in forests of the northern hemisphere (Obase et al., 2011; Bahram et al., 2013). Conversely, Mortierella emerged as a keystone taxon associated with J. nigra, a genus known for its saprotrophic capabilities (Yadav et al., 2015). These findings emphasize the divergent ecological roles that fungal communities may play depending on the host tree species.

Our findings show that tree species significantly influence C and N stocks and pH levels (Gardner et al., 2023). Variations in these soil properties can be attributed to differences in tree physiology and their subsequent impact on soil chemistry. Existing research strongly supports the notion that forest trees contribute to soil acidification over decadal intervals (Binkley, 1995; Mitchell et al., 2010). In addition, our study unveiled significant correlations between soil properties and microbial community structures, echoing findings from previous research (Lauber et al., 2009; Banerjee et al., 2019). These correlations underscore the intricate interplay between environmental factors and microbial community dynamics in soil ecosystems. Specifically, the correlation between total C and N with the fungal community illustrates the essential role of fungi in the C and N cycle. Fungi are the primary agents involved in the decomposition of soil organic matter in temperate forests (Baldrian, 2008). However, it is important to note that bacterial and fungal communities are not governed by the same environmental parameters (Uroz et al., 2016). Notably, fungal communities are strongly influenced by tree species, while bacterial communities are primarily influenced by root exudates (Urbanova et al., 2015).

One of our work’s limitations is that J. nigra and Q. rubra associate with different types of mycorrhizas, which introduces variability in fungal community analysis. The fungal primers used here are not suitable for sequencing AM fungi. As a result, our findings may include a greater number of mycorrhizal fungi that are more closely related to Q. rubra than J. nigra. Future studies should incorporate primers that effectively capture the entire spectrum of soil mycorrhizal communities associated with these tree species to achieve a more comprehensive analysis. Although observational study designs limit causal inference, they are beneficial for exploring an understudied system and generating suggestions to guide future microbiome research on hardwood trees. Another potential limitation of our work is the use of OTUs instead of amplicon sequence variants (ASVs). Previous studies suggest that the diversity index based on ASV may outperform those based on OTUs (Joos et al., 2020). Although rarefaction and clustering level-identity OTUs appear to bridge the gap between OTU- and ASV-based techniques (Chiarello et al., 2022), we rarified the samples in this study to be consistent. Future research should consider the adoption of ASV techniques to improve the accuracy of microbial diversity assessments.



5 Conclusion

In summary, this study provides compelling evidence of the strong impact of tree species on soil properties and soil bacterial/archaeal and fungal communities. Our findings demonstrate that tree species differ significantly in shaping belowground communities. Specifically, tree species, characterized by distinct litter quality and mycorrhiza fungal associations, impact not only the taxonomy of bacterial/archaeal and fungal communities but also their diversity and interactions through interspecific connections. Moreover, tree species directly or indirectly alter soil properties (Sommer et al., 2017). These changes in soil properties can either enhance or diminish a forest’s resilience to climate-related stressors such as drought, diseases, and pests (Buma and Wessman, 2013; Williams and Ginzel, 2020). Consequently, those tree species able to adapt to the modified soil conditions may thrive, while others may struggle, thereby causing significant impacts on the overall resilience and diversity of the forest ecosystem. Looking ahead, research is necessary to associate the soil microbial communities with plant health and development. Such studies are crucial to determine which microbial species can enhance early tree plantation growth thereby ensuring greater plant growth and yields.
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SUPPLEMENTARY FIGURE 1 | Rarefaction curves of observed species plotted against sampling depth for (a) bacteria/archaea and (b) fungi.



SUPPLEMENTARY FIGURE 2 | Venn diagrams illustrating the shared OTUs of the (a) fungal and (b) bacterial/archaeal microbiomes associated with J. nigra, Q. rubra, and DB. The diagrams show the absolute number of OTUs shared between microbiomes for both tree species and DB across seasons and depths. DB, non-plant soil; BW, J. nigra; RO, Q. rubra.



SUPPLEMENTARY FIGURE 3 | Relative abundance of fungal functional guilds in soils associated with both tree species and the DB environment. DB, non-plant soil; BW, J. nigra; RO, Northern red oak.



SUPPLEMENTARY FIGURE 4 | Differential representation of significant abundance OTUs between J. nigra and Q. rubra at the genus level for (a,b) bacterial/archaeal and (c,d) fungal taxa. Figures (a) and (c) compare J. nigra vs. DB, while (b) and (d) compare Q. rubra vs. DB. Dots represent taxa, colors indicate phylum, and labels represent genus. Multiple points per genus represent distinct species of a given genus. Positive values indicate a positive response to J. nigra or Q. rubra, while negative values indicate a positive response to DB. Only OTUs with differential abundance at p < 0.05 are represented. DB, non-plant soil; BW, J. nigra; RO, Northern red oak.



SUPPLEMENTARY FIGURE 5 | Differential representation of significant abundance OTUs, based on ANCOM, between J. nigra and Q. rubra at the genus level for (a) bacterial/archaeal and (b) fungal taxa. Positive values indicate a positive response to Q. rubra. Negative values indicate a positive response to J. nigra. Only the probabilities with a differential abundance at p < 0.05 are represented.
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Introduction: Epiphytic and endophytic fungi are primary decomposers of forest litter due to their complex species composition and metabolic functions. To clarify the community diversity of phyllospheric fungi and to explore nutrient loss and the role of fungal decomposition, we conducted a study on the decomposition of leaf litter during the 1-year decomposition of Larix gmelinii in the cold temperate zone.
Methods: Fungal diversity data were characterized via Single Molecule Sequencing (based on the Sequel II Sequencing System) and statistical analyses in R.
Results and discussion: Our findings revealed the presence of 11 known fungal phyla and 29 dominant genera in the larch litter of Greater Khingan. Among these, Basidiomycota and Leucosporidium were dominant in the epiphytic environment, while Ascomycota and Exutisphaerella dominated the endophytic environment. In the early periods of decomposition, phyllospheric fungi became the primary colonizers during litter decomposition by adjusting their life strategies to transition to saprophytic or pathogenic metabolic processes. During decomposition, significant differences in alpha diversity were observed between endophytes and epiphytes. Correlation analysis between these fungi and biological factors revealed a strong relationship between cellulose loss in leaves and the return of N, P, and K. This indicated that the combined biological effects of nutrients, aminosugars, and plant fibers strongly explained changes in community structure. Our results also revealed a significant clustering effect between fungi and biological factors, reflecting the important role of phyllospheric functional fungal communities in carbon fluctuations, cellulose decomposition, and the enrichment of P and K in leaf litter. In summary, this study offers insights into ecosystem processes and nutrient cycling within cold temperate forests, with potential applications for understanding global carbon dynamics.
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Introduction

Litter is defined as the sum of all debris returned to the ground by fallen vegetation, including leaves, branches, fruits, withered herbs, roots, and other materials, with leaf litter comprising more than 50% of the total (Guo et al., 2015). Leaf litter is a major source of nutrients for plants, microorganisms, and soil animals. Larch litter is primarily comprised of leaf litter, which is mainly decomposed by microorganisms. During decomposition, the released nutrients can be transferred between different types of litter, eventually entering the soil through bio-organic metabolism, where they are reabsorbed and utilized by plants (Leppert et al., 2017).

Currently, leaf litter decomposition is a major focus in forest ecology research, with studies primarily examining the effects of climate and site conditions on decomposition (Xing et al., 2024; Sagi and Hawlena, 2023), the response of decomposition processes to nitrogen deposition (Wrightson et al., 2024; Song et al., 2024), leaf litter mass loss and nutrient release (primarily carbon output) (Zhang et al., 2024; Piazza et al., 2024), decomposition rates and limiting factors (Nakanishi and Tsuyuzaki, 2024; Lin et al., 2024), and the roles of soil animals and soil microbial functions (Contos et al., 2024; Wang et al., 2024). Nevertheless, little is known regarding how fungal communities affect and regulate leaf litter decomposition. Phyllospheric fungi are widely recognized as crucial decomposers, playing a key role in nutrient cycling by breaking down organic matter in forest ecosystems (Yan et al., 2010; Sun et al., 2021). After plant leaf fall, fungal hyphae invade the tissue and secrete various extracellular enzymes that convert hard-to-decompose sugars and phenolic substances into small, soluble organic molecules, making the leaf litter easier to decompose further (Waring, 2013). Additionally, the succession of fungal communities also influences the decomposition process of litter. In the early periods of litter decomposition, leaf mass loss is primarily driven by Basidiomycetes and Ascomycetes, which effectively decompose carbohydrates (Sun et al., 2021). As decomposition progresses, the dominant fungal groups shift to saprophytic fungi that can utilize more resistant substances (Chakraborty et al., 2020). This succession process highlights the functional differences in fungal community structure at various periods of litter decomposition, a phenomenon mostly observed in tropical, subtropical, and mid-temperate regions, with limited research in cold temperate climates (Marian et al., 2019; Lin et al., 2019; Bahnmann et al., 2018). Although phyllospheric fungi play a crucial role in initiating leaf litter decomposition and nutrient release in global forest ecosystems (Carnicer et al., 2015), microbial distribution is more strongly influenced by vegetation types and climatic conditions at the micro-scale (Fukasawa et al., 2021; Tian et al., 2018; Wu et al., 2021). Therefore, the species and functional differences exhibited by fungal communities during leaf litter decomposition in cold temperate climates are particularly worthy of attention.

Larch is the dominant vegetation type in the cold temperate forest of the Greater Khingan Range. Compared to tropical, subtropical, and temperate zones, this cold temperate larch forest is an especially sensitive northern ecosystem affected by climate change. In response to global climate shifts, the larch ecosystem adjusts its water, heat, and carbon exchange with the atmosphere to mitigate warming, acting as a crucial barrier in supporting and stabilizing the healthy development of northern forest ecosystems. Currently, research on nutrient loss from cold temperate forest litter at mid to high latitudes remains limited, and the complex interactions between fungal communities involved in leaf litter decomposition and nutrient loss in these forests have been largely overlooked. Previous studies have primarily focused on the effects of endophytic fungi or specific functional genera on litter nutrient and quality loss, restricting the scope of fungal research in natural conditions and limiting the depth of these studies. Therefore, building on prior research, we offer the following novel insights: (1) high-throughput sequencing enables more accurate and comprehensive identification of in situ fungi in the field, providing a detailed understanding of phyllospheric fungal community structure and dynamic evolution across different stages of litter decomposition; (2) we link fungal diversity to nutrient flow, comparing the diversity of epiphytic and endophytic fungi and examining their correlations with nutrient loss in needle leaf litter; and (3) we further investigate the functional differences between epiphytic and endophytic fungi, assessing their roles in larch leaf litter decomposition and nutrient cycling. Our findings reveal a more intricate picture of the role of phyllospheric fungi in litter decomposition, providing a theoretical foundation for future research into the impact of fungal communities on material decomposition in cold temperate forests amid climate change.



Materials and methods


Experimental area and sample collection

This study was conducted in the Heilongjiang Huzhong National Nature Reserve (51°49′01″-51°49′19″N, 122°59′33″-123°00′03″E) in the Greater Khingan Range Region of China. The terrain in this area is gentle, with a mean elevation ranging from 847 to 974 m. The mean annual temperature is −4°C, with an average annual precipitation of 458.3 mm, mean annual relative humidity of 71%, and mean annual evaporation of 911 mm. This region represents a global cold temperate climate and boreal forest ecosystem, with larch as the primary zonal vegetation, making it a key area sensitive to global ecological change. Here, the research team has established a permanent large-scale plot (25 hm2) in the cold temperate larch forest, where extensive studies on forest biodiversity, coexistence mechanisms, climate change, and ecological response have been conducted, yielding significant discoveries and progress over the past decade.

The experimental area was located within a 25-hectare larch forest plot in the Cold Temperate Zone of China, which is part of the Chinese Forest Biodiversity Monitoring Network (CForBio) and the Center for Tropical Forest Science - Forest Global Earth Observatory (CTFS-Forest GEO). A 20 m × 20 m sample plot was established, with three sampling points arranged within the plot. To investigate the initial decomposition process of leaf litter, a one-year decomposition period was established, with samples collected at five stages: (1) Green Leaves Period (GL): In August 2022, healthy green leaves were randomly collected as a control; (2) Withered Leaves Period (WL): In early September 2022, unfallen withered leaves were randomly collected; (3) Fallen Leaves Period Phase I (FLI): In late September 2022, naturally fallen leaves were gathered using a collection box; (4) Fallen Leaves Period Phase II (FLII): FLI leaves were placed in litterbags, fixed on the soil surface at the original larch location in late September 2022, and collected in May 2023; (5) Fallen Leaves Period Phase III (FLIII): In September 2023, leaves in litterbags were collected. Three parallel samples were collected at each sampling point during each period, resulting in a total of 45 leaf samples, which were packaged, labeled, and brought back to the laboratory. After mixing the parallel samples, 15 test samples were obtained. One part of these samples was used for gene sequencing of epiphytic fungi (EpiF) and endophytic fungi (EndF), whereas the other part was used for detecting biological factors in coniferous leaves, with each sample tested in triplicate.



DNA extraction

The DNA of larch phyllospheric microorganisms was extracted using the TGuide S96 Magnetic Soil/Stool DNA Kit (DP812, Tiangen Biotech, China) according to the manufacturer's instructions. Following vortex mixing of the pre-treated sample, it was heated at 70°C for RZ pyrolysis, yielding 500 μl of supernatant. The lysed samples were then purified using magnetic bead-specific adsorption (twice), followed by RD protein removal and TB buffer elution, preparing the samples for use. The magnetic bead recovery efficiency for nucleic acid samples was over 95%.



Sequence amplicon and gene library construction

The ITS rRNA full-length gene was amplified from the genomic DNA extracted from each sample using the ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) universal primer set, with a Veriti® Thermal Cycler (Veriti 96-well, Applied Biosystems Inc., USA).

The reaction mixture consisted of the following: KOD OneTM PCR Master Mix (KMM-101, TOYOBO Life Science, Japan) 15 μL; Forward Primer (5 μmol/L) 0.9 μL; Reverse Primer (5 μmol/L) 0.9 μL; Template DNA (10 ng/μL) 1.5 μL and nuclease-free water 11.7 μL, bringing the total volume to 30 μL.

PCR amplification of the ITS full-length sequence was performed with the following thermal cycling conditions: initial denaturation at 95°C for 5 min, followed by eight cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, and extension at 72°C for 45 seconds. This was followed by 24 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 45 seconds, with a final extension at 72°C for 10 min. The reaction was then stopped at 4°C.

After PCR amplification, the amplicons were first detected using 1.8% agarose gel electrophoresis. If the main electrophoretic band was clear with minimal impurities, samples were mixed in a 1:1 ratio. Next, the PCR amplicons were purified using VAHTSTM DNA Clean Beads (N411-03, Vazyme, China) and magnetic beads. The amplicons were then subjected to a second electrophoresis and purified from agarose gels using the Monarch® DNA Gel Extraction Kit (250 steps, New England Biolabs, China). Quantification of the total PCR amplicons was performed using the Qubit® dsDNA HS Assay Kit and a Qubit® 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, USA). Finally, libraries were prepared from the amplified DNA using the SMRTbellTM Express Template Prep Kit (v2.0, Pacific Biosciences, USA) according to the manufacturer's instructions.



High throughput sequencing

Single-molecule real-time (SMRT) sequencing was performed on the PCR amplification products of 30 samples using the Sequel II sequencing system (Pacific Biosciences, USA). After sequencing, effective circular consensus sequences (CCS) were obtained by performing quality control on the sequence data. The raw sequence data have been submitted to the NCBI Sequence Read Archive (SRA) under the accession numbers PRJNA1080264 and PRJNA1081168.



Data processing

The effective CCS sequences were clustered using Usearch v10.0.240_i86 at a 97% similarity level, yielding OTUs and representative sequences after normalizing the sample sequences to the minimum number. Based on the OTUs classification data, a histogram of OTUs distribution across different samples was generated using Matplotlib v1.4.3. Using QIIME 2 v2020.6 (Evan et al., 2019), the “qiime diversity alpha-rarefaction” command and corresponding scripts were employed to calculate the alpha diversity index for each sample. The significance of index differences between groups was assessed using Student's t-test. A boxplot of the results was then generated using R (Picante v1.8.2).

The representative OTUs sequences were annotated using the RDP Classifier v2.7 based on the Unite 8.0 ITS fungal taxonomy database to obtain species classification information at different taxonomic levels. Species abundance tables were generated at various taxonomic levels using QIIME 2 v2020.6.0, and differences in species abundance among groups were tested using the F-test. Subsequently, R (ggplot v3.1.1) was used to draw bar charts illustrating species distribution and significant differences at the phylum and genus levels.

Principal coordinates analysis (PCoA) was conducted on the classification data using R (vegan v2.3-0), with species differences and abundance at the phylum and genus levels weighted according to the Bray-Curtis algorithm. Significance and correlation matrices between groups were calculated using Pearson's correlation and the pairwise test of permutational multivariate analysis of variance (PERMANOVA). PCoA and intergroup distance matrix plots were generated at the phylum and genus levels using R (ggplot).

The FUNGuild v1.0 tool was employed to classify and test the differences in functional genes of fungal communities, followed by clustering species according to their ecological functions.

The Varpart function in R (vegan v2.3-0) was used to analyze the explanatory ratios of three types of biological factors, including Nutrient, Aminosugar, and Plantfiber, on changes in community structure. The correlation between biological factors and species was analyzed using Redundancy Analysis (RDA) or Canonical Correspondence Analysis (CCA), with significant relationships marked by Pearson correlation coefficients.



Detection of biological factors

Total Carbon (TC) in leaf was determined using the potassium dichromate volumetric method. Total Nitrogen (TN) was measured using the Micro-Kjeldahl method, and Total Phosphorus (TP) was determined by molybdenum antimony colorimetry. A flame photometer was used to measure Total Potassium (TK). Cellulose, hemicellulose, and lignin were quantified via ELISA using a Content Assay Kit (Michy Biomedical Technology, China). Glucosamine (GluN) and Galactosamine (GalN) were detected by liquid chromatography using HPLC (Agilent 1100, Agilent Technologies Inc., USA).




Results and analysis


Diversity differences of fungal communities in different decomposition periods of leaf litter based on OTUs

After quality control, 1,774,385 effective CCS sequences were obtained, resulting in the clustering of 1,263 OTUs. As shown in Figure 1, following leaf litter decomposition, EndF OTUs briefly decreased during the WL phase but gradually increased throughout the decomposition process, while EpiF OTUs steadily declined. The WL phase acted as a transition point for the shift in both fungal living environments, with EndF OTUs emerging as the primary contributors to decomposition.
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FIGURE 1
 OTUs cluster distribution of the fungi during different periods of leaf litter decomposition.


In this study, when the fungal library coverage exceeded 0.9999 in each sample, the results of the Alpha diversity analysis were deemed representative of the true fungal communities on leaf litter. As illustrated in Figure 2A, the ACE index of EpiF was highest in WL, while for EndF, it was highest in FLII. This indicates that phyllospheric fungi not only had high abundance but also a relative advantage for rare species in WL and FLII. Figure 2B shows that the Shannon index of EpiF in GL and WL was higher than in FL, indicating that the fungal community of larch needles had high Alpha diversity before leaf fall. However, Alpha diversity decreased significantly (0.000041 < P < 0.0017) once the leaf fell into the soil (FLI, FLII, FLIII). The Shannon index of EndF gradually decreased in the following order: WL > FLI > FLII > FLIII, suggesting that the diversity of EndF declined as the decomposition process progressed (0.0012 < P < 0.037). In contrast, the Shannon index of EpiF was higher than that of EndF in GL and WL. After reaching the FL period, although the diversity of EndF continued to decline, it remained higher than that of EpiF. Additionally, the Index Diversity Test revealed significant or highly significant differences (0.0011 < P < 0.012) in species abundance and evenness (as represented by the Shannon index) between EpiF and EndF within the same decomposition period. Particularly, although the evenness of both fungi showed a significant downward trend during soil decomposition, there were still significant differences in Alpha diversity. In summary, endophytic fungi displayed higher overall diversity at all decomposition stages, indicating a potentially stronger role in long-term litter nutrient cycling.
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FIGURE 2
 Alpha diversity indices of fungal communities based on OTUs during different decomposition periods of larch leaf litter, ACE (A) and Shannon (B).




Composition and distribution of major fungal communities in different decomposition periods of leaf litter

As shown in Figure 3A, 11 known fungal phyla, including Ascomycota, Basidiomycota, Mucoromycota, Chytridiomycota, and Rozellomycota, were detected during the decomposition of larch leaf litter in the Greater Khingan Range. Basidiomycota was the dominant phylum in the epiphytic environment. As shown in Figure 3B, The relative abundance of Basidiomycota significantly increased from 0.595 in GL and 0.504 in WL to between 0.932 and 0.948 in FLI, FLII, and FLIII, with an extremely significant difference (P < 0.001). Ascomycota, a relatively dominant phylum, had a higher abundance in GL (0.402) and WL (0.488), but showed a significant downward trend (P < 0.001) in FL, dropping to between 0.051 and 0.061. In the endophytic environment, Ascomycota was the dominant phylum. Its abundance was higher in GL (0.958) and WL (0.954), but then decreased significantly (P < 0.001) during FL decomposition, ranging from 0.590 to 0.725. Basidiomycota, a relatively dominant phylum, showed an increase in abundance (0.0387 to 0.407) as the decomposition process progressed. Overall, the abundance of Basidiomycota and Ascomycota fluctuated dynamically, exhibiting a “rise-and-fall” relationship as the decomposition process progressed. The dominance of Basidiomycota among epiphytic fungi in the GL and WL phases suggests their role as initial colonizers during the early stages of litter decomposition, while the prevalence of Ascomycota in endophytic fungi indicates their primary role in the later stages of decomposition.


[image: Bar charts illustrating fungal phylum relative abundance in two conditions, EpiF and EndF. Chart (A) compares various phyla, with Ascomycota and Basidiomycota dominating. Chart (B) focuses on Ascomycota and Basidiomycota across samples GL, WL, FL I, FL II, and FL III, showing significant abundance differences.]
FIGURE 3
 (A) Composition of fungal communities and (B) significance test of intergroup differences for dominant fungi at the phylum level during different decomposition periods of larch leaf litter.


The bar chart in Figure 4A shows the fungal genera with a relative abundance greater than 0.003. In the epiphytic environment, 11 genera, including Leucosporidium, Rhodosporidiobolus, Exobasidium, Mrakia, Perusta, Hormonema, and Cladosporium, were dominant with a relative abundance exceeding 0.01. Leucosporidium (0.333) was the absolute dominant genus. The dominant genera shown in Figure 4B displayed significant differences in abundance across different decomposition periods of leaf litter. Notably, the abundance of Leucosporidium significantly increased from GL to WL and then to FL (P < 0.01), while the abundance of Exobasidium, Perusta, Hormonema, and Cladosporium significantly decreased after the leaf fell to the soil (P < 0.001). In the endophytic environment, 15 genera, including Exutisphaerella, Perusta, Exobasidium, Gymnopus, Hormonema, Cladosporium, and Xenopolyscytalum, were dominant with relative abundance > 0.01. Among them, Exutisphaerella (0.211) and Perusta (0.146) were the absolute dominant genera, with their abundance gradually increasing and decreasing, respectively, as the leaf decomposed. As shown in Figure 4C of the intergroup difference test results, the abundance of Hormonema and Cladosporium significantly decreased from 0.073 and 0.063 to 0.004 and 0.004, respectively, after leaf fall (P < 0.001), while Xenosporum significantly increased from 0.0001 to 0.043 (P < 0.001). In summary, the composition and abundance of dominant fungal genera in leaf litter varied not only across different decomposition periods but also showed significant differences in the enrichment of dominant fungi between epiphytic and endophytic environments. While Leucosporidium continued to proliferate in the epiphytic environment during the later stages of decomposition, the defensive capabilities of Exutisphaerella against Leucosporidium and Perusta attacks in the endophytic environment provided it with a sustained advantage for invasion.


[image: Bar charts depicting the relative abundance of various genera in two groups, EpiF and EndF. Part (A) has stacked bars showing different genera with a color-coded legend. Parts (B) and (C) present individual bar charts for specific genera, including Endolissoclinum, Malla, and others. Statistical significance is indicated with asterisks. Different groupings, such as GL, WL, FLI, FLII, and FLIII, are represented with specific colors, highlighting variations in abundance across groups.]
FIGURE 4
 (A) Composition of fungal communities, (B, C) significance test of intergroup differences for dominant fungi at the genus level during different decomposition periods of larch leaf litter.




Beta diversity of fungal communities during different decomposition periods of leaf litter

As shown in Figure 5, based on the premise that the contribution value of the fungal community difference in the first principal component at the phylum level was 97.57%, the PCoA (Figure 5A) and the heatmap (Figure 5A-1) revealed a high similarity of phyllospheric fungi across GL, WL, FLI, FLII, and FLIII, with similarity coefficients ranging from 0.725 to 1 for EpiF and from 0.945 to 1 for EndF. Notably, the similarity coefficients among EpiF in FLI, FLII, and FLIII, and EndF between GL and WL, reached 1, indicating a high similarity of fungal communities at the phylum level during different decomposition periods of leaf litter.


[image: Two panels of data visualization:   (A) Displays a PCoA plot at the phylum level with PC1 (97.57%) and PC2 (1.21%) axes. Different colors and shapes represent various data groups, highlighting clustering: GL, WL, FL, and FLI. (A-1) Corresponding heatmap shows significance and correlation matrices for phylum, with a color gradient indicating R values and significance levels.   (B) Shows a PCoA plot at the genus level with PC1 (44.09%) and PC2 (13.59%) axes, similarly displaying clustering. (B-1) Displays a related heatmap for genus-level data with R values and significance.]
FIGURE 5
 PCoA analysis, significance, and correlation matrix of the fungal communities during different decomposition periods of larch leaf litter at the genus (A, A-1), phylum (B, B-1).


However, the diversity of communities at the genus level was more complex. As shown in the PCoA chart in Figure 5B and the heatmap in Figure 5B-1, the community similarity coefficients were 0.961 for EpiF and 0.780 for EndF between GL and WL. Among FLI, FLII, and FLIII, the coefficients ranged from 0.868 to 0.988 for EpiF and from 0.599 to 0.978 for EndF. The distances between confidence ellipses were relatively close, with significant overlap, indicating a high similarity of fungal communities between GL and WL, as well as among FLI, FLII, and FLIII. However, the similarity coefficients of fungi before leaf fall (GL, WL) ranged from 0.054 to 0.090 for EpiF and from 0.064 to 0.302 for EndF after leaf fall (FLI, FLII, FLIII), with confidence ellipses being far apart, indicating significant differences in intergroup pair tests. These results suggest that the leaves falling into the soil acted as a “watershed,” leading to differences in fungal genera during various decomposition periods. In the later stages of decomposition, epiphytic fungi faced external invasions, while endophytic fungi adapted their life strategies to the micro-environment within the leaves. This dynamic resulted in the establishment of new diversity systems for both epiphytic and endophytic fungi, creating a “community watershed” between the early and late stages of decomposition. Additionally, compared to GL and WL, the similarity coefficients between EpiF and EndF were 0.107 in FLI, 0.090 in FLII, and 0.026 in FLIII, reflecting significant community differences. This indicates that the survival site of fungi in leaf litter was a crucial environmental factor influencing community differences during decomposition, directly leading to significant intergroup differences (P adjusted <0.05). This discrepancy was often related to the life histories of epiphytic and endophytic fungi in the later stages of decomposition. After the needles withered, native fungi gradually lost their ability to shape the foliage, facing an urgent need for survival, which resulted in heterogeneous colonization patterns of fungi in both epiphytic and endophytic environments.



Main ecological types of fungal communities during the decomposition of leaf litter

As shown in Figure 6, during the decomposition of larch leaf litter in the Greater Khingan Range, the fungal communities were categorized into three main nutritional modes: Symbiotroph, Pathotroph, and Saprotroph. The environmental resource utilization patterns (guild) differed among these fungal groups. The predominant guilds (with relative abundance > 0.1) for EpiF were Undefined Saprotroph, Animal Pathogen, and Plant Pathogen, whereas the main guilds for EndF were Plant Pathogen and Undefined Saprotroph. From the differences in the guilds of the different fungi (Figure 7), Animal Pathogens, Fungal Parasites, and Plant Saprotrophs were widespread during the leaf litter decomposition periods, with significant differences between the guilds of EpiF and EndF. Specifically, Animal Pathogens and Fungal Parasites were significantly more abundant in the guild of EpiF, whereas Plant Saprotrophs were significantly more abundant in EndF (P < 0.05). Moreover, there were distinct distribution differences in the utilization of fungal resources during the different decomposition periods. For instance, Endophytes were significantly abundant in both GL and WL of EndF, Litter Saprotrophs and Leaf Saprotrophs were significantly abundant in FLII of EpiF, and Wood Saprotrophs and Ectomycorrhizal fungi were significantly abundant in FLIII of EndF.


[image: Bar chart showing FUNGuild function composition and relative abundance across different ecosystems labeled EpiF and EndF. Categories include various saprotrophs, pathogens, parasites, and symbiotrophs. The right side lists predominant fungi for each guild with bar proportions, such as Ascomycota and Basidiomycota species. Colors represent different guild functions.]
FIGURE 6
 Ecological functions of fungal communities during the decomposition of leaf litter. The predominant fungi were defined as the top 30 genera identified using FUNGuild. An asterisk (*) indicates the dominant fungi within the phyllosphere fungal communities.



[image: Bar charts show FUNguild function differences across four conditions: GL, WL, FL1, and FLII. Each panel displays mean proportions and differences with 95% confidence intervals for categories like animal pathogen, endophyte, and saprotroph. P-values are listed on the right, indicating statistical significance. Blue bars represent EpiF, and gray bars represent EndF.]
FIGURE 7
 Ecological functional differences of the fungal communities during different decomposition periods of leaf litter.


By clarifying the guilds and distribution differences of phyllospheric fungi, we also found that the dominant fungal communities can utilize similar environmental resources through comparable survival strategies (Figure 6). For example, fungi such as Hormonema, Xenopolyscytalum, Gymnopus, and Apenidiella obtain nutrients by degrading or damaging dead host cells (Saprotrophs), whereas Exutisphaerella, Exobasidium, and Rhodosporidiobolus exploit material resources by causing host diseases (Pathotrophs). Therefore, Saprotrophs and Pathotrophs were the primary ecological types through which dominant fungi contributed to the decomposition of leaf litter.



Changes in biological factors and their correlation with fungal communities in the decomposition of leaf litter

As shown in Table 1, the decomposition of leaf litter led to significant changes in various biological factors. TN, TP, and TK levels decreased significantly as decomposition progressed, while TC gradually increased, with a particularly notable enrichment of carbon after leaf fall. Regarding the leaf fiber structure, the cellulose quality remained stable and was slightly lower in FLIII, but did not show a significant decrease across the decomposition periods. Hemicellulose, on the other hand, remained stable during the WL and FLI, but significantly increased in content during FLII and FLIII as cellulose depolymerized. Lignin, which acts as a robust matrix for the leaf structure, did not exhibit significant loss until the FLIII. In terms of metabolic byproducts, GluN and GalN play key roles in microbe-mediated leaf decomposition. The residual concentration of GluN in the leaf increased significantly with further decomposition, whereas GalN levels did not follow a consistent pattern but did show a significant increase in FLIII. It can be seen that although the experiment involved the one-year decomposition of leaf litter, the changes in biological factors still reflected a significant dynamic decomposition process of the leaf matrix.


TABLE 1 Biological factors of larch leaf litter during different decomposition periods.

[image: Table showing biological factors for different samples: GL, WL, FLI, FLII, and FLIII. Columns include TC (Total Carbon), TN (Total Nitrogen), TP (Total Phosphorus), TK (Total Potassium), C/N ratio, Cellulose, Hemicellulose, Lignin, GluN (Glucosamine), and GalN (Galactosamine) with values in mg/g or µg/g, including mean ± standard error.]

The Venn diagrams in Figure 8 illustrate the outcomes of a variance partitioning analysis (VPA) that categorizes biological factors (TC, TN, TP, TK, C/N, GluN, GalN, cellulose, hemicellulose, and lignin) into three groups: Nutrient, Aminosugar, and Plantfiber. The VPA illustrates the contributions of these biological factors, as well as spatial adjacency factors and their interactions, to fungal community structure. At both the phylum and genus levels, the explanatory ratio of Nutrient alone accounted for 0.10–0.19 of the variance in fungal community changes. The combined effect of Nutrient and Aminosugar explained 0.33–0.53 of the variance, while the interaction between Nutrient, Aminosugar, and Plantfiber accounted for 0.17–0.47. This indicates that the combined influence of these biological factors has a substantial explanatory power for changes in fungal community structure. The proportion of unexplained variance (residuals) was relatively low, ranging from 0.03 to 0.09. The VPA confirms that the biological factors considered in this study significantly impact the decomposition process of phyllospheric fungi in leaf litter.


[image: Two Venn diagrams compare factors at the phylum and genus levels, labeled "EpiF/EndF." The left diagram (phylum) and right diagram (genus) each have three circles representing nutrients, aminosugars, and plant fibers with overlapping areas indicating shared values. Numeric values are listed within circles and intersections. A legend identifies color codes for each factor.]
FIGURE 8
 VPA of the contribution of biological factors to fungal community structure.


After clarifying the close relationship between biological factors and fungal involvement in leaf litter decomposition, RDA/CCA and significance correlation analyses further revealed the contribution and relevancy of major fungi to decomposition at the phylum and genus levels.

Figure 9A shows that despite environmental differences between EpiF and EndF, the dominant phyla (Basidiomycota and Ascomycota) exhibited consistent significant correlations with biological factors in both environments. For example, Basidiomycota exhibited significant or extremely significant positive correlations with TC, GalN, and GluN, and extremely significant negative correlations with TP, TK, and cellulose in epiphytic and endophytic environments. Conversely, Ascomycota showed opposite correlations with these biological factors compared to Basidiomycota. The observed trends in Aminosugar indicators suggest that Basidiomycota is a major contributor to organic matter transformation and accumulation in leaf litter decomposition, whereas Ascomycota plays a crucial role in cellulose breakdown and phosphorus and potassium enrichment.


[image: Two diagrams show data analysis results. The upper section (A) is a Redundancy Analysis (RDA) divided into two plots labeled based on environmental conditions, displaying different phyla in colored points, with axes labeled RDA1 and RDA2. Below is a table listing phyla and their significant differences. The lower section (B) is a Canonical Correspondence Analysis (CCA) with similar structure, focusing on genus-level data, also accompanied by a table of significant differences. Both sections highlight the environmental variable influence on microbial community structure.]
FIGURE 9
 (A) RDA for Phylum/(B) CCA for genus analysis of the relationship between fungi and biological factors.


Figure 9B presents the correlation analysis between dominant genera (relative abundance > 0.01) and biological factors. For EpiF, Leucosporidium and Rhodosporidiobolus were the absolute dominant genera, showing significant or extremely significant positive correlations with TC, GalN, and GluN. Other low-abundance genera in EpiF, such as Mrakia and Exutisphaerella, exhibited significant positive correlations with TC, whereas Exobasidium, Perusta, Hormonema, Cladosporium, and Pseudohyphzyma were positively correlated with TP, TK, and cellulose. Curvibasidium showed an extremely significant positive correlation with TN. For EndF, significant or extremely significant positive correlations were observed between Exutisphaerella, Exobasidium, Microcyclospora, Leucosporidium, Coniochaeta, and TC; between Gymnopus and Xenopolyscytalum with GalN and GluN; and between Perusta, Hormonema, Cladosporium, Phacidium, Rachicladosporium, and Penicillium with TP, TK, and cellulose. The significant clustering of fungal genera with biological factors was evident (Figure 9B), underscoring the role of these genera in leaf litter decomposition. The leaching of TC, TN, TP, and TK, the decomposition of supramolecular compounds such as cellulose, and the metabolism of biological polysaccharides such as GalN and GluN were key biological factors influencing the distribution of dominant fungal genera involved in leaf litter decomposition.




Discussion


Leaf litter decomposition affects the diversity of the phyllospheric fungal community

Previous studies have hypothesized that there is a considerable diversity overlap between living leaf fungi and leaf litter fungi based on phylogenetics, cluster analysis, and non-metric multidimensional scaling (Unterseher et al., 2013). Our study, however, found no significant difference in alpha diversity between phyllospheric fungi of GL and WL. Beta diversity analysis also revealed a high similarity in fungal community structure between GL and WL. In contrast, there were significant differences between the fungal communities of GL, WL, and FL. Thus, the previous hypothesis may only apply to the leaf withering period prior to leaf fall. Healthy leaves provide a relatively stable microenvironment for microorganisms, where most phyllospheric fungi rely on readily available sugars and other compounds for survival. After leaf death, while these compounds are rapidly consumed, the original phyllospheric fungi can temporarily maintain species diversity using residual nutrients until the leaf has fully decomposed. The significant difference in fungal diversity between withered and fallen leaves is partly due to the invasion of soil fungi into the fallen leaf, which predominantly affects EpiF and has a delayed effect on EndF. Another key factor is that the phyllotropic fungi lost “biological buffering system” of plant tissue after leaf fall (Hofstetter et al., 2012). As the change of leaf tissue environment, the litter fungi had to establish a new diversity system by “survival of the fittest”, leading to substantial changes in the fungal communities from withered to fallen leaf.

In addition to the differences in fungal diversity across decomposition periods, there were notable differences between EpiF and EndF fungal communities. The number of OTUs for EndF was slightly higher than that for EpiF on healthy leaf, although the diversity index for EpiF was higher. After leaf withering, EndF experienced a sharp decline in OTUs due to the rapid depletion of leaf nutrients but showed recovery upon infection by saprophytic fungi. Following leaf fall, the competitive advantage of EndF in decomposition resulted in a significant decline in OTUs and diversity of EpiF, while the lag of host resource utilization by EpiF resulted in a higher species diversity of EndF. EndF maintained higher species diversity after leaf fall due to its environmental advantage of preferentially settling in leaf and utilizing potential saprophytic capabilities more effectively (U'Ren and Arnold, 2016). Additionally, EndF may have an adaptive ability to produce defensive chemicals in leaf litter (Jia et al., 2020). In contrast, EpiF had limited growth capacity in living host tissues and often died after leaf aging due to functional trade-offs (Jeewon et al., 2018). Thus, EndF constitutes a crucial part of the litter fungi community and is the most active fungal group in annual leaf litter decomposition.



Heterogenous colonization of EpiF and EndF in the phyllospheric microenvironment

Previous theories on fungal succession in litter decomposition have suggested that not all fungi inhabiting withered leaf transition to fallen leaves and that endophytic fungi in healthy leaves might act as pioneers in decomposing decaying plants (Osono and Hirose, 2009). According to this theory, Ascomycota, the dominant phylum of EndF in both green and withered leaf in this study, would readily occupy this pioneer decomposition niche. However, as decomposition progressed, the endophytic environment dominated by Ascomycota was invaded by Basidiomycota. Some researchers believe that Ascomycota and other phyla are generally less capable of decaying litter than Basidiomycota, especially as the demand for leaf litter decay increases (Fukasawa et al., 2009). This view is supported by our study, which observed trends in the abundance of dominant Basidiomycota genera during leaf decomposition. For instance, genera such as Leucosporidium, Rhodosporidiobolus, Phenoliferia, and Naganishia, which originated from healthy leaves, continued to proliferate in the epiphytic environment of FL. Notably, Exobasidium shifted from being epiphytically predominant in GL to endophytically predominant in FL. Conversely, non-Basidiomycota genera such as Perusta, Hormonema, and Cladosporium gradually lost their abundance as decomposition intensified. Despite the expansion of Basidiomycota within the phyllosphere, Ascomycota genera such as Exutisphaerella, Xenopolyscytalum, Coccomyces, and Coniochaeta still maintained population dominance, indicating that Ascomycota can strongly defend against saprophytic Basidiomycota (Fukasawa et al., 2009). However, this population dominance was limited to the endophytic environment.

We believe that the heterogeneous colonization of phyllospheric fungi mentioned above is related to their life history. In the natural environment, phyllospheric fungi persist on healthy leaf for long periods. As leaves wither and age rapidly due to changes in host age and climate, phyllospheric fungi trigger saprophytic or pathogenic metabolic processes in a short time, accelerating leaf death (Unterseher et al., 2013). After the leaf fall, these saprophytic or pathogenic fungi reproduce spores that reinfect the endophytic leaf tissues, thereby entering the litter decomposition cycle (Sun et al., 2011). The evolutionary history of endophytic fungi also supports the commonly held view that endophytic fungi evolved from saprophytic or pathogenic fungi through multiple parallel and opposite trajectories since the early evolution of terrestrial plants (Saikkonen et al., 2015). Our study on the ecological roles of phyllospheric fungi revealed that dominant fungi such as Exutisphaerella, Exobasidium, and Rhodosporidiobolus proliferated by degrading dead host cells or causing host diseases to obtain nutrients during leaf decomposition. Increasing evidence suggests that as leaves age and die, native fungi lose their ability to shape the foliage and adapt to these unbuffered microhabitats by altering their life strategies. These life-strategy-altering saprophytic or pathogenic fungi are likely the first colonizers involved in the early periods of leaf litter decomposition (Weatherhead et al., 2022).



Leaf litter nutrient loss and its reciprocal feedback with fungal population

In our study on larch leaf litter in the Cold Temperate Zone, we found that the degree of cellulose decomposition was positively correlated with the loss of N, P, and K as leaf litter decomposition intensified. Hemicellulose, as an intermediate product of cellulose decomposition, exhibited varying degrees of negative correlation with N, P, and K as cellulose deconstruction progressed. These results further confirmed a strong correlation between leaf fiber loss and nutrient return, which is influenced not only by the nutrient enrichment and release modes of leaf litter (Wu et al., 2024; Chen et al., 2023) but also by the reciprocal feedback between leaf nutrients and fungal populations.

Our study found that the combined effects of biological factors such as C, N, P, K, and cellulose had a high explanatory power for the changes in fungal community structure during leaf litter decomposition. These factors were the primary drivers of species differences, as verified by the clustering effects observed between key fungal genera groups and biological factors.

Some studies have suggested that the continuous secretion of GluN serves as a marker of intensified leaf litter decomposition (Yang et al., 2019). The CCA showed that genera such as Gymnopus, Xenopolyscytalum, Leucosporidium, and Rhodosporidiobolus not only continued to proliferate in the later stages of decomposition but also exhibited a strong positive correlation with GluN synthesis. This indicates that the activity of these fungi was enhanced during the late stages of leaf decay. GluN is widely regarded as an “activator” for labeling microbial residual carbon, suggesting that these fungi play an important role in mediating the carbon cycle of leaf litter during decomposition. From the perspective of the association between key fungal communities and nutrients, Basidiomycota and genera such as Leucosporidium, Rhodosporidiobolus, Exutisphaerella, and Exobasidium demonstrated a stronger association with carbon. These were key fungal clusters responsible for carbon fluctuations and significant contributors to the transformation and accumulation of organic matter during leaf litter decomposition. These fungal communities effectively decomposed lower recalcitrant components, such as oligosaccharides, organic acids, and phenolic compounds in the early stages of decomposition, making them key participants in the mineralization of biomass carbon in northern forests, as confirmed by studies on the litter decomposition function of Basidiomycota (Baldrian, 2017; Purahong et al., 2016).

Moreover, Ascomycota, along with genera such as Exobasidium, Perusta, Hormonema, and Cladosporium, played significant roles in cellulose deconstruction and the enrichment of P and K. Previous studies have shown that Ascomycota have a dominant advantage in the early decomposition of forest litter due to their colonization order (Hoppe et al., 2016). They can effectively break down substantial amounts of cellulose and hemicellulose in litter cell walls (Riley et al., 2014). We believe that the cellulose degradation function of Ascomycota and related fungal communities is triggered by late-stage saprophytic metabolic processes. These fungi “attack” cellulose and hemicellulose microfibril structures by releasing endo-glucanases, breaking down specific macromolecules into smaller, soluble molecules. Thus, in order to degrade the litter substrate gradually, the fungal community structure must undergo population succession during the decomposition process to meet metabolic requirements.

In addition, many scholars believed that fungal communities such as Fusarium, Penicillium, and Alternaria exhibit high activity in producing leaf decomposition enzymes (Zhang et al., 2023) and are key contributors to cellulose decomposition (Zheng et al., 2021). Other studies have also confirmed the existence of a broad core functional cluster in the phyllosphere (Sun et al., 2021), which has notable synergistic effects in promoting litter decomposition (Ruiz-Prez et al., 2016). Although our study provided evidence supporting the theory of functional core fungal clusters in leaf litter, our understanding of these phenomena at the regional level remains limited.

Further studies will be needed to gain insights into the molecular mechanisms underlying fungal decomposition of forest litter. Future studies should focus on the nutrient cycling pathways mediated by functional microbial communities. Additionally, a multidimensional discussion on the potential impacts of climate change on the dynamics of fungal communities in cold temperate ecosystems will be essential.




Conclusions

In our study on the evolution of fungal communities and their relationship with nutrient loss in decomposing larch leaf litter in cold temperate forests, we observed significant heterogeneity in the colonization of epiphytic and endophytic fungi during decomposition. We discovered that endophytic fungi adapted their life strategies to gain a dominant advantage within the phyllospheric fungi community. Additionally, fungi were found to undergo population succession as the demand for litter decomposition intensified. Our findings confirmed that core functional fungal genera in the phyllosphere exhibited a synergistic effect on carbon fluctuations, cellulose deconstruction, and the enrichment of P and K in leaf litter. This study provides a more in-depth understanding of the role of phyllospheric fungi in litter decomposition and offers insights into the processes of boreal forest ecosystems and nutrient cycling. It also holds potential applications for assessing future global carbon dynamics and monitoring ecosystem stability in the context of climate change.
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Recently, attention has been shifting toward the perspective of the existence of plants and microbes as a functioning ecological unit. However, studies highlighting the impacts of the microbial community on plant health are still limited. In this study, fungal community (mycobiome) of leaf, root, and soil of symptomatic leaf-spot diseased (SS) oil palm were compared against asymptomatic (AS) trees using ITS2 rRNA gene metabarcoding. A total of 3,435,417 high-quality sequences were obtained from 29 samples investigated. Out of the 14 phyla identified, Ascomycota and Basidiomycota were the most dominant accounting for 94.2 and 4.7% of the total counts in AS, and 75 and 21.2% in SS, respectively. Neopestalotiopsis is the most abundant genus for AS representing 8.0% of the identified amplicons compared to 2.0% in SS while Peniophora is the most abundant with 8.6% of the identified amplicons for SS compared to 0.1% in AS. The biomarker discovery algorithm LEfSe revealed different taxa signatures for the sample categories, particularly soil samples from asymptomatic trees, which were the most enriched. Network analysis revealed high modularity across all groups, except in root samples. Additionally, a large proportion of the identified keystone species consisted of rare taxa, suggesting potential role in ecosystem functions. Surprisingly both AS and SS leaf samples shared taxa previously associated with oil palm leaf spot disease. The significant abundance of Trichoderma asperellum in the asymptomatic root samples could be further explored as a potential biocontrol agent against oil palm disease.
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Introduction

Oil palm is a monocotyledonous crop and a prominent member of the family Arecaceae (Syn. Palmae). Elaeis guineensis is indigenous to the tropical rainforest zones of West Africa (Maluin et al., 2020). Globally, it is recognized as the most productive oil crop and a vital source of vegetable oil (Swaray et al., 2020). It accounts for approximately 8 million hectares of agricultural land and yield per unit area is relatively higher than the other 16 crops known as fat and oil-producers (Mayes, 2003; Okolo et al., 2019; Swaray et al., 2020). Production of oil palm is projected to be around 240 million tons by the year 2050 (Barcelos et al., 2015). The current world’s top-five oil palm-producing countries are Indonesia, Malaysia, Thailand, Colombia, and Nigeria (Voora et al., 2019). However, across all the regions where oil palm is cultivated, diseases remain one of the serious challenges to its sustainable productivity (Chung, 2012; Pornsuriya et al., 2013) which is important to meet the increasing demand for its products, especially biofuel, chemical, and food ingredients (Kirkman et al., 2022; Murphy, 2014).

Leaf spot is predominantly a fungal disease affecting oil palm in many areas where it is grown. Aetiologically, leaf spots become leaf blight usually at the later stage of infection when numerous spots fuse and manifest as an aggregate mass on an affected leaf (Elliott, 2005). This disease is especially more challenging in the cultivation of the Tenera variety known to be more productive (Pornsuriya et al., 2013). Oil palms at the nursery (usually seedlings stage, more than 3 months in age) or juvenile stage are more susceptible to this infection (Elliott, 2005; Turner, 1981). Many historical incidences of oil palm leaf spot and leaf blight attributed to different causal agents have been reported from various geographical regions (Turner, 1981). These include the catastrophic destruction of oil palm plantations by anthracnose caused by Glomerella cingulata, Botryodiplodia palmarum, and Melanoconium sp. in Africa, and Curvularia leaf blight caused by Curvularia eragrostidis in Asia (Aderungboye, 1977). Leaf spot disease also affects other plant species such as coconut, and severity varies according to region (Turner, 1981). The non-host-specific Pestalotiopsis leaf spot caused by Pestalotiopsis spp. is prevalent in all palm-growing regions and has a peculiar ability to attack any part of the leaf (Elliott, 2006; Elliott, 2009; Turner, 1981). Cercospora leaf spot caused by Cercospora elaeidis is a common foliar disease of nursery seedlings and juvenile oil palms in West Africa (Rajagopalan, 1973).

Microorganisms often constitute the microbiome including bacteria, fungi, archaea, and protists as well as viruses inhabit different parts and organs of terrestrial plants forming a close association or network with one another and the hosts. The resulting host-microbiome interactions underpin the health and fitness in plants and largely determine the expression of a plethora of important traits. Particularly functional roles of fungal biota in host growth, disease resistance, nutrient mobilization, stress tolerance, synthesis of phytohormones, and water and gas exchange between plants and the environment (Friesen et al., 2011; Kovalchuk et al., 2018; Lyu et al., 2021; Turner et al., 2013; Vorholt, 2012) have been reported. The term “mycobiome” was coined from combining “mycology” and “microbiome” to describe the fungal community within a specific environment. Since its first use in 2010, its appearance in publications has significantly increased, reflecting substantial progress in the field (Ghannoum et al., 2010). This progress can be attributed to the critical roles of fungal communities in various environments, from human health and fitness (such as the gut and lung mycobiomes) (Zhang et al., 2022) to agricultural ecosystems (Kirkman et al., 2022) and beyond. However, there is still limited information on the factors that determine fungal and other microbiome compositions in plant communities. Plant mycobiome and other microbes are heterogeneous in nature and their composition and structure are under the influence of intrinsic factors (host and microbial genotypes and intra-microbiome interactions) and external (environmental) factors (Dastogeer et al., 2020; Hardoim et al., 2015; Lebeis, 2015; Neelakanta and Sultana, 2013). Recently, attention has been shifting toward the perspective of the existence of plants and microbes as a functioning ecological unit streamlining the postulate regarding them as a microbial consortium based on the holobiont concept (Cordovez et al., 2019). Advances in molecular techniques particularly amplicon metagenomics are rapidly allowing various culture-independent studies (Turner et al., 2013). For instance, in microbial ecology, it enables high throughput analysis of the diversity, structure, and composition of microbial communities, as well as the factors that influence the microbiome characteristics and their interactions with plants (Gilbert et al., 2014; Hilton et al., 2021; Turnbaugh et al., 2007; Turner et al., 2013). This development has tremendously improved the existing knowledge of the ecological functions of microbiomes (Cordovez et al., 2019).

The leaf is often associated with a relatively simple microbiome (Bodenhausen et al., 2013; Delmotte et al., 2009). The root microbiome is a rich ecosystem for soil-recruited microbial communities to thrive under the influence of certain environmental factors and characteristics of associated plants, including genotype and age which tend to shape the ecological diversity and composition (Hunter et al., 2014). The soil is the earth’s most complex habitat for microbes (Daniel, 2005). Its microbiota has been regarded as the secondary genome for plants due to its significant roles in agricultural production systems which include nutrient recycling, carbon sequestration, and formation of spectra of associations ranging from mutualistic, commensalistic, and pathogenic lifestyle (Berendsen et al., 2012; Newton et al., 2010). Attention is currently focused on exploring biotechnological approaches to engineer microbiomes of crop plants associated with important traits such as nutrient acquisition and disease suppression for sustainable crop health and yield security (Ryan et al., 2009).

Oil palm microbial community studies reported include culture-based isolation of rhizosphere bacteria and investigation of their growth-promoting potentials such as bacterial phosphate solubilization and inhibition of pathogens (Acevedo et al., 2014; Kirkman et al., 2022). The antagonistic potential of rhizosphere bacteria on the white rot fungus Ganoderma boninense associated with basal stem rot of oil palm has been reported (Nur Azura et al., 2016; Shariffah-Muzaimah et al., 2018). Other related studies include impacts of converting forest lands to oil palm plantations on the diversity of bacterial and fungal communities (Kaupper et al., 2020; Lee-Cruz et al., 2013; Tripathi et al., 2016) and the diversity of the bacterial community of oil palm which exhibits biodegradative effect on isoprene, a biogenic volatile organic compound (Carrión et al., 2020).

In the present study, we compared the fungal communities of leaf, root, and soil associated with asymptomatic and symptomatic oil palm trees naturally affected by leaf spot disease, using ITS2 rRNA gene metabarcoding. More specifically, our strategies for the current study were to determine whether (i) there are significant differences in the structure and composition of the mycobiomes in the same or different sites (ii) the structure and composition of the mycobiomes contribute significantly to the health status of the sampled trees (iii) there are significant differences in the network topological properties of the mycobiome of the asymptomatic and symptomatic samples.



Materials and methods


Study sites and sampling

The fieldwork was carried out in November 2022 in five oil palm plots in the same ecological zone: two in Ore Town, Ondo State, and three in Okomu Village, Edo State, Nigeria. The oil palm farm in Ore town, Ondo state, is one of the research farms managed by the Rainforest Research Station (RFRS), an outstation of the Forestry Research Institute of Nigerian (FRIN) while the Edo state farm is private-owned and monitored by Nigerian Institute for Oil palm Research (NIFOR). The five oil palm plots were established in 2014 and adopted the same management practices, including the absence of fungicide or antibiotic application. Permission to collect plant specimens for the research was obtained from the Forestry Research Institute of Nigeria (FRIN) and the Nigerian Institute for Oil Palm Research (NIFOR). Sampling of leaves, roots and soils was conducted in plots established in 2014 in each of these farms in two locations: (i) 6°44′ 01.5″ N 4° 53′ 01.7″E and 6°44′ 41.5″ N 4° 52′ 21.3″E for Ore oil palm trees showing symptoms of leaf spot (considered as symptomatic trees), and those without symptoms of the disease (considered as asymptomatic trees), respectively, (ii) 6°40′ 17.12″ N 5° 49′ 21.7″E and 6°40′ 11.2″ N 5° 49′ 28.8″E for Okomu symptomatic trees and asymptomatic trees, respectively. Asymptomatic and symptomatic oil palm tree samples of leaf, root, and soil were collected in two replicates from Ore farm and three replicates from Okomu farm, resulting in a total of 5 biological replicates per treatment. Asymptomatic and symptomatic leaves (Figures 1A, B) were collected in well-labeled envelopes. Oil palm root and soil were sampled from a 20 cm hole dug 1 m away from each tree; approximately 10 g of roots and 200 g of soil samples were kept in zip-lock bags (Kirkman et al., 2022). A total of 30 samples (presented in Table 1) were collected. Formal identification of the plant specimens was done and the vouchers were deposited according to GPS coordinates and other sampling information. The samples were taken to the Forest Pathology Laboratory, Department of Forest Sciences, University of Helsinki, Viikki Campus Helsinki, Finland, and stored at −20°C before DNA isolation.
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FIGURE 1
Oil palm fronds (leaves) from healthy asymptomatic tree (A) and symptomatic leaf-spot diseased tree (B).



TABLE 1 Experimental samples and sampling information.

[image: A table listing various samples with columns for Sample ID, Replicate, Group, Source, Type, Location, and GPS coordinates. It includes data about leaf, root, and soil samples, each categorized as asymptomatic or symptomatic from different locations such as Okomu/Edo and Ore/Ondo. The table provides specific GPS coordinates for each sample.]



DNA extraction, amplification of ITS region, and sequencing

Before the DNA extraction, the oil palm leaf and root tissue samples were surface sterilized with 70% ethanol to eradicate surface contaminants (Saha et al., 2022). Subsequently, the leaf and root tissues were homogenized in liquid nitrogen using a sterilized mortar and pestle. Genomic DNA was isolated following a modified cetyl-trimethyl ammonium bromide (CTAB) procedure reported by Terhonen et al. (2011). DNA extraction from soil samples was performed using Qiagen DNeasy PowerSoil Pro Kit following the manufacturer’s recommendations with two additional repetitions of the washing steps. The concentration and purity of the resulting DNA samples were assessed by spectrophotometry, using NanoDrop ND-1000 (ThermoFisher Scientific, USA) and Qubit at Novogene. PCR amplification of the ITS2 region of the fungal metacommunity was performed at Novogene, United Kingdom. The two-primer pair, ITS3-2024F (GCATCGATGAAGAACGCAGC) and ITS4-2409R (TCCTCCGCTTATTGATATGC) designated as forward primer and reverse primer, respectively, were used in creating the amplicon sequence libraries (Toju et al., 2012). One leaf sample (OLeaf.1S) failed to amplify and was discarded, leaving 29 samples used for this study. The purification and sequencing of the PCR products of the 29 samples were conducted using the Illumina NovaSeq PE250 Platform. Across all the sequencing reads, approximately 250 nucleotides were obtained. All the obtained raw sequences are accessible in the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI) under the BioProject ID PRJNA996782.



Bioinformatics and statistical analyses

The pre-processing (demultiplexing, trimming of primer sequences, and removal of adapters) of the raw paired-end (PE) sequences was conducted at Novogene, UK. The obtained raw PE sequences were then analyzed using the QIIME2 pipeline (Bolyen et al., 2019) as previously described by Kim and Park (Kim and Park, 2021). DADA2 algorithm (Callahan et al., 2016) was employed in filtering low-quality reads, correcting errors, removing chimeric sequences, generating amplicon sequence variant (ASV) abundance tables (Kim and Park, 2021), and taxonomic assignments (Colgan and Burns, 2022). Samples were even rarefied to a minimum depth of 40,248 sequences. One sample (OR6) with the least counts (3,338 sequences) was removed. Amplicon sequence variants (ASVs) unique to a single sample or with frequencies < 4 sequences were also discarded. The representative sequences of the UNITE QIIME release for fungi (clustering at 97% similarity threshold, release 2022-11-29) generated from the Naïve Bayesian classifier were used to define fungal taxonomies based on the resulting ASVs from DADA2 (Nilsson et al., 2019; Rideout et al., 2014). Subsequently, ASVs remaining unclassified at kingdom and phylum levels were discarded (Addison et al., 2023).

Further downstream analysis and visualization were carried out in RStudio version 4.1.3 using the recommended R packages which include qiime2R (v0.99.6), phyloseq (v1.38.0), and tidyverse (v2.0.0).1 Representative samples were considered as the averaged taxonomic representatives of individual replicates obtained using the merged_samples function in phyloseq. Stacked bar plots showing the distinct and shared taxa within and among the sample types based on tree health status (sample type) at the level of phylum, and genus were generated using the comp barplot function in microViz R package version 0.11.0 (Barnett et al., 2021). The biomarker discovery algorithm linear discriminant analysis of effect size (LEfSe) was employed to identify the genera that accounted for the differences between sample types and groups. Bar plots were generated with differential relative abundance values of ASVs at the genus level (LDA scores > 3.5, and p < 0.05).

The estimates of Alpha-diversity indices (Observed Amplicon Sequence Variants (ASVs), Shannon, and Simpson) for the ASVs in each sample were calculated with the plot_richness function (from phyloseq). Mean probability (p-values) were determined with stat_compare means function (from ggpubr package v0.4.0). Box plots for the alpha-diversity indices were generated with ggplot2 package v3.4.2 (Wickham, 2016). A rarefaction curve (Supplementary Figure 1) was generated for the alpha-diversity analysis to confirm visually whether, at the selected sequencing depth diversity in each sample is sufficiently represented and additional sequencing effort may not have significantly yielded more taxa (Addison et al., 2023).

Beta-diversity was estimated for the different group categories based on the weighted-UniFrac distance for Principal Coordinate Analysis (PCoA) using ordinate/plot_ordination functions in PhyloSeq in R studio (v.4.1.3). Bray–Curtis dissimilarities was employed for Non-metric multidimensional scaling (NMDS) using vegan package for R. The graphs were visualized using ggplot2 (Wickham and Wickham, 2016). The statistical significance (set at p < 0.05) for alpha and beta diversity was determined by one-way analysis of variance (ANOVA) and non-parametric multivariate analysis, permutational multivariate analysis of variance (PERMANOVA) with permutation/pseudo-F-statistic test, respectively (Oksanen et al., 2007; Procter et al., 2022). Venn diagrams were generated to illustrate the distinct and shared ASVs using the trans_venn function in the microbial community ecology data analysis (microeco) R package (version 0.7.1) (Andrew et al., 2012) and the online interface of Bioinformatics & Evolutionary Genomics.2

Network analysis was performed using the file2meco function of the microeco R package (Liu et al., 2022) and visualized using Gephi software (ver.0.9.2). Taxonomic association networks were constructed from correlation data obtained from the relative abundance of the ASVs from the fungal communities (Wood et al., 2017). Network complexity was reduced with a Spearman’s correlation coefficient value (r ≥ 0.95) and statistically significant P-value < 0.001 (de Vries et al., 2018). Networks made up of nodes (representing ASVs) and edges (representing significant correlations between ASVs) were generated for each sample type and group. To characterize the network structure of each sample type and group, we evaluated six topological parameters, namely diameter, average path length, average weighted degree, average clustering coefficients, modularity, and connected components. Diameter measures the longest of shortest paths in a network while average path length is defined as the mean of the total number of steps along the shortest paths in all possible combination of node pairs in a network (Price et al., 2021). Average clustering coefficient describes the degree at which modules are present in a network (Deng et al., 2012). Modularity considers the number of sub-networks or modules which represent the compartments in a network (Newman, 2006). It also determines the extent of intra- or inter-modular connections within a network (Csardi and Nepusz, 2006). The weighted degree and closeness centrality were employed in identifying the potential keystone species (Gehlenborg et al., 2010; Jordán et al., 2007). The connectedness of a node within a network or sub-network is measured by the weighted degree (Espinoza et al., 2020) while the most central taxa determined by how close a node is to other nodes in the network is measured by closeness centrality (Ma’ayan, 2011).




Results


High-throughput Illumina NovaSeq PE250 sequencing information

A total of 3,435,417 high-quality sequences with an average of 118, 463 sequences, were obtained across the leaf, root, and soil samples of both asymptomatic (AS) and symptomatic diseased tree samples (SS). After denoising and quality filtering, the total number of reads per sample ranged between 3,338 and 151,463 for the samples collected from asymptomatic trees and 53, 859, and 154,327 for the symptomatic tree samples. Low Good’s coverage index (< 2.00%) obtained in the samples (including the excluded) indicates a very low proportion of singletons in the sequence reads. However, the inherent technical problem with PCR and sequencing accounted for the lowest reads (3,338) obtained in one (ORoot.6A) out of the 29 samples. This lowest read was discarded by rarefaction analysis and the next lowest read (40,248) was used as the sequencing depth. After filtering out unclassified ASVs that are present as singletons or assigned to plant or animal-specific sequences, a core set of 934,763 sequences allocated to the fungal domain was obtained from the remaining 28 samples with which further downstream analyses were conducted.



Taxonomic distribution between sample types and across groups

The quality-filtered and singleton-excluded sequences from the 28 samples (14 samples each from asymptomatic and symptomatic tree samples) were clustered into a total of 4,818 ASVs. The relative abundance of the phyla annotated from the ASVs found in AS and SS varied between sample types (Figure 2). Out of the 14 phyla identified, Ascomycota and Basidiomycota were the most dominant accounting for 94.2 and 4.7% of the total counts in AS, and 75 and 21.2% in SS, respectively. Next to these two major phyla is Mucoromycota with 0.44% relative abundance in AS represented in OLA, OSA, and RSA in AS, and 2.9% in SS which was actively represented in OSS, RRS and RSS in SS (Figure 2 and Supplementary Figure 2). The diversity of the sample types at the genus level (Figure 3 and Supplementary Tables 1A, B), showed that the relative abundances of most of the top 10 representatives shared by AS and SS are higher in the former. While Neopestalotiopsis is the most abundant genus for AS representing 8.0% of the identified amplicons compared to 2.0% in SS, Peniophora is the most abundant with 8.6% of the identified amplicons for SS compared to 0.1% in AS. The second most abundant genus for AS, Fusarium, accounted for 7.1% of the identified amplicons and 7.6% in SS while SS is an unassigned member of the order Trechisporales accounting for 8.5% of the identified amplicons but only 0.9% in AS. The relative abundance of each of Thielaviopsis, Trichoderma, and an unassigned member of Ascomycota lies around 6% in AS which is at least one-third higher than their respective values in SS. Together with Neoroussoella, Phyllosticta, and Acrocalymma which are unique to AS and Chiangraiomyces, Ceramothyrium and Gongronella are unique to SS, AS accumulates a lower relative abundance of the top 10 genera representing 47.2% of the identified amplicons in comparison with 51.3% found in SS.


[image: Bar chart comparing the relative abundance of fungal phyla in asymptomatic and symptomatic samples. Colors represent different phyla, including Ascomycota in light blue and Basidiomycota in dark blue, among others. Asymptomatic samples have a higher abundance of Ascomycota, whereas symptomatic samples display more diversity among phyla.]

FIGURE 2
Relative abundance of fungal phyla from the annotated ASVs based on sample type. OLA, Okomu asymptomatic leaf samples; OLS, Okomu symptomatic leaf samples; ORA, Okomu asymptomatic root samples; ORS, Okomu symptomatic root samples; OSA, Okomu asymptomatic soil samples; OSS, Okomu symptomatic soil samples; RLA, Ore asymptomatic leaf samples; RLS, Ore symptomatic leaf samples; RRA, Ore asymptomatic root samples; RRS, Ore symptomatic root samples; RSA, Ore asymptomatic soil samples; RSS, Ore symptomatic soil samples.



[image: Bar chart comparing the relative abundance of fungal genera in asymptomatic and symptomatic samples. Each bar represents different samples, with colored segments indicating various genera, like Thielaviopsis and Fusarium. The chart includes a color-coded legend for genus identification.]

FIGURE 3
Relative abundance of fungal genera from the annotated ASVs based on sample type. OLA, Okomu asymptomatic leaf samples; OLS, Okomu symptomatic leaf samples; ORA, Okomu asymptomatic root samples; ORS, Okomu symptomatic root samples; OSA, Okomu asymptomatic soil samples; OSS, Okomu symptomatic soil samples. RLA, Ore asymptomatic leaf samples; RLS, Ore symptomatic leaf samples; RRA, Ore asymptomatic root samples; RRS, Ore symptomatic root samples; RSA, Ore asymptomatic soil samples; RSS, Ore symptomatic soil samples.


Considering the genus diversity at the group level (Figure 4 and Supplementary Tables 1C–H), the topmost abundance values are acclaimed by different genera: Neopestalotiopsis (21% in ORLA), an unassigned member of the family Sporormiaceae (19.0% in ORLS), Thielaviopsis (17.7% in ORRA), an unassigned member of the order Trechisporales (16.9% in ORRS), Neoroussoella (7.8% in ORSA) and Peniophora (24.0% in ORSS). Notably, the abundance of Neopestalotiopsis in ORLA is about 4 times that of ORLS. The presence of Phylosticta and Acrocalymma in ORLA and Ceramothyrium in ORLS at a higher level reflects the observations of the genus diversity based on sample type. The relative abundance of Colletotrichum and Lasiodiplodia is much higher in ORLA compared to ORLS. Pseudopestalotiopsis and Cylindroaseptospora with 2.5–3.5% relative abundance that is exclusive to ORLA, and Trichomerium, Oxydothis, Ruinenia, and Acremonium with 2.4–3.4% relative abundance that is exclusive to ORLS, and together with other representatives, the top 10 genera accounts for ca. 59% of the identified amplicons found in each of ORLA and ORLS. The total relative abundance of the top 10 genera found in ORRA (75.0%) and ORRS (76.2%) is higher than in other groups. Fusarium accumulated at a higher level in ORRA (14.1%) and ORRS (14.8%) compared to other groups. Trichoderma is present at a much higher abundance (ca. 15%) in ORRA as much as Chiangraiomyces is in ORRS compared to other groups. Leptobacillium (2.5%) is exclusive to ORRS. Gongronella presents a relative abundance of 2.9 and 4.6% in ORRS and ORSS, respectively. Apart from ORRA where the relative abundance of Acrocalymma is about two-thirds of its highest value found in ORLA, the presence of the genus is much lower (≤ 1%) in other groups. Generally, all the top 10 genera found in both ORSA and ORSS have higher relative abundance in the former; Chaetomium with a relative abundance of 3.7% is exclusive to ORSA, and Aspergillus (2.08%) is exclusive to ORSS. ORSA shared the genus Talaromyces, Pyrenochaetopsis, and Gibellulopsis with ORRA, ORLA, and ORRS, respectively, and their relative abundance ranged between 2.4 and 5.3%. Moreover, the top 10 genera found in ORSA and ORSA including the unassigned taxa accounted for 47.3 and 58.7% of the identified amplicons, respectively.


[image: Bar charts display fungal genus abundance across six groups: ORLA, ORLS, ORRA, ORRS, ORSA, and ORSS. Each chart has two categories, with varying colored segments representing different genera. A legend on the right identifies the colors corresponding to each genus, such as Thielaviopsis, Fusarium, and Trichoderma. Abundance is measured from zero to one.  ]

FIGURE 4
Relative abundance of fungal genera from annotated ASVs based on group. ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic root samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore symptomatic soil samples. OLA, Okomu asymptomatic leaf samples; OLS, Okomu symptomatic leaf samples; ORA, Okomu asymptomatic root samples; ORS, okomu symptomatic root samples; OSA, Okomu asymptomatic soil samples; OSS, Okomu symptomatic soil samples; RLA, Ore asymptomatic leaf samples; RLS, Ore symptomatic leaf samples; RRA, Ore asymptomatic root samples; RRS, Ore symptomatic root samples; RSA, Ore asymptomatic soil samples; RSS, Ore symptomatic soil samples.


For further analyses of the diversity of the fungal community, we focused on the shared and unique genera in the sample type and group using Venn diagrams (Figures 5A, B). At the level of genus, we detected 913 genera. According to sample type, 203 genera (22.2%) are unique to AS, 150 (16.4%) to SS while 560 (61.3%) are shared by both AS and SS (Figure 5A). Focusing on the groups, the most shared number of genera (122) was found for all the six groups, and those found in different group combinations ranged between 1 and 68 (shared by ORSA and ORSS), and the exclusive orders found in ORLA (48), ORLS (64), ORRA (20), ORSA (92), and ORSS (50) (Figure 5B).


[image: Venn diagrams compare datasets. Diagram A shows the overlap between symptomatic and asymptomatic groups, with 150 symptomatic only, 560 overlapping, and 203 asymptomatic only. Diagram B illustrates complex overlaps among ORRA, ORRS, ORLA, and ORLS categories, highlighting various intersections with corresponding numerical values.]

FIGURE 5
Venn diagrams showing the shared and unique number of genus (A) between the sample types (B) across the group. ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic Root samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore symptomatic soil samples.




Taxa enrichment of the group based on linear discriminant analysis effect size (LEfSe)

The taxa enrichment level of the groups followed the order: ORSA > ORLA > ORLS > ORSS > ORRA > ORRS; with the highest (15) and lowest (2) number of significantly enriched genera found in ORSA and ORRS, respectively. Neopestalotiopsis (in ORLA), an assigned member of the family Sporormiaceae (in ORLS), Trichoderma (in ORRA), Chiangraiomyces (in ORRS), Neoroussoella (in ORSA), and Peniophora (in ORSS) dominated the groups (Figure 6).


[image: Bar chart displaying LDA scores (log10) of various fungal genera across different enriched groups, each represented by a distinct color. ORLA is pink, ORLS is orange, ORRA is green, ORRS is teal, ORSA is blue, and ORSS is red. Bars denote the contribution to each group.]

FIGURE 6
LEfSe bar plot based on significantly enriched genera across groups. ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic root samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore symptomatic soil samples.




Mycobiome structure and composition

The rarefaction curve showed that all samples attained asymptotes (Supplementary Figure 1). Approximately 40,248 sequence reads from rarefaction analysis were utilized across the remaining 28 samples to obtain a meaningful richness estimate. Species richness and evenness of the AS and SS fungal communities evaluated by the diversity indices (number of observed species, Shannon and Simpson index) indicated that the intra-variability in richness and evenness is higher in AS samples compared to SS samples. However, the difference is not significant (p > 0.05) in the SS community (Figure 7A). At the group level, only ORSA exhibited significantly higher richness than ORLA (p = 0.016), ORLS (p = 0.032), ORRA (p = 0.016) and ORRS (p = 0.008). The differences found for other group combinations including ORSA/ORSS are not statistically significant (p > 0.05) (Figure 7B). Similarly, further comparison of the composition of the communities based on principal coordinate analysis (PCoA) using Bray-Curtis dissimilarity and PERMANOVA revealed a non-significant difference between AS and SS samples based on sample type (F = 0.34, R2 = 0.04, p = 0.60) and location (F = 0.02, R2 = 0.05, p = 0.89). As illustrated in the NMDS plots, PCoA Axis 1 accounted for 12.4% of the variation observed in the fungal communities of the samples. There was no definite clustering of fungal communities according to location (Supplementary Figure 4a) and sample type (Supplementary Figure 4b) in individual samples.


[image: Two panels labeled A and B, each showing three box plots comparing alpha diversity measures: Observed, Shannon, and Simpson. Panel A compares asymptomatic and symptomatic groups. Panel B breaks down the same measures by six groups: ORLA, ORLS, ORRA, ORRS, ORSA, ORSS, with no significant differences indicated. Data points are represented by dots and lines extending from the boxes.]

FIGURE 7
Alpha diversity of the fungal communities based on (A) sample type and (B) group. ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic root samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore symptomatic soil samples.




Network structure of the fungal communities

The AS microbiome network contains 402 taxa as nodes with 1,697 interactions as edges while the SS network has 393 nodes and 2,555 edges (Figures 8a, b). The topological parameters evaluated for each network structure is presented in Table 2. A higher number (56) of connected components was found in AS compared to 47 in SS in contrast to their average clustering values (0.32 in AS/ 0.37 in SS) and modularity values (0.85 in AS/ 0.88 in SS). The average path length (APL) and diameter were comparatively higher in AS compared to SS. In the group networks (Figures 8c–h), the highest (664) and the lowest (237) number of nodes were found in ORSA and ORRA, respectively, while the highest (12,512) and the lowest (3,005) for edges were found in ORLS and ORLA, respectively. The modularity values ranged between 0.38 (in ORRS) and 0.80 (ORSS) and are largely group dependent. Apart from the root samples, all AS and SS samples in each group had close modularity values. The APL and diameter had the same value in the groups. The potential key stone taxa were identified in the AS (8 taxa) and SS (18 taxa) samples based on weighted degree (weighted in-/out-degree (> 10)) and closeness centrality (1) scores (Table 3). Although, these indices could not be applied at the group level as there were no clear-cut differences between many taxa.


[image: Clustered bubble charts show microbial community compositions across different plant parts and conditions. Panels A and B compare asymptomatic and symptomatic leaf samples. Panels C to F depict different treatments ORLA, ORLS, ORRA, and ORRS in leaf and root sections. Panels G and H show soil samples with treatments ORSA and ORSS. Each bubble represents a phylum, differentiated by color, with legends provided to the side.]

FIGURE 8
Association network maps of oil palm tissue and soil fungal communities generated according to relative abundance correlation data for sample type: (a) asymptomatic (b) symptomatic, and group: (c) ORLA (d) ORLS (e) ORRA (f) ORRS (g) ORSA (h) ORSS. ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic root samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore symptomatic soil samples.



TABLE 2 Network topological parameters for sample types and groups.

[image: Table comparing network topological parameters across asymptomatic, symptomatic, and various sample groups (ORLA, ORLS, ORRA, ORRS, ORSA, ORSS). Parameters include network diameter, average path length, average weighted degree, average clustering coefficient, modularity, and connected components. Values vary notably, such as average weighted degree ranging from 4.19 in asymptomatic to 30.44 in ORLS and connected components from 14 in ORRA to 91 in ORSA. Sample descriptions are provided below the table.]


TABLE 3 Potential key stone species in the asymptomatic and symptomatic (leaf-spot diseased) oil palm trees.

[image: Table displaying fungal taxa data categorized as asymptomatic and symptomatic. Columns include serial number, taxa, phylum, order, species, relative abundance, weighted in-degree, weighted out-degree, weighted degree, and closeness centrality. Asymptomatic section lists 8 entries mainly from Ascomycota and Basidiomycota phyla. Symptomatic section displays 18 entries, all from Ascomycota. Weighted degree ratings range with all closeness centrality values at 1.]




Discussion

One of the unexpected findings of this study was the presence of ASVs identified as potential pathogens (e.g., Thielaviopsis, Neopestalotiopsis, Pseudopestalotiopsis, Colletotrichum) in apparently healthy trees (Figure 1A). Based on this observation, the sampled oil palm trees were classified as “symptomatic” (with leaf spot) and “asymptomatic” (without leaf spot).

Additionally, many previous studies on oil palm microbiome utilized culture-based approaches (Kirkman et al., 2022). Consequently, only scanty information is available on the microbiome composition and structure of oil palm. In the present study, the consideration of two sampling sites of close geographical proximity could account for the lack of statistically significant differences in the diversity of fungal biota of the leaf, root, and soil of asymptomatic and symptomatic leaf spot diseased oil palm trees from the two agricultural ecosystems. However, further analysis, treating asymptomatic and symptomatic samples from the same tissue or soil type as a single group (without considering their source location), accounted for most of the findings in this study. These results are congruent with the earlier reports on the diversity of the fungal community of root, rhizosphere, and soil of oil palm (Kirkman et al., 2022) and the dynamics of soil bacterial and fungal biota under the influence of secondary succession (Lin et al., 2021).

Earlier studies documented Ascomycota and Basidiomycota as the two phyla associated with oil palm affected by fatal yellowing disease (FYD) (de Assis Costa et al., 2018). Similarly, in this study, Ascomycota and Basidiomycota which also constitute the dominant phyla in all the samples along with other phyla with relatively low abundance were discovered. This observation therefore suggests the duo as the dominant phyla associated with oil palm fungal communities. Similar findings have also been reported on the characterization of endophytic mycobiota in palms (Guo et al., 2001), the oak tree Quercus robur (Gonthier et al., 2006), and the medicinal plant Achyranthes aspera (John and Mathew, 2017). Additionally, most of the Basidiomycetous fungi identified in this work have been reported as endophytes from various studies including the first report of Basidiomycetous endophytes from oil palm by Rungjindamai et al. (2008). The higher abundance of Basidiomycota observed in symptomatic samples relative to asymptomatic samples might be attributed to the successional changes occurring after colonization of oil palm tissue and soil, which contribute to the manifestation of the observed leaf spot symptoms. Hypocreales and Pleosporales represent the dominant orders in both AS and SS. Hypocreales were enriched in the root and soil samples except the soil-symptomatic samples. This order has also been reported to be predominant in root in a similar study on ecological diversity of oil palm that compared root, rhizosphere, and soil microbiome (Kirkman et al., 2022) and the effect of selective-logging on activities of oil palm fungal communities (Kerfahi et al., 2014). Pleosporales exhibiting high abundance in the leaf samples reinforces the postulate that the order is grossly associated with oil palm (Wong et al., 2021). Members of the Pleosporales are known to exhibit diverse ecological niches and have been identified as epiphytes, endophytes, saprotrophs, pathogens, and parasites of fungi and insects from various studies (Kruys and Wedin, 2009; Ramesh, 2003). This further substantiates the persistence of the order across all the investigated samples. The predominance of the order Russulales which accommodates the ectomycorrhizal genera in the symptomatic soil samples with little or no impact in restricting the progression of the disease cannot be explained.


Occurrence of leaf spot-associated genera and taxa signatures across the samples’ categories

Many of the genera previously documented as potential causative agents of leaf spot disease in crops and trees were found in both asymptomatic and diseased trees. These include Neopestalotiopsis, Pseudopestalotiopsis, Colletotrichum, Lasiodiplodia, Ceramothyrium, and two others that were unidentified beyond the order Capnodiales among the top 30 ASVs. Surprisingly, all the genera found in common to both asymptomatic and symptomatic samples exhibit higher abundance in the former. The only exception is Ceramothyrium (Chaetothyriales) whose abundance is much higher in the SS samples and has the highest abundance in the symptomatic leaf samples. Neopestalotiopsis and Pseudopestalotiopsis have previously been associated with oil palm leaf spot disease in Brazil (Suwannarach et al., 2013) and Malaysia (Ismail et al., 2017) and Indonesia (Yurnaliza et al., 2021); the genera were also surprisingly predominant in the asymptomatic leaves of oil palm in this study. Meanwhile, the conclusion from another work on FYD stated that the two genera and Pestalotiopsis found in lower abundance in this study may not be directly associated with the disease as they are readily isolated from oil palm plantations where foliar lesions are observed (de Assis Costa et al., 2018). Moreover, another report also enlisted Colletotrichum sp. among the endophytic fungi associated with the asymptomatic medicinal plant Achyranthes aspera (John and Mathew, 2017). It is possible that some of the identified beneficial endophytes including Colletotrichum sp. and Trichoderma asperellum with higher abundance in asymptomatic samples have contributed to restricting the emergence of pathogenicity factors of these fungi (Boari, 2008; John and Mathew, 2017). In contrast, the most dominant genus found in symptomatic leaves is an unassigned member of the family Sporormiaceae (Pleosporales). Previous reports by de Assis Costa et al. (2018) had associated Colletotrichum, Pestalotiopsis, and Fusarium with FYD based on the findings from their study. However, earlier reports had already shown that the disease was not reproducible in an inoculation experiment conducted using the trio (Boari et al., 2012; Boari, 2008). Since these genera were also found but in lower abundance in SS in this study, they might be among the opportunistic pathogens inhabiting the tissue and soil awaiting a favorable condition to cause or contribute to the severity of foliar disease of oil palm. Together with other yet-to-be-identified genera discovered in this study, especially in the symptomatic samples, so many putative causal agents of oil palm foliar diseases including leaf spot might still be unknown. These causal agents may include two or more pathogens which suggest the disease might likely be due to the activity of a consortia of pathogens or pathobiome.

Asymptomatic soil samples were enriched with more fungal taxa compared to other groups which is in contrast with the report made by Darriaut et al. (2023) on the investigation of fungal biota associated with symptomatic and asymptomatic soils of grapevine. Furthermore, the asymptomatic soil samples exhibit the highest diversity comprising soil-borne saprobes such as Neoroussoella and Gibellulopsis (Hirooka et al., 2014) as found in other works which further supports the claim that, they are a reservoir of phytotaxa that are attracted to the rhizosphere and subsequently selected by the roots (Byers et al., 2020; Darriaut et al., 2023). The symptomatic soil samples are predominantly enriched in saprobic genera including Peniophora (Roozbeh et al., 2013), Gongronella (Zhang et al., 2019), and Aspergillus (Nji et al., 2023). The root samples are the least enriched with the asymptomatic samples having the lowest taxa at the order level and the symptomatic at the genus level. The observation of a higher abundance of putative disease-suppressing genus Trichoderma (T. asperellum) in the asymptomatic root could explain its tolerance against leaf spot disease. In addition to the genera described above for asymptomatic leaves, other economically important genera discovered with the biomarker discovery algorithm LEfSe include Phyllosticta which species have been reported to cause oil palm leaf spot in Malaysia (Nasehi et al., 2020). Among the fully assigned taxa signatures in the symptomatic leaves are Oxydothis which is associated with leaf spots in palms (Fröhlich and Hyde, 1994), Pseudocercospora which causes Cercospora leaf spot, a notorious foliar disease in olives (Ávila et al., 2005). Others include the foliar epiphytes genera Ceramothyrium and Trichomerium which have also been ascribed to leaf spot in many plants (Chomnunti et al., 2012; Hongsanan et al., 2015).



Alpha and beta diversity analyses

There was no statistically significant difference in the diversity and richness of AS and SS in both sample types and location. Furthermore, the diversity metrics were generally low across the samples but higher in AS. This finding reinforces the report by Wang and Foster (2015) that lower diversity is more probable in plantations established in former agricultural ecosystems. Also, this observation mirrors our finding with the PCoA analysis of the beta diversity of the samples based on location and sample type as there was no definite clustering pattern among the individual samples of AS and SS investigated (see Supplementary file). Meanwhile, the earlier study by de Assis Costa et al. (2018) reported definite clustering of FYD-asymptomatic samples and scattering of FYD-symptomatic samples across the 2-dimensional space of principal component analysis (PCA) graph.



Association networks and the potential keystone species

Correlation-based taxonomic networks are widely used for depicting microbiome associations because they can easily be calculated, scaled, subjected to a plethora of asymptotic statistical inferences, and employed to differentiate inverse connections (Song et al., 2012). The network analyses performed in this study partly supports our previous finding that there is no significant difference in microbial diversity in most of the categorizations (soil, leaf, root) considered for the samples. Additionally, some taxa which were previously unnoticed (especially the rare taxa) in the previous set of analyses as important constituent of the microbial community were unraveled as potential keystone species (Wood et al., 2017) using the network metrics described above. Such species in the group association networks play a pivotal role in ecosystem functioning (Gehlenborg et al., 2010), and their extinction may affect the stability of the communities (Berry and Widder, 2014). All the group networks except the symptomatic root samples are characterized with high modularity. This indicates coherent node connections within the modules and sparse connections between modules. Therefore, the modules (communities) largely accommodate balanced and similar ecological units with minimal environmental disturbance and species loss. On the other hand, the comparatively lower modularity index found in the symptomatic root samples suggests that within this network, many taxa are more frequently associated with other categories of taxa than they are connected to each other (Burgos et al., 2007; Ding et al., 2015). Since environmental variability has been reported to exert a positive influence on modularity (Kreimer et al., 2008), the close modularity values observed in the two microbial communities further points to their geographical proximity as agroecosystems.




Conclusion

This is the first report comparing the structure and composition of the fungal community of asymptomatic and symptomatic leaf-spot diseased oil palm trees sampled from the tropics in Nigeria. Apart from the arrays of putative oil palm leaf spot pathogens, other categories of fungi in the asymptomatic samples especially the leaf observed in this study should be further investigated to unravel the actual causal agents of oil palm leaf spot disease. In addition, Trichoderma asperellum occurring in higher abundance in the asymptomatic root samples could be responsible for the pathogen suppression displayed by the asymptomatic trees against the disease. Hence, members of the genus could be explored as biocontrol agents against oil palm leaf spot disease. The findings from the association network study also support our observation that there is no significant difference between the asymptomatic and leaf-spot-diseased oil palm trees in the diversity analyses. Our observation of the rare taxa as a large proportion of the keystone species suggests further investigation of this important constituent of the fungal microbial communities. This is critical to identify their potential ecosystem functions and how they might be linked to other members of the communities.
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Footnotes

1      https://github.com/jbisanz/qiime2r?search=1

2      https://github.com/uw-madison-microbiome-hub/Microbiome_analysis_in-_R/blob/master/readme.md
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The Ironwood tree (Casuarina equisetifolia) holds a significant ecological role in Guam where a decline in Ironwood trees was first documented in 2002. Studies have linked the Ironwood tree decline (IWTD) to bacteria from the Ralstonia solanacearum complex and wetwood bacteria, specifically Klebsiella oxytoca and Klebsiella variicola. Presence of termites was first found to be associated with IWTD in 2010; however, the role of termites in IWTD is still not clear. The Asian subterranean termite, Coptotermes gestroi (Wasmann) (Blattodea: Rhinotermitidae) frequently attacks Ironwood trees. As workers of this soil-dwelling species of the lower termites harbor a diverse microbial community in their bodies, we examined whether C. gestroi workers carry IWTD-associated bacteria and could, therefore, act as vectors. We described the bacterial community in C. gestroi workers using 16S rRNA gene sequencing and tested the impact of factors related to the location and health of the Ironwood tree the termites were collected from on termite bacterial diversity. Feeding assays were performed to assess if workers show preference in consumption depending on the amount of Ralstonia and wetwood bacteria in the food source. Health of Ironwood trees and level of site management impacted the bacterial composition of C. gestroi termite workers attacking the trees. Although C. gestroi workers equally consumed food sources with high and low Ralstonia and wetwood bacteria load in lab experiments, Ralstonia and other IWTD-related bacteria were not detected in considerable amounts in termite workers collected from trees. Thus, C. gestroi workers are not a vector for bacteria associated with IWTD in Guam.
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1 Introduction

Casuarina equisetifolia, commonly known as Ironwood tree, is an ecologically and economically critical species in Guam, located at the southernmost tip of the Mariana Islands. Ironwood trees display a remarkable tolerance to environmental stressors, including salinity, partial water logging, a spectrum of pests and diseases, and an ability to flourish in nutrient-depleted coral sand (Pinyopusarerk and House, 1993; Elevitch and Wilkinson, 2000). The capacity of the Ironwood tree for soil erosion control and resistance to typhoons further underscores its ecological value. Additionally, the utility of the Ironwood tree extends to applications such as windbreaks, shelterbelts, mulch, and fuelwood (Pinyopusarerk and House, 1993; Schlub, 2013).

Despite the inherent resilience of the Ironwood tree its population in Guam is exhibiting a marked decline that was first documented in 2002 (Mersha et al., 2009, 2010). It was found that the Ironwood trees in Guam are being infected with a disease that leads to gradual thinning of their foliage, progressive dieback of branches, and eventually death of the tree (Mersha et al., 2009, 2010). The dead foliage often remains on the tree giving the tree a singed appearance (Mersha et al., 2009, 2010). In addition to the external symptoms, diseased trees exhibit internal symptoms of wood staining and ooze formation (Schlub, 2013). This condition was called Ironwood Tree Decline (IWTD) (Mersha et al., 2009, 2010; Schlub, 2013).

Various bacteria, including species of Ralstonia, Klebsiella, Kosakonia, Enterobacter, Pantoea, Erwinia, and Citrobacter, have been identified in the ooze produced by declining Ironwood trees (Ayin et al., 2019). Ralstonia solanacearum and certain Klebsiella species (K. oxytoca and K. variicola) are particularly notable, given their frequent isolation from diseased trees and extensive research regarding their association with IWTD (Schlub, 2013; Ayin et al., 2015, 2019). These bacterial species penetrate plant tissues through wounds and migrate upward through the xylem. Ralstonia solanacearum is associated with the manifestation of wilt symptoms, while Klebsiella species contribute to a brown discoloration of the wood, a condition known as wetwood (Denny, 2006; Hartley et al., 1961). Experimental inoculation of R. solanacearum in Ironwood seedlings resulted in wilting and death and R. solanacearum has been implicated as a significant predictor of IWTD (Ayin et al., 2019). Wetwood symptoms, however, could not be experimentally induced in healthy Ironwood trees and, therefore, Klebsiella species are regarded as potential opportunistic pathogens contributing to IWTD (Ayin et al., 2015, 2019).

The mechanisms facilitating the transmission of putative pathogens linked with IWTD are not yet understood. Numerous biotic and abiotic influences might play a role in the transmission of these pathogens (Agrios, 2008). Insects have to be considered as potential IWTD pathogen vectors due to their well-documented role in the transmission of plant pathogens, including bacteria, viruses, fungi, protozoans, and nematodes (Agrios, 2008; Heck, 2018; Perilla-Henao and Casteel, 2016). Insect vectors can carry pathogens on their mouthparts and transmit them during feeding activities or harbor a pathogen within their bodies where it can multiply as part of its lifecycle before being transmitted to a plant host (Agrios, 2008). Given this context, the role of insect vectors in the transmission of bacteria associated with IWTD presents a valuable line of inquiry.

Termites were identified as one of the insects attacking Ironwood trees in Guam besides beetles and gall wasps (Mersha et al., 2009). A significant association (p < 0.01) was found between the presence of termites and IWTD during a comprehensive survey involving 1,427 trees on the island of Guam (Schlub, 2010, 2013). Signs of termite infestation in Ironwood trees include the presence of tunnels, hollowed tree trunks, and distinctive carton structures in the branches or around the base of the tree (Schlub, 2013). Morphological and molecular characterization techniques, such as DNA barcoding, were used to identify the termite species involved in the attack on Ironwood trees (Park et al., 2019). One of these species attacking Ironwood trees in Guam was identified as Coptotermes gestroi (Wasmann), a member of the family Rhinotermitidae (Park et al., 2019).

Coptotermes gestroi, a subterranean termite species native to Southeastern Asia, forms colonies under the soil and forages above ground by constructing thin, intricately branched tunnels (Wasmann, 1896; Kirton and Brown, 2003). The worker termites of this species consume a wide variety of materials, including wood, cardboard, paper, leather, rubber, and clothes (Bignell et al., 2011; Kirton and Brown, 2003). Moreover, C. gestroi is not selective in its wood consumption as it targets both living and dead trees (Cheng et al., 2014). Worker termites hollow out sections of large trees, while feeding on the wood (Chouvenc et al., 2018; Becker, 1975). Infestation by C. gestroi termites has been linked to tree decline and death (Chouvenc et al., 2018).

The species C. gestroi is classified within the category of so-called lower termites, a group encompassing the families Archotermopsidae, Mastotermitidae, Stolotermitidae, Kalotermitidae, Hodotermitidae, Stylotermitidae, Rhinotermitidae, and Serritermitidae. The gut microbiota of lower termites harbors a rich community of mutualistic symbionts consisting of cellulolytic flagellates, bacteria and archaea (Brune, 2014; Husseneder, 2023). The termites derive substantial benefits from this symbiotic relationship, as the cellulolytic flagellates aid in wood digestion, while bacteria contribute to the degradation of lignin and chitin, acetogenesis, and nitrogen recycling and fixation, among other vital roles (Brune, 2014; Brune and Friedrich, 2000; Arora et al., 2022; Husseneder, 2023). The microorganisms that are necessary for termite survival are referred to as obligate symbionts and form the core microbiota, i.e., they are present in the workers of most if not all colonies and often in considerable numbers (Cleveland, 1926; Brune, 2014). The majority of core bacteria are typically termite specific and do not occur elsewhere in the environment (Hongoh, 2010; Brune and Dietrich, 2015; Husseneder, 2023).

The gut environment of termites can also accommodate environmental bacteria, provided the chemical composition and pH are conducive to their growth. Worker termites ingest these environmental bacteria during their feeding activities (Keast and Walsh, 1979; Diouf et al., 2018; Fröhlich et al., 2007; Vikram et al., 2021). Some of these ingested bacteria may be plant pathogens that are present on the wood consumed by termites and could potentially be transmitted to a healthy food source during subsequent foraging. Supporting this notion, bacterial genera known to include plant pathogens, such as Erwinia, Pantoea, Pseudomonas, Burkholderia, Acidovorax, Xanthomonas, Clavibacter, Streptomyces, and Ralstonia, have been detected in the bodies and nests of Coptotermes species (Oberpaul et al., 2020). This suggests the potential for IWTD-associated bacteria to be present within the termites that feed on declining Ironwood trees in Guam.

To investigate potential links between IWTD and C. gestroi microbiota, we collected termites from Ironwood trees at different stages of IWTD that tested positive or negative for Ralstonia and employed 16S rRNA gene amplicon sequencing. Our research objectives were: (1) to conduct taxonomic profiling of bacteria present within whole bodies of C. gestroi workers feeding on Ironwood trees in Guam to test for the presence and relative abundance of IWTD-associated pathogens; (2) to assess the potential influence of tree-related and location-related factors on the composition of bacterial communities within C. gestroi workers collected from healthy and sick Ironwood trees to understand possible interactions between environmental factors and the microbial ecology within these termite workers; and (3) to explore potential feeding preferences of C. gestroi workers in relation to food sources with varied Ralstonia and wetwood bacteria content, which would provide insights into whether the termites show a preference or difference in consumption for parts of the trees with lower pathogen content compared to areas with a high pathogen load. This study aims to advance our understanding of the complex interactions between termites, their microbiota, and the health of Ironwood trees, potentially providing strategies to address IWTD in Guam.



2 Materials and methods


2.1 Termite samples and metadata collection

In 2021, the research team from the University of Guam collected 27 C. gestroi termite samples from both diseased and healthy Ironwood trees, distributed across 15 distinct locations throughout the island (Figure 1). For each sampling site, at least 21 termites (15 workers and 6 soldiers) were acquired using an aspirator. A third of these specimens were promptly preserved in 70% ethanol (for morphological identification of soldiers and vouchers) and the remaining two-thirds were stored in 95% ethanol (for Illumina sequencing of workers) and shipped to Louisiana State University Agricultural Center. The team from the University of Guam also recorded data regarding tree and location-related factors (Supplementary Table S1, Figure 1) as described in Setia et al., 2023b.
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FIGURE 1
 Map of Guam (source: NASA Earth Observatory image created by Jesse Allen and Robert Simmon, using EO-1 ALI data provided courtesy of the NASA EO-1 team and the United States Geological Survey, taken on December 30, 2011 [URL: https://earthobservatory.nasa.gov/images/77189/guam]) showing Ironwood tree sites from where 27 samples of C. gestroi termites were collected. Metadata for each termite sample can be found in Supplementary Table S1.



2.1.1 Tree-related factors

Each of the 27 trees from which a termite sample was collected was tested for the Presence of Ralstonia (positive vs. negative) using the R. solanacearum-specific immunodiagnostic test kit (Agdia, Inc. Indiana. U.S.A.). The test detects R. solanacearum through an antigen-antibody reaction without quantifying the concentration. The Decline Severity (DS) of the trees was evaluated based on damage and branch fullness, assigning trees to one of five categories ranging from DS = 0 (symptomless), DS = 1 (slightly damaged), DS = 2 (distinctly damaged), DS = 3 (heavily damaged) and DS=4 (nearly dead) (Schlub, 2013). This evaluation was simplified by reducing the number of DS categories in the factor Tree Health. Symptomless trees (DS = 0) were categorized as healthy while trees showing symptoms of IWTD (DS = 1–4) were jointly categorized as sick (Supplementary Table S1).



2.1.2 Location-related factors

For each of the 27 samples at the 15 sampling locations (Figure 1, Supplementary Table S1), three location-related factors were recorded. Altitude of the tree location was measured in meters above sea level at the tree base and classified as either “low” (≤ 100 m) or “high” (>100 m). Parent Material, the unconsolidated and relatively unweathered source material contributing to soil formation, was categorized into three types: limestone, tuff, and sand based on information from the Natural Resources Conservation Service of the United States Department of Agriculture (https://www.nrcs.usda.gov/). Site Management refers to how extensively the area is maintained by humans, and was classified as not managed, moderately managed, or highly managed.




2.2 DNA extraction, primer selection and illumina sequencing

The C. gestroi worker samples preserved in 95% ethanol were subjected to DNA extraction using the DNeasy Blood & Tissue kit (Qiagen, Germantown, MA). The total genomic DNA was procured by pooling five workers per sample in lysis buffer and homogenizing them with a sterile pestle (Thermo Fisher Scientific, Wilmington, DE). Quantity of the extracted DNA was measured using an Invitrogen Qubit 4 Fluorometer with the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Wilmington, DE). Twenty microliters (2.5 μl/ng) of the extracted DNA from each termite sample were sent to the University of New Hampshire Hubbard Center for Genome Studies for next-generation sequencing utilizing the 515F and 926R primer pair to amplify the V4 region of the bacterial 16S rRNA genes (Caporaso et al., 2010). The DNA sequencing was performed using the Illumina Nextera Dilute library protocol (Illumina, San Diego, CA). The resultant sequences were deposited in NCBI GenBank as BioProject ID PRJNA883256.



2.3 Bioinformatics and statistical analysis

Bioinformatic analysis was performed using the Quantitative Insights Into Microbial Ecology (QIIME2) pipeline, version 2021-4 (Caporaso et al., 2010; Estaki et al., 2020). The Phred quality score of the demultiplexed forward and reverse sequence reads was above 30, thus eliminating the need for truncating. Trimming of primers and adapters, quality filtering, and denoising were performed using DADA2 (Callahan et al., 2016).

Rarefaction curves were generated to assess the adequacy of sequencing depth, sample size, and coverage for capturing the bulk of bacterial diversity within the samples. Sequence depth-based alpha rarefaction curves were generated using QIIME2 by plotting the number of Amplicon Sequence Variants (ASV richness), Faith's Phylogenetic Distance (Faith's PD), and Shannon diversity against the sequencing depth. The sequence reads were subsampled without replacement to a common sequencing depth equivalent to the sample exhibiting the lowest sequencing depth (4,982). Additionally, sample size- and coverage-based alpha rarefaction curves were produced using the R package iNEXT, utilizing Hill numbers (q) equivalent to ASV richness (q = 0), Shannon diversity (q = 1), and Simpson diversity (q = 2) to determine the effective diversity of bacterial communities at the actual sample size of 27 and extrapolate the potential increase in effective diversity if the sample size were doubled (Hsieh et al., 2016).

The ASVs were taxonomically classified with the SILVA 132 reference database (http://www.arb-silva.de) (Quast et al., 2012) using the consensus method in the BLAST algorithm (Camacho et al., 2009) and ASVs with < 97% similarity to reference sequences were filtered out. Sequences were aligned using the MAFFT method and alignments were masked to exclude variable positions (Lane, 1991). Taxa bar plots were generated to represent the relative abundances of taxonomically assigned taxa. The taxonomic assignment of the 20 most frequent ASVs across all samples was confirmed by conducting a BLAST search in NCBI GenBank.

The alpha diversity of bacteria within the termite worker samples was evaluated using four indices: Pielou's evenness, Faith's phylogenetic distance, the number of ASVs (ASV richness), and Shannon diversity (Setia, 2023; Estaki et al., 2020). Group significances for the factors Presence of Ralstonia, Tree DS, Tree Health, Location, Parent Material, Site Management, and Altitude, were determined using the Kruskal-Wallis ANOVA (H) test statistic (Kruskal and Wallis, 1952), followed by the Benjamini-Hochberg procedure for false discovery rate correction (Benjamini and Hochberg, 1995). The differentiation of the bacterial composition between termite samples grouped by factors (beta diversity) was analyzed using Permutational Multivariate Analysis of Variance (PERMANOVA) at 999 permutations. The distance metric applied was Weighted Unifrac (Lozupone and Knight, 2005), which takes phylogenetic distances and abundances of bacterial ASVs into account. A PERMDISP test with 1,000 permutations was conducted to account for dispersion and ensure the homogeneity of variance within the sample groups.



2.4 Feeding experiments to assess the consumption of R. solanacearum by C. gestroi workers
 
2.4.1 Termite collection for feeding tests

Three separate colonies of C. gestroi were collected from Apaca Point, Agat (13.40239, 144.66307), Bernard Watson's farm (13.56553, 144.87749), and UOG Ija Experiment Station (13.26523, 144.71623). Plastic milk crate traps (33.2 × 33.2 × 28.1 cm) baited with a lattice structure made from softwood lumber were buried under a soil layer of 3–5 cm as described in Gautam and Henderson (2011). After ~5 months termites were collected by transporting the wood from the crate traps that had been attacked by termites to the laboratory at the University of Guam.



2.4.2 Four-choice test: consumption of C. equisetifolia wood with varied bacterial load by C. gestroi workers

Wood samples for the four-choice test were obtained from four C. equisetifolia trees, each exhibiting either a positive or negative test result for R. solanacearum infection, as well as either high or low levels of wetwood bacteria. The tree trunks were cut, cross-sectioned into ~2 cm disks using a circular saw, and small blocks (~0.5 × 2 × 1.5 cm3) were chiseled out from the central wetwood region of each disk. All tools were sterilized with 10% Clorox solution after each use. Trees without wetwood stains in their center were assumed to contain low amounts of wetwood bacteria while trees with visible dark stains in the center were assumed to contain high amounts of wetwood bacteria (Setia et al., 2023c). Ralstonia solanacearum presence was determined via ImmunoStrip® immunodiagnostic assays (Agdia Inc., Indiana, USA), which utilize antibody-based lateral flow technology to detect specific proteins. The four treatment combinations used in the four-choice test were: (1) R. solanacearum negative and low wetwood bacteria (obtained from an Ironwood tree at Yigo Experiment Station, 13°31′59′′N 144°51′24′′E), (2) R. solanacearum positive and low wetwood bacteria (Yigo Experiment Station, 13°31′58′′N 144°51′25′′E), (3) R. solanacearum negative and high wetwood bacteria (Bernard Watson's Farm, 13°20′09′′N 144°31′33′′E), and (4) R. solanacearum positive and high wetwood bacteria (Bernard Watson's Farm, 13°20′10′′N 144°31′34′′E) (Setia, 2023).

The initial weight of each wood piece was recorded and four wood pieces were spaced out equally in a 145 × 20 mm Petri dish filled with sand at a moisture content of 12% (Setia, 2023). A randomized complete block design involving 15 blocks and five replicates from each of the three termite colonies was used. A total of 300 worker and 30 soldier termites were introduced into each Petri dish. After 3 weeks, the final weights of the wood pieces were measured. The level of consumption was determined by subtracting the final weight from the initial weight of the wood. One-way analysis of variance (ANOVA) followed by a Tukey's Studentized Range test for post-hoc analysis, with a significance level of α < 0.05 (SAS 9.4), was used to test for significant changes in the average weight of the wood pieces across different treatments.



2.4.3 Two-choice test: termite consumption of R. solanacearum inoculated wood compared to saline control

Ralstonia isolate 19-147 (Paudel, 2020) was subcultured from the bacterial ooze of a heavily damaged (DS = 3) Guam Ironwood tree in a shaker incubator with Casamino Acid-Peptone-Glucose (CPG) broth medium (Denny and Hayward, 2001). The optical density of the overnight culture was 2.5 (OD600), with 9.251E+9 CFU/ml colony-forming units. Serial dilutions were generated ranging from 10−1 to 10−10 using 0.85% saline.

Based on a pilot study with Coptotermes formosanus Shiraki workers (Setia, 2023), dilutions of 10−4, 10−6, and 10−8 were selected for the tests as these dilutions had shown no adverse impact on the termites. The wood pieces from a healthy Ralstonia negative Ironwood tree were oven-dried, weighed, and then inoculated with the bacterial culture at the three dilutions, using 0.85% saline as a control. The inoculated wood pieces were placed in Petri dishes filled with sand at a 12% moisture level. A randomized complete block design with 45 experimental units, combining three colonies, three concentrations, and five replicates, was adopted for this study. A total of 100 C. gestroi workers and 10 soldiers were introduced into each Petri dish. After a three-week period, the wood pieces were dried and weighed again, and the consumption data were analyzed using the same methodology as in the four-choice test.



2.4.4 No-choice test: termite consumption of filter paper inoculated with R. solanacearum compared to saline control

In the no-choice test, the consumption pattern of termite workers was analyzed by offering the workers filter paper soaked with either 100 μL Ralstonia isolate 19-147 at the three different dilutions described above or 0.85% saline. Termites were allowed to feed on the filter papers for 1 or 2 weeks with separate dish sets for each time period. Each of the three termite colonies had five replicate Petri dishes per time period with 50 workers and 5 soldiers per dish. After the end of each feeding period, the dry weight of each filter paper was noted to calculate the consumption. The resultant data was statistically analyzed as described for the four-choice test.





3 Results


3.1 Number of sequence reads and ASVs

A total of 5,599,951 raw 16S rRNA gene amplicon sequences were obtained from 27 C. gestroi samples collected from R. solanacearum positive and negative Ironwood trees in Guam. After removing low-quality reads and chimeras, 4,333,087 sequence reads and 8,976 ASVs remained. Removing unassigned ASVs with < 97% similarity to SILVA database references further reduced the dataset to 2,168,762 sequence reads and 747 taxonomically assigned ASVs. The removal of unassigned ASV reduced the minimum sequencing depth across all samples from 16,513 to 4,982 reads, which was used as standardization for rarefaction.



3.2 Sequencing depth-, sample-, and coverage-based rarefaction

The sequencing depth-based rarefaction curves of most samples started to level off around 2,000 sequence reads for ASV richness, 8,000 for Faith's PD, and < 2,000 for Shannon diversity (Supplementary Figure S1a), indicating sufficient sequencing depth to capture most bacterial diversity in each sample. The sample-based rarefaction (Supplementary Figure S1b) across the actual 27 samples showed an ASV richness of 747, Shannon diversity of 407, and Simpson inverse of 272. Doubling the sample size by extrapolation increased ASV richness to 1,328, while Shannon and Simpson indices remained approximately at the same level (508 and 289, respectively). Coverage-based rarefaction (Supplementary Figure S1c) showed 90% coverage of bacterial diversity at the achieved sequencing depth. Extrapolating to 95% coverage increased ASV richness to 1,446; however, Shannon diversity only slightly increased to 530 and Simpson indices stayed around 299 with extrapolation suggesting that the increased ASV richness was likely caused by rare ASVs. Overall, rarefaction analyses indicated adequate sequencing and sampling depth to characterize the majority of bacterial diversity within C. gestroi samples from Ironwood trees.



3.3 Taxa composition

A total of 28 bacterial phyla were identified in 27 samples of C. gestroi workers gathered from Ironwood trees in Guam (Supplementary Table S2). In order of decreasing abundance, the most prevalent phyla were Spirochaetes (45.46%), Bacteroidetes (23.41%) and Fibrobacteres (15.1%). The minor phyla were Proteobacteria (6.14%), Firmicutes (4.42%), Planctomycetes (1.7%), Synergistetes (0.86%), Cloacimonetes (0.77%), Acidobacteria (0.74%), Actinobacteria (0.72%), Elusimicrobia (0.19%), Margulisbacteria (0.18%) and other phyla with rare representation (0.3%) (Supplementary Table S2, Figure 2).
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FIGURE 2
 Taxa bar plots showing the relative abundance of bacterial phyla associated with 27 samples of C. gestroi workers collected from Ironwood trees in Guam. Phyla are shown in decreasing abundance from bottom to top (Supplementary Table S2). The sample name on the x-axis encodes the following factors: Ralstonia (Rs) presence (Positive) or absence (Negative), Tree Health (Healthy or Sick), and level of site management [not managed (None), moderately managed (Moderate), highly managed (High)]. The first number is the sample identifier (Figure 1, Supplementary Table S1). Data that was not available is marked as “n/a”.


Only one of the top 20 ASVs in terms of total number of reads was present in all 27 samples; this ASV was an uncultured Treponema sp. (Phylum Spirochaetes). Another uncultured Treponema sp. was the most dominant ASV, and it was present in 15 out of 27 samples. The second most abundant ASV in terms of read counts was assigned to Candidatus Azobacteroides of the Bacteroidetes phylum and was found in 20 samples. An uncultured Spirochaetes bacterium (Phylum: Spirochaetes), another ASV assigned as Treponema sp. (Phylum: Spirochaetes), an uncultured delta proteobacterium (Phylum Proteobacteria) and an uncultured Eubacteriaceae bacterium (Phylum Firmicutes) were observed in at least 20 samples. Fourteen among the top 20 ASVs were found in fewer than 20 samples which include the most dominant uncultured Treponema sp. mentioned above and another Ca. Azobacteroides ASV that was found in one sample (Supplementary Table S3).

Six ASVs that were not in the top 20 ASVs were assigned to taxa that contain pathogenic bacteria species or genera putatively associated with IWTD as these bacteria were identified during the phylogenetic analysis of ooze from Ironwood trees in decline (Supplementary Table S4). However, these ASVs occurred in only a few samples with low abundance and were not exclusive to termites collected from sick trees (Supplementary Table S4). The Ralstonia sp. ECPB06, Enterobacter sp., Klebsiella oxytoca, and Pantoea sp. were detected in only one sample with < 10 sequencing reads. Citrobacter sp. was also detected in a single sample with 303 reads while Citrobacter amalonaticus was observed in 5 samples with a total of 98 sequencing reads (Supplementary Tables S1, S4).



3.4 Diversity analysis

There was no significant impact of Presence of Ralstonia, Tree DS, Altitude, and Parent Material on the alpha diversity (Pielou's evenness, Faith's phylogenetic distance, ASV richness, and Shannon diversity) of the bacterial communities of C. gestroi workers collected from Ironwood trees in Guam. However, there were significant differences based on Tree Health and Site Management. Termites collected from healthy trees (n = 6) showed higher bacterial richness (ASV Richness, p = 0.0496, H = 6.0075, Kruskal-Wallis ANOVA) compared to those from sick trees (n = 15), while termites from moderately managed sites (n = 11) exhibited microbiota with greater phylogenetic distances (Faith's PD, p = 0.0067, H = 7.3334) than those from highly managed sites (n = 12) (Figure 3). No other alpha diversity metrics were significantly impacted by Tree Health or Site Management.
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FIGURE 3
 Ironwood tree health and location related factors with significant effects on different aspects of alpha diversity of termite bacteria communities. Different letters indicate significant difference. (A) ASV richness of bacteria communities of termites collected from healthy and sick trees. (B) Faith's PD of bacterial communities of termites collected from highly, moderately or non-managed sites (Highly Managed, Moderately Managed and No Maintenance).


Beta diversity showed no significant differences in termite bacterial communities based on Presence of Ralstonia (p = 0.679, pseudo-F = 0.4699), Decline Severity (p = 0.463, pseudo-F = 0.8779) and Altitude (p = 0.245, pseudo-F = 1.4807, PERMANOVA). Differences were marginal for Tree Health, Site Management and Parent Material (p = 0.07, pseudo-F = 2.6804 for each). PERMDISP showed no significant difference in dispersion among the bacterial communities for all the factors (p > 0.20, PERMDISP).



3.5 Different amounts of Ralstonia and wetwood bacteria did not impact feeding behavior of C. gestroi workers

Since IWTD pathogens were only detected in small amounts and few C. gestroi samples collected from Ironwood trees of Guam, experiments were conducted to investigate the feeding behavior of C. gestroi workers in relation to food sources containing pathogens associated with IWTD. The experiments revealed no differences in consumption by termites across multiple pathogen concentrations.

In the four-choice tests, where termites were fed with four different natural wood sources from Ralstonia positive or negative Ironwood trees with high or low amounts of wetwood bacteria, termites showed no discriminatory feeding behavior between the four treatment combinations. No significant differences in the net consumption were observed among the wood from Ralstonia-positive or negative Ironwood trees with high or low amounts of wetwood bacteria (p = 0.418, One-Way ANOVA followed by HSD test) (Figure 4A). Termite feeding activity was robust across all replicates regardless of the wood's pathogen status.
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FIGURE 4
 (A) Four-choice test measuring net consumption (g) by C. gestroi workers of four food sources consisting of natural wood pieces: R. solanacearum negative and low amounts of wetwood bacteria, R. solanacearum positive and low amounts of wetwood bacteria, R. solanacearum negative and high amounts of wetwood bacteria, and R. solanacearum positive and high amounts of wetwood bacteria. (B) Two-choice test measuring net consumption (g) of wood pieces inoculated with 10−4, 10−6 and 10−8 Ralstonia dilution by C. gestroi workers in comparison to a control with no Ralstonia. (C) No-choice test measuring net consumption (g) of filter papers inoculated with 10−4, 10−6, and 10−8 bacterial concentration by C. gestroi workers at 1 and 2 weeks. Same letters indicate lack of significant differences determined by One-way ANOVA and Tukey's Studentized Range (HSD) Test.


In two-choice tests that compared consumption of Ironwood pieces inoculated with three different dilutions of Ralstonia (10−4,10−6, and 10−8) against wood that is not inoculated with Ralstonia, termites displayed consistent feeding patterns across all three dilutions tested. The consumption of inoculated wood did not differ significantly from the consumption of wood without Ralstonia (p = 0.141, p = 0.823, p = 0.251 for the three concentrations, respectively, n = 15, One-Way ANOVA followed by HSD test, Figure 4B).

In no-choice tests no significant difference was observed between consumption of filter paper inoculated with R. solanacearum at different concentrations (10−4, 10−6, 10−8) and the control, both, after feeding for 1 week (p = 0.249) and 2 weeks (p = 0.876, One-Way ANOVA followed by HSD test, Figure 4C). The average mortality rate (15.3 ± 8.12%) was constant among the treatments. The results of the three feeding experiments indicate that C. gestroi workers do not avoid food sources containing Ralstonia or wetwood bacteria, regardless of pathogen concentration or exposure duration.




4 Discussion

The bacterial composition of freshly collected whole bodies of C. gestroi workers was described with 16S rRNA gene sequencing to investigate the possibility that C. gestroi workers could play a role as pathogen vectors for IWTD in Guam. Spirochaetes (45.46% relative abundance), Bacteroidetes (23.41%), Fibrobacteres (15.1%), Proteobacteria (6.14%), and Firmicutes (4.42%) were found to be the dominant phyla in C. gestroi workers from Guam. All of these dominant phyla except the Fibrobacteres were also found in two previous deep sequencing studies in C. gestroi workers (Do et al., 2014; Oberpaul et al., 2020) and are, therefore, core phyla. However, the relative ranking according to the abundance of each phylum differed among these studies, which might be due to geographical population differences and/or differences in sample collection, rearing and sequenced 16S region. Do et al. (2014) performed metagenomic sequencing and found Firmicutes (22.48%), Proteobacteria (17.84%), Spirochaetes (17.40%), Bacteroidetes (11.60%) and Synergistetes (4.27%) to be the most dominant phyla. In contrast to our study, they used lab-reared, pinewood-fed C. gestroi workers from Vietnam. In addition, they targeted free-living gut microbiota and did not fully capture bacteria that are closely associated with gut protozoa; thus, their approach resulted in a significant underrepresentation of the phyla Spirochaetes and Bacteroidetes which are primarily endosymbiont bacteria of protozoa and constitute more than 70% of bacteria in the hindgut of Coptotermes species (Noda et al., 2005), and bacteria attached to the gut walls, accounting for 3–20% of hindgut bacteria of Coptotermes species (Nakajima et al., 2006). Instead of Spirochetes followed in abundance by Bacteroidetes and Fibrobacteres as our study found, Oberpaul et al. (2020) reported Bacteroidetes (52%), Alphaproteobacteria (12%), Spirochetes (11%), Firmicutes (7%), and Actinobacteria (6%) as the dominant phyla in descending order across three Coptotermes species, including C. gestroi, with Fibrobacteres representing only a minor fraction of the bacterial community. Similar to our study, Oberpaul et al. (2020) used whole bodies of workers; however, they employed different primers than our study to sequence the V3-V4 region of the bacterial 16S rRNA gene and primer bias is known to cause differences among bacterial communities (Thijs et al., 2017; Haro et al., 2021). Moreover, the termites in Oberpaul et al.'s study were reared for decades in lab colonies fed on birchwood, which also might explain the differences in phyla rankings compared to our study with termites collected from their natural environment.

The high abundance of Fibrobacteres (15.1%) set our study apart from the previous C. gestroi bacteria inventories (< 1% in Oberpaul et al., 2020 and no mention in Do et al., 2014). While this discrepancy might have been caused by the differences between the studies mentioned above, horizontal transfer from other termite species coexisting on the same tree might also contribute to the unusual high abundance of Fibrobacteres in C. gestroi. Fibrobacteres are usually rare in lower termites like the genus Coptotermes which have cellulolytic flagellates (Brune, 2014). However, Fibrobacteres is typically a dominant phylum in higher termites of the family Termitidae as bacteria of this phylum are important contributors to lignocellulose digestion in termitids that lack cellulolytic flagellates (Brune, 2014; Husseneder, 2023). At least two genera of the Termitidae, Nasutitermes and Microcerotermes, are infesting Ironwood trees in Guam (Park et al., 2019). A termitid from the Nasutitermes takasagoensis complex is the termite species most often found to infest Ironwood trees in Guam (Park et al., 2019) and N. takasagoensis colonies have been observed to nest and forage in close proximity on the same tree as C. gestroi colonies (Park et al., 2019, G. Setia personal observation). As a member of the Termitidae N. takasagoensis harbors on average 41% Fibrobacteres in all samples from Guam's Ironwood trees making it the second most abundant phylum (Setia et al., 2023b). Microcerotermes crassus samples also contain Fibrobacteres with an average abundance of 28% among their core bacteria (Setia et al., 2023a). In contrast, only half the C. gestroi samples contained Fibrobacteres indicating that this phylum is not part of the core microbiota of C. gestroi workers but may have been secondarily acquired by some colonies. Interspecific horizontal transfer of microbiota can occur among termite species, either through shared feeding substrates or aggressive encounters (Bourguignon et al., 2014). Although we have no direct evidence of horizontal transfer of bacteria in this study, it is possible that C. gestroi workers acquired Fibrobacteres through interaction with Nasutitermes or Microcerotermes species. Given their symbiotic compatibility with termites, Fibrobacteres might bolster the lignocellulose digestion capacity of C. gestroi, particularly under conditions of diminished flagellate populations (Brune, 2014).

The 20 most frequent bacteria ASVs across all C. gestroi samples were predominantly uncultured species. Among the most dominant ASVs in terms of relative abundance and ubiquity that were taxonomically assigned to the genus or species level were Treponema sp., Candidatus Azobacteroides, Trabulsiella termitis, and Wolbachia, which were found in 15, 20, 13, and 17 of the samples, respectively (Supplementary Table S3). Treponema represents a phylogenetically diverse bacterial group within the phylum Spirochaetes (Brune et al., 2022; Husseneder, 2023). Treponema spirochaetes can be found in every termite species (Arora et al., 2022). Treponema species are involved in lignocellulose hydrolysis, fermentation, acetogenesis, and nitrogen fixation processes within termite guts (Leadbetter and Breznak, 1996; Breznak, 2000; Graber and Breznak, 2004). The presence of Treponema in C. gestroi aligns with previous studies that have reported their dominance in the gut microbiomes of other lower termites (Hongoh et al., 2003; Köhler et al., 2012). Candidatus Azobacteroides, a member of the phylum Bacteroidetes and order Bacteroidales, serves as an intracellular endosymbiont for cellulase-digesting protozoa of the genus Pseudotrichonympha, and shares a coevolutionary relationship with its host (Noda et al., 2005; Chen et al., 2022). Candidatus Azobacteroides plays a crucial role in nitrogen and carbohydrate metabolism in the rhinotermitid genera Coptotermes and Heterotermes (Hongoh and Ohkuma, 2018; Arora et al., 2022). This bacterial endosymbiont was first sequenced in a Pseudotrichonympha species from C. formosanus (Hongoh and Ohkuma, 2018), and related strains were also detected in C. gestroi workers (Oberpaul et al., 2020; Chen et al., 2022). The bacterium Trabulsiella odontotermitis, belongs to the phylum Proteobacteria and the order Enterobacteriales. Trabulsiella odontotermitis is typically associated with various fungus-growing termites and was first isolated from Odontotermes formosanus, a fungus-growing termite species (Sapountzis et al., 2015; Chou et al., 2007). Trabulsiella odontotermitis is considered as a facultative symbiont and is potentially responsible for carbohydrate metabolism and aflatoxin degradation (Sapountzis et al., 2015). Trabulsiella odontotermitis was cultured from C. formosanus and used in paratransgenesis-based termite control studies as a genetically engineered termite specific symbiont (Tikhe et al., 2016). Wolbachia, an ASV of the phylum Proteobacteria and order Rickettsiales ranked 12th in abundance in our study and found in 17 samples. Wolbachia ranks among the most prevalent endoparasites in various insects and nematodes (Taylor et al., 2018; Duron et al., 2008). The Wolbachia ASV identified in our study exhibited 100% sequence identity to a Wolbachia sequenced from a Coptotermes lacteus specimen (NCBI accession number DQ837199.1, Supplementary Table S3). Typically, Wolbachia strains infecting lower termites belong to supergroup H, and those infecting higher termites to supergroup F; however, C. lacteus Wolbachia were classified into subgroup F (Lo and Evans, 2007). Other lower termite species that harbor supergroup F, include Coptotermes lacteus, Coptotermes acinaciformis and Coptotermes heimii (Salunke et al., 2010).

Certain bacterial genera previously identified in Ironwood trees affected by IWTD, i. e., Ralstonia, Enterobacter, Klebsiella, Pantoea, and Citrobacter (Ayin et al., 2019), were found in a few C. gestroi worker samples collected from Ironwood trees in Guam but they represented rare ASVs (< 0.02% reads) and were found in < 40% of the samples (Supplementary Table S4). However, of all these bacteria, R. solanacearum is the only pathogen associated with IWTD that has been confirmed to cause symptoms in Ironwood trees through isolation and reinoculation. Ralstonia solanacearum isolated from ooze of sick Ironwood trees in Guam was able to cause wilting symptoms on healthy Ironwood trees (Paudel, 2020). The isolates of Klebsiella sp. from Ironwood trees in Guam were unable to elicit symptoms of wetwood in healthy trees and the remaining bacteria have yet to be tested for their pathogenicity in Ironwood trees (Ayin et al., 2015, 2019).

Ralstonia sp. was found in only one of the C. gestroi samples which was collected from a severely affected Ralstonia-positive tree (Highly damaged DS = 3). However, out of over 2 million sequencing reads across all samples, only nine reads were mapped to Ralstonia. This indicates an extremely low likelihood of Ralstonia presence in C. gestroi worker termite samples, i.e., < 1 in 241,084 bacteria. The failure to detect Ralstonia in the majority of samples is unlikely to be due to insufficient sequencing or sampling effort. As confirmed through alpha rarefaction analysis, the sequencing depth, number of samples, and coverage used in this study were adequate to capture most of the bacterial diversity. Therefore, we tested whether the low detection of Ralstonia may be due to C. gestroi workers avoiding the consumption of pathogen-contaminated food sources. However, in choice tests conducted using wood from healthy Ironwood trees and wood from Ironwood trees with high loads of Ralstonia and wetwood bacteria, as well as wood inoculated only with Ralstonia, C. gestroi workers showed no preference between healthy wood and wood containing high pathogen loads. In addition, the C. gestroi workers consumed the food sources used in no-choice tests evenly irrespective of the bacterial load. This observation suggests that C. gestroi workers do not avoid pathogen-contaminated wood, at least within the tested concentration ranges (10−4, 10−6, 10−8 dilutions). In contrast to C. gestroi workers in this study, we previously showed that C. formosanus workers had reduced consumption at higher concentration of Ralstonia (10−2 dilution) than employed in the present study (Setia, 2023). Similarly, workers from the major species attacking Ironwood trees, i.e., N. takasagoensis, showed a preference for consumption of healthy wood even at low pathogen loads (Setia et al., 2023b). The lack of deterrence caused by bacterial contamination of C. gestroi compared to N. takasagoensis workers could be attributed to different feeding behaviors of these termite species. Coptotermes species are known for their voracious and opportunistic feeding habits, as they can consume anything containing cellulose, as evidenced by the great damage they cause to structures and trees (Cowie et al., 1989). Microbiome analysis and feeding tests suggest that C. gestroi workers likely consume Ralstonia, given that (1) Ralstonia was identified in worker bodies, albeit rarely in terms of sequence and sample numbers, and (2) feeding tests revealed that Ralstonia did not serve as a feeding deterrent. However, Ralstonia did not establish itself in large quantities in termite bodies, likely due to various reasons. Termites employ both individual and social immunity against foreign bacterial invasions (Rosengaus et al., 1999; Traniello et al., 2002; Cremer et al., 2018), and hygienic behaviors such as grooming, avoidance of infected nest mates, burial or cannibalism of dead termites, prevent most environmental bacteria from colonizing the termite body (Yanagawa and Shimizu, 2007; Rosengaus et al., 1999; Liu et al., 2015; He et al., 2018). The inherent microbiota and the antimicrobial compounds in both the termites' bodies and nests also help prevent the invasion and subsequent colonization by foreign bacteria (Veivers et al., 1982; Dillon and Dillon, 2004; Chouvenc et al., 2013; Soukup et al., 2021; Witasari et al., 2022). Furthermore, the slightly acidic to neutral pH in the gut of C. gestroi workers is outside the ideal pH range of 4.5–5.5 for R. solanacearum growth (Li et al., 2017).

Although IWTD-associated bacteria were not found in meaningful numbers in C. gestroi workers attacking Ironwood trees, and the workers' alpha and beta bacterial diversity was not different whether they fed on Ralstonia positive or negative Ironwood trees, consuming diseased Ironwood trees appears to alter certain aspects of bacterial diversity in C. gestroi workers. Termites feeding on sick Ironwood trees that showed symptoms of IWTD exhibited a decrease in bacterial richness (alpha diversity) compared to those feeding on healthy trees. The decreased bacterial richness in C. gestroi workers collected from sick trees was most likely due to a reduction of closely related bacterial ASVs, since phylogenetic diversity did not differ in regard to Tree Health. These findings are different from a previous study in N. takasagoensis workers, which showed similar richness but higher phylogenetic diversity when feeding on sick Ironwood trees compared to samples from healthy trees (Setia et al., 2023b). Tree Health was also marginally associated with differentiation between bacterial communities (beta diversity) of C. gestroi workers collected from healthy and sick trees. Previous studies on bleeding canker disease caused by Pseudomonas syringae pv. aesculin, showed less microbiome alpha diversity in symptomatic compared to asymptomatic trees (Koskella et al., 2017). The authors claimed that low microbiome diversity, induced by biotic or abiotic stressors, could undermine a plant's defenses, allowing pathogens to infiltrate the plant tissue (Pearce, 1996; Koskella et al., 2017). As the presence of tree disease appears to influence the microbiomes of both the tree (Koskella et al., 2017) and the termites feeding on it (this study and Setia et al., 2023b), there may be a link between the microbiomes of trees and termites that needs further exploration.

The extent of human management of the site where the Ironwood tree is situated impacts IWTD severity (Schlub, 2010). Trees in areas with high management are more likely to experience IWTD than those in less-managed areas (Schlub, 2010). High site management level was associated with a decrease in phylogenetic diversity in the microbiomes of C. gestroi (this study) and N. takasagoensis (Setia et al., 2023b) workers feeding on trees at intensely compared to moderately managed sites. Site management also was marginally linked to bacterial community differentiation. One explanation could be that highly managed sites have less plant diversity due to removal of unwanted species, and also are exposed to fertilization and weed killers, which in turn might reduce microbial diversity in the soil and consequently in the trees (Lavelle et al., 1995; Wardle et al., 2004). A decrease in microbiota diversity in the soil that subterranean termites like C. gestroi workers tunnel through and of the wood they feed on could cause the observed reduction in bacterial phylogenetic diversity of the termites. However, a recent study did not detect an impact of site management on the microbiota of soil collected around Ironwood trees in Guam (Jin et al., 2024). Therefore, further research is required to understand the interplay between site management and the microbiomes of Ironwood trees and termites, and their combined impact on IWTD.

In conclusion, this study suggests that C. gestroi workers are not likely to transmit pathogens associated with IWTD in Guam, given their low and infrequent pathogen load. However, the damage caused by termite infestation could provide entry points for plant pathogens, potentially accelerating the disease progression (Agrios, 2008). Alternatively, the observed association between termites and IWTD (Schlub, 2010) might not be due to a causal role of termites in the tree's decline, but rather because the termites opportunistically feed on weakened or dead trees (Sugimoto et al., 2000).
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Soil microbial communities play a vital role in accelerating nutrient cycling and stabilizing ecosystem functions in forests. However, the diversity of soil microbiome and the mechanisms driving their distribution patterns along elevational gradients in montane areas remain largely unknown. In this study, we investigated the soil microbial diversity along an elevational gradient from 650 m to 3,800 m above sea level in southeast Tibet, China, through DNA metabarcode sequencing of both the bacterial and fungal communities. Our results showed that the dominant bacterial phyla across elevations were Proteobacteria, Acidobacteriota and Actinobacteriota, and the dominant fungal phyla were Ascomycota and Basidiomycota. The Simpson indices of both soil bacteria and fungi demonstrated a hollow trend along the elevational gradient, with an abrupt decrease in bacterial and fungal diversity at 2,600 m a.s.l. in coniferous and broad-leaved mixed forests (CBM). Soil bacterial chemoheterotrophy was the dominant lifestyle and was predicted to decrease with increasing elevation. In terms of fungal lifestyles, saprophytic and symbiotic fungi were the dominant functional communities but their relative abundance was negatively correlated with increasing elevation. Environmental factors including vegetation type (VEG), altitude (ALT), soil pH, total phosphorus (TP), nitrate nitrogen (NO3−-N), and polyphenol oxidase (ppo) all exhibited significant influence on the bacterial community structure, whereas VEG, ALT, and the carbon to nitrogen ratio (C/N) were significantly associated with the fungal community structure. The VPA results indicated that edaphic factors explained 37% of the bacterial community variations, while C/N, ALT, and VEG explained 49% of the total fungal community variations. Our study contributes significantly to our understanding of forest ecosystems in mountainous regions with large elevation changes, highlighting the crucial role of soil environmental factors in shaping soil microbial communities and their variations in specific forest ecosystems.
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1 Introduction

As an important component of ecosystems, soil microorganisms profoundly affect ecological functions, particularly in nutrient cycling, ecological succession, and the maintenance of biodiversity (Banerjee and van der Heijden, 2023). Soil microbial communities often show temporal and spatial patterns that are impacted by their biotic and abiotic factors such as geography and climate. Indeed, over short spatial distances and altitudinal gradients, climate, vegetation and soil properties can vary greatly (Saleem et al., 2019). Such changes can impact the soil physical and chemical properties which in turn can potentially impact the soil microbial communities and their associated plant and animal communities. However, our understanding of how large elevation change over a short spatial distance impact soil microbial communities remains very limited.

Previous studies have shown that soil pH, altitude, carbon-to-nitrogen ratio (C/N), vegetation type (VEG), soil temperature and available phosphorus as major drivers of the distributional patterns of soil microorganisms (Banerjee and van der Heijden, 2023). Among the major microbial groups in soil, bacterial diversity is often shaped by soil pH, temperature, soil organic matters, and moisture, while fungal diversity is mainly related to plant diversity, productivity, soil moisture (Wu et al., 2024).

Globally, the latitudinal diversity gradient with more plant and animal species toward the equator than away from the equator is a dominant pattern of their distributions (Economo et al., 2018). However, the soil bacterial communities seem to follow a dissimilar pattern. Specifically, bacterial diversity increases from the South Pole to the equator but shows no significant difference across the Northern Hemisphere (Delgado-Baquerizo et al., 2016). Numerous studies have revealed that bacterial diversity is higher in mid-latitude regions but decreases both at the poles and the equator (Bahram et al., 2018). For fungi, the diversity patterns are similar between hemispheres, with a strong decrease as latitude increases (Tedersoo et al., 2014). In contrast, other evidence indicates that fungal diversity is higher at higher latitudes (Větrovský et al., 2019). Ectomycorrhizal fungi, as one of the important fungal components, form various mutualistic symbioses with many tree species, and their geographical distribution patterns are similar to those of bacteria, with higher diversity in middle and upper latitudes but lower at the poles and the equator (Tedersoo et al., 2014). In summary, the distribution of soil microbial communities follows latitude-dependent patterns.

Analogous to latitudinal temperature patterns, elevation-dependent temperature differences are often regarded as the main cause for the observed differences in vegetation along elevational gradients. The vegetation differences can significantly influence the local climate and indirectly affect soil properties, leading to changes in the diversity of soil microorganisms (Pepin et al., 2015). However, patterns of elevation-dependent microbial diversity are often complex (Li et al., 2022). With increasing elevation, the diversity of soil microbial communities may increase, decrease, or a mixture of increase and decrease depending on specific sites (Yang et al., 2022). For example, soil microbial alpha-diversity exhibited a hollow pattern across elevations (2,980–4,050 m a.s.l.) in the Southern Himalayas of China (Yang et al., 2022). In contrast, soil bacterial and fungal community diversities monotonically increased across elevations (2,200–3,300 m a.s.l.) in the northwest Yunnan plateau, China, or showed a monotonically decreasing pattern along a higher elevational gradient (4,328–5,228 m a.s.l.) in the Southwestern Tibetan Plateau, China, or a hump-backed pattern with increasing elevation (1,000–3,760 m a.s.l.) on Mount Fuji, Japan (Singh et al., 2012; Shen et al., 2019; Cai et al., 2020). Non-consistent conclusions regarding changes in soil microbial communities across elevations have been reported (Dai et al., 2021). Specific local ecological features were often found to play a more important role than elevation change alone.

Medog County is under the jurisdiction of Nyingchi Prefecture in southeast Tibet. Geographically, it lies in the lower reaches of the Yarlung Tsangpo River on the southern slope of the Himalaya–Kangri Karpo Mountains and adjoins India. As the lowest elevation area in the Tibetan Plateau and a tropical monsoon rainforest zone, Medog County is characterized by a subtropical humid climate, with limited human disturbance in local forests (Ren et al., 2024). From the lowest elevation of Medog County to the Galongla Mountains, part of the Himalaya–Kangri Karpo Mountains, their direct horizontal distance is a relatively short (180 km) but with a significant elevational span (200–4,800 m a.s.l.) (Hu et al., 2020). While most previous studies covered elevation gains of about 1,000 m to less than 3,000 m, the Medog to Galongla range stretches 4,600 m elevation change and provides an excellent experimental platform for studying the diversity and community of soil microorganisms spanning a large elevation gradient. In addition, at present, there is limited information on soil bacterial and fungal communities and their driving factors in the montane forests in southeast Tibet. The aims of our study are to (i) reveal the patterns of soil bacterial and fungal diversity and community structures across elevations in Medog County, and (ii) identify the primary driving factors influencing soil microbial communities. Our results contribute to identifying potential mechanisms for maintaining montane ecosystems in relation to climate change.



2 Materials and methods


2.1 Site description and soil sampling

Due to accessibility difficulty at both the lowest and highest elevations across the study region, here we selected the lowest elevation at 650 m above sea level (a.s.l.) to highest elevation at 3,800 m a.s.l. (29°14′–29°46′ N, 95°9′–95°41′ E) from the Medog County, the lower reach of the Yarlung Tsangpo River in southeast Tibet, China, to the Galongla Mountains. Along the increasing elevation, there was a range vegetation types (Supplementary Tables S1). Specifically, with increasing elevation, seven vegetation types (VEG) are found: tropical rainforest (TR) at below 1,100 m, evergreen broad-leaved forest (EBL) (1,100–2,200 m), coniferous and broad-leaved mixed forest (CBM) (2,200–3,000 m), dark coniferous forest (DCF) (3,000–3,400 m), shrub (S) (3,400–3,600 m), meadow (M) (3,600–3,750 m) and ice-edge vegetation (IEV) above 3,750 m (Figure 1).
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FIGURE 1
 Geographic location of sampling sites in the montane range of Medog county.


In July 2023, soil samples were collected at seven sites across the seven vertical vegetation zones. We carefully selected sites with relatively consistent surroundings and limited anthropogenic disturbance on the southern slope of the Galongla Mountains for soil sample collections. Three standard plots, each measuring 3 m × 3 m, were established at each site. After removing the litter on the soil surface, a core of the soil at a depth of 0–10 cm was collected. Five cores from each plot were mixed homogeneously after removing gravel, fine roots, and other impurities using a 200-mesh sieve, packed into a sterile sealed bag, and then placed in a portable cryogenic refrigerator. A total of 21 soil samples were transported to the laboratory. Subsequently, each soil sample was divided into two subsamples: one for determining soil physical and chemical parameters, and the other for soil DNA extraction and DNA metabarcode high-throughput sequencing. The data on main vegetation and dominant plant species were referred from Yang and Zhou (2015) (Supplementary Tables S1). The NDVI (Normalized Difference Vegetation Index) (Sentinel-2 L2A)1 and soil information were documented (Supplementary Tables S2).



2.2 Soil physicochemical properties and enzyme activities measurement

We measured soil physicochemical variables, namely, soil pH, the soil water content (SWC), total carbon (TC), total nitrogen (TN), total phosphorus (TP), total potassium (TK), NH4+-N, NO3−-N and altitude (ALT) according to previous references (Cao et al., 2016; Naga Raju et al., 2017; Lu et al., 2023).

To determine the activity of soil enzymes, we measured urease (ure), sucrase (suc), acid phosphatase (pho), polyphenol oxidase (ppo), acid protease (pro), cellulase (cellu), amylase (amy) activities following the previously reported methods (Meng et al., 2020; Xie et al., 2021; Wang and Sheng, 2023).



2.3 Soil DNA extraction and high-throughput sequencing

Total DNA were extracted from 0.5 g of soil sample using the PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc. Carlsbad, CA, United States) according to standard protocol (Cui et al., 2018). The concentrations of these DNA samples were quantified utilizing a NanoDrop2000C (Thermo Fisher Scientific, Waltham, MA, United States). DNA samples were checked by electrophoresis in 1% agarose gels and finally stored at −80°C for the subsequent high-throughput sequencing.

The V3-V4 region of 16S rDNA in bacteria were amplified by PCR using the primer pair of 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and the ITS1 region (internal transcribed spacer 1) in fungi were amplified using primer pair of ITS1-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS1-R (5′-GCTGCGTTCTTCATCGATGC-3′). PCR amplification reaction system was: 2 × Taq PCR Mix 10 μL, each of forward and reverse primers 1 μL, DNA template 1 μL, add ddH2O to 25 μL. PCR amplification procedures were as follow: predenaturation at 95°C for 5 min, denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, a total of 35 cycles, and extension at 72°C for 10 min (Zhang et al., 2017; Yang et al., 2019). Small fragment library preparations were processed on an Illumina HiSeq 2,500 sequencing platform which produced pair-end reads, by Beijing Biomark Biotechnology Co., Ltd., (Beijing, China).



2.4 Bioinformatic analysis

Raw data was processed for quality control, including removal of low-quality reads and length-based filtration, to generate high-quality sequences (Bolyen et al., 2019). First, use the Trimmomatic v0.33 software to filter the raw reads obtained from sequencing; then use the cutadapt 1.9.1 software for primer sequence recognition and removal, resulting in Clean Reads that do not contain primer sequences; second, employ the dada2 method within QIIME2 for denoising, where paired-end sequences are merged and chimeric sequences are removed, yielding the final valid data (Non-chimeric Reads) (Martin, 2011; Callahan et al., 2016; Bolyen et al., 2019). OTUs clustering (at a similarity level of 100%) were calibrated with mafft. Bacterial and fungal OTUs were annotated, against the database of Silva2 and UNITE (fungi),3 respectively. Initial sequences are available in the NCBI Genbank under accession numbers SRR31440083-31440103 (fungi) and SRR31440754-SRR31440774 (bacteria).



2.5 Statistical analyses

The top 30 soil microorganisms with relative high abundances at different taxonomic levels (phylum, class, order, family and genus) were calculated and showed by bar accumulation plots. Alpha and beta diversity indices were calculated for bacterial and fungal communities at different elevation. Simpson and Chao1 indices were used to measure the microbial diversity, and one-way ANOVA was used to assess their differences. Beta diversity of soil bacterial and fungal communities was analyzed utilizing non-parametric multidimensional scaling (NMDS) and tested by the Anosim. Ecologically relevant functions of bacterial taxa were predicted by FAPROTAX. Fungal OTUs were assigned to ecological guilds with the annotation tool FUNGuild. The statistical significance of inter-group difference was assessed using linear discriminant analysis effect size (LEfSe). The Redundancy Analysis (RDA) and Mantel-test verification were employed to analyze the significant relationship between soil microbial groups and environmental factors. Correlation heatmap along with corresponding p-values, was calculated to represent the strength and significance of correlations. The heatmap illustrated the clustering of species abundance in dominant bacterial and fungal communities at the different taxonomic unit levels (class, order, family, genus) along elevation gradient. To determine the proportion of community structure variation explained by specific environmental factors, variance partitioning analysis (VPA) was performed. The significant difference comparisons were conducted by the one-way ANOVA method. The differences between multiple comparisons were conducted by the Duncan method. The correlations between variables were analyzed by the Pearson correlation test. All statistical analyses were performed by SPSS software (Version 22.0, IBM, Chicago, United States). Canoco (Version 5.0, Microcomputer Power, Ithaca, NY, USA) and R statistical software, and GraphPad Prism 8.0, were employed to implement or visualize the correlations, cluster analysis.




3 Results


3.1 Soil bacterial and fungal communities

Our analyses identified a total of 35,719 and 8,970 OTUs for bacteria and fungi, respectively in our samples. The dominant soil bacterial community members at the phylum level were Proteobacteria (22.5–39.0%), Acidobacteriota (14.3–31.2%), and Actinobacteriota (5.1–19.0%), etc. Among all soil bacterial phyla, the relative abundance of the top three accounted for more than half of those at all elevations (52.0–70.0%). Proteobacteria had the highest relative abundance in shrubs (S) at 3,400 m, while more abundant Acidobacteriota were observed at 3,700 m with the meadow vegetation (M), and Actinobacteriota was the most abundant in coniferous and broad-leaved mixed forests (CBM) at 2,600 m (Figure 2A). Among the fungal phyla, Ascomycota and Basidiomycota dominated each community with a combined abundance of more than 74%, ranging from 74.2 to 91.4%, followed by Mortierellomycota. Ascomycota had a relatively higher proportion ranging from 40.1 to 67.1% than Basidiomycota, with site at 3,800 m a.s.l. with ice-edge vegetation (IEV) having the highest proportion of Ascomycota (67.1%). Basidiomycota was the second most abundant phylum after Ascomycota, ranging from 9.2 to 42.2% in the soil fungal communities, with the highest (42%) at 3,100 m a.s.l. in the dark coniferous forests (DCF). Basidiomycota was the least abundant at 9.2% at 3,800 m a.s.l. in the IEV zone (Figure 2B). The microbial community compositions at other taxonomic levels are shown in Supplementary Figure S1. As the altitude increases, the ratio of Ascomycota to Basidiomycota showed a hollow-shaped trend, with the lowest ratio in DCF (0.95) and the highest in IEV (7.31), indicating that Basidiomycota dominates in DCF, while Ascomycota dominates in IEV (Figure 2B).
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FIGURE 2
 Soil bacterial (A) and fungal (B) communities at the phylum level at different elevations and vegetation zones in Medog county along an elevation gradient. From left to right on the X-axis with increasing elevation, TR, EBL, CBM, DCF, S, M, and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively.




3.2 Diversity indices of soil bacterial and fungal communities and their correlations with environmental factors

The alpha diversity of soil bacteria in distinct vegetation zones indicated significant differences with Simpson index following a hollow pattern, reaching the lowest value at 2,600 m a.s.l. in CBM (Figure 3A). The Chao1 index of soil bacteria showed a declining trend with increasing elevation, attaining the highest richness at 650 m a.s.l. in tropical rainforests (TR) (Supplementary Figure S2). In case of soil fungi, the Simpson index also demonstrated a hollow pattern (Figure 3B). However, the Chao1 index of soil fungi displayed a double-hump fluctuation with elevation, showing maximum richness in DCF (Supplementary Figure S2).
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FIGURE 3
 Alpha-diversity (Simpson index) of soil bacteria (A) and fungi (B) at different vegetation zones along an elevation gradient. From left to right on the X-axis with increasing elevation, TR, EBL, CBM, DCF, S, M and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively.


The beta diversity of soil bacteria showed that the community composition was clearly separated into three parts in the NMDS diagram (Figure 4A) as follows: first at the IEV site; second at the TR and EBL sites; and third at the remaining sites. The stress value of the NMDS was 0.0961, indicating that the goodness of fit allows for confident inferences. The physical distance between sites CBM and DCF was relatively short, whereas site IEV was isolated from other sites, likely contributing to their bacterial communities at CBM and DCF sites being more similar to each other, whereas the IEV site had more distinctive bacterial communities. Overall, the bacterial communities were more dispersed than the fungal communities. In terms of fungal communities, the NMDS ordination revealed that the DCF and M sites were significantly different from others, forming two separate clusters, whereas sites TR, EBL, S, and IEV were clustered together (Figure 4B). The stress value of the NMDS for the fungal diagram was 0.0392, indicating an excellent fitting degree. Using the ANOSIM test method, NMDS ordination showed that the R values in both bacterial and fungal communities were close to 1, and the p-values were both 0.001, consistent with elevation playing a significant role in microbial community structures in Medog county and the surround region.

[image: Non-metric multidimensional scaling (NMDS) plots illustrating bacterial and fungal community compositions. The left plot (a) shows bacteria, with stress value 0.0961 and R = 0.998, p = 0.001. The right plot (b) represents fungi, with stress value 0.0392 and R = 0.898, p = 0.001. Different colors represent varying samples: blue (TR), orange (EBL), green (CBM), red (DCF), brown (S), purple (M), and pink (IEV). Both plots use axes NMDS1 and NMDS2.]

FIGURE 4
 Beta-diversity (NMDS) of soil bacteria (A) and fungi (B). TR, EBL, CBM, DCF, S, M, and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively.


RDA was conducted to analyze the relationships between soil microbial communities at the phylum level and environmental factors at different vegetation zones. The examined environmental factors could explain 43.15% of the variation in the dominant soil bacterial community, of which the first axis (RDA1) explained 24.54% and the second axis (RDA2) explained 18.61% (Figure 5A). Similarly, these factors could explain 41.21% of the variation in the dominant soil fungal community, with the first axis explaining 27.52% and the second axis explaining 13.69% (Figure 5B). Soil pH, ALT and ppo showed notably positive correlations with the bacterial community in the S and IEV zones, but negative correlations with those in the TR and EBL zones. However, TP, TK and pho were positively associated with those of TR and EBL zones. For bacterial community structures, Proteobacteria was strongly associated with ALT, whereas Bacteroidota, Chloroflexi and Gemmatimonadota were correlated with soil pH and ppo, and Firmicutes was associated with TP, C/N and NO3−-N. Interestingly, no statistically significant correlation was found between Acidobacteriota, Actinobacteriota and any environmental factors (Figure 5A). Regarding the fungal community, it was strongly correlated with ALT, C/N and VEG. Among them, ALT was positively correlated with those in the DCF, S, and IEV zones, but negatively correlated with those in the TR, EBL, and M zones. The C/N showed a significantly positive correlation with those of the EBL, CBM, and M zones, but a negative correlation with those of the S and IEV zones. At the fungal phylum level, Basidiomycota showed a distinct pattern, with soil pH, ppo, TP, and ALT displaying negative correlations, while Ascomycota, Mortierellomycota, Chytridiomycota and Rozellomycota exhibited positive correlations with soil pH, ppo, and TP (Figure 5B). Based on the Mantel-test verification, environmental factors VEG, ALT, pH, TP, NO3−-N and ppo showed strongly significant correlations with the bacterial community, whereas VEG, ALT, and C/N were highly significantly correlated with the fungal community (Figure 6). In addition, the results of VPA indicated that edaphic factors, including soil pH, TP, NO3−-N, ppo, TK, and pho, explained a total of 37% of the bacterial community variation, followed by ALT (7%) and VEG (6%), individually. As strongly significant correlation factors, C/N, ALT, and VEG explained a total of 49% of the fungal community variation, each individually explaining 6, 36, and 45%, respectively. However, two out of three factors were pairwise independent (Supplementary Figure S3).

[image: Two redundancy analysis (RDA) plots display relationships between microbial communities and environmental variables. Plot (a) shows bacterial data with axes RDA1 (24.54%) and RDA2 (18.61%). Plot (b) presents fungal data with axes RDA1 (27.52%) and RDA2 (13.59%). Points represent different treatment groups: orange (IEV), pink (S), red (DCF), green (CBM), blue (EBL), and purple (TR). Vectors indicate environmental factors impacting microbial diversity, such as pH, nutrients, and various chemical compounds.]

FIGURE 5
 Redundancy analysis (RDA) demonstrating the effect of soil properties on community composition of soil bacteria (A) and fungi (B). Abbreviations: TR, tropical rainforest; EBL, evergreen broad-leaved forest; CBM, coniferous and broad-leaved mixed forest; DCF, dark coniferous forest; S, shrub; M, meadow; IEV, ice-edge vegetation; pH, pH value; TC, total carbon; TN, total nitrogen; C/N, carbon nitrogen ratio; TP, total phosphorus; TK, total potassium; NH4+-N, ammonium nitrogen; NO3−-N, nitrate nitrogen; ure, urease; pho, polyphenol oxidase; suc, sucrase; ppo, acid phosphatase; cellu, cellulase; amy, amylase; pro, acid protease; SWC, soil water content; VEG, vegetation type.


[image: Heatmap and network diagram showing correlations among various environmental and biological factors related to bacteria and fungi. The heatmap uses shades of red and blue to represent Pearson's correlation values, with red for positive and blue for negative. The network diagram connects bacteria and fungi to factors using lines of varying thickness and color, indicating strength and significance of relationships based on Mantel's tests labels. The labels include pH, TC, TN, C/N, TP, TK, NH4-N, NO3-N, and others, with specific categories highlighted for bacteria and fungi. Legends clarify color scales and thresholds.]

FIGURE 6
 Correlation between environmental factors and microbial communities along an elevation gradient in southeast Tibet. Bacterial and fungal communities were related to total of 11 significantly differential environmental factors using Mantel-test analysis with r > 0.15, p < 0.05. Edge width corresponds to the Mantel’s r statistic for the corresponding distance correlations, and edge color denotes the statistical significance. Pairwise comparisons of environmental factors are shown, with a color gradient denoting Pearson’s correlation coefficient. pH, pH value; TC, total carbon; TN, total nitrogen; C/N, carbon nitrogen ratio; TP, total phosphorus; TK, total potassium; NH4+-N, ammonium nitrogen; NO3−-N, nitrate nitrogen; ure, urease; pho, polyphenol oxidase; suc, sucrase; ppo, acid phosphatase; cellu, cellulase; amy, amylase; pro, acid protease; SWC, soil water content; VEG, vegetation type.




3.3 Intergroup comparisons reveal major biomarker taxa distinguishing vegetation zones

The LEfSe analysis identified biomarker taxa contributing to statistically significant differences in bacterial and fungal communities between vegetation zones. Here, branch maps were used to identify discriminative taxa in soil bacteria and fungi among vegetation types. An LDA score of 4 was set to identify bacterial and fungal biomarkers at taxonomic levels from phylum to genus. For bacteria, the LDA scores of 71 taxa were greater than 4, among which the IEV zone possessed the maximum number of bacterial biomarkers (24 taxa), followed by the M zone (15 taxa) and TR zone (12 taxa), while no discriminative bacterial biomarker taxon was observed in the DCF zone. In terms of bacterial genera, Bacillus, an unclassified genus under Xanthobacteraceae, Acinetobacter, an unclassified genus under Acidobacteriales and Sphingomonas were significant biomarker taxa in the TR, CBM, S, M, and IEV zones, respectively (Supplementary Figure S4). With regard to fungi, 80 taxa were identified as biomarker taxa under the same analytical parameters. The statistically significant fungal biomarkers in the DCF zone had the greatest number of biomarker taxa (21 taxa), followed by the S zone (16 taxa) and the IEV zone (13 taxa). In terms of fungal genera, Mortierella, Hebeloma, Russula, Inocybe, Aspergillus, Archaeorhizomyces and Diversispora were the significant biomarkers in the TR, EBL, CBM, DCF, S, M, and IEV zones, respectively (Supplementary Figure S4).



3.4 Function prediction of soil bacterial and fungal communities

FAPROTAX analysis predicted 61 metabolic functional assemblages involving bacterial transformation of C (including chemoheterotrophy and aerobic chemoheterotrophy), N, and S. Among them, soil bacterial chemoheterotrophic functions were dominant, with an average sequence mapping ratio of 52.86% across all sites. Overall, the mapping ratio of sequences related to bacterial chemoheterotrophic functions showed a roughly decreasing trend with increasing elevation, while the trends for C and S transformations were opposite. Bacterial N transformation had a similar mapping ratio of sequences (approximately 7.4%) across all sites, except for the EBL zone, which was 13.3% (Figures 7A–D). As for fungi, the FUNGuild was used for functional prediction, including saprophytic, symbiotic (ectomycorrhizal), parasitic, and pathogenic fungi. Saprophytic and symbiotic (ectomycorrhizal) fungi, as dominant functional communities, accounted for an average of 45.65 and 30.41% of the total sequences, respectively, across all sites. The mapping ratio of sequences in saprophytic fungi presented a hollow pattern with increasing elevation, whereas ectomycorrhizal fungi showed a hump-backed trend, and parasitic fungi exhibited a double-hump fluctuation. Parasitic fungi, having the lowest ratio of sequences, accounted for an average proportion of 3.91% across all sites. The mapping ratio of pathogenic fungal sequences showed an irregular fluctuation with increasing elevation (Figures 7E–H).

[image: Bar charts illustrating the ratio of sequences for various bacterial and fungal processes: (a) aerobic chemoheterotrophy and chemoheterotrophy; (b) carbon transformation; (c) nitrogen transformation; (d) sulfur transformation; (e) saprophytic fungi; (f) ectomycorrhizal fungi; (g) parasitic fungi; (h) pathogenic fungi. Each chart compares different treatments labeled TR, EBL, CBM, DCF, S, M, IEV, using color-coded bars and annotations for statistical significance.]

FIGURE 7
 Functional prediction of bacteria (A–D) and fungi (E–H) at different vegetation zones along an elevation gradient. From left to right on the X-axis with increasing elevation: TR, EBL, CBM, DCF, S, M and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively. Lowercase letters indicate statistically significant differences at p < 0.05.




3.5 Co-occurrence network analysis of dominant soil bacterial and fungal communities

The OTU linking to soil bacteria phylum formed a complex biological network among vegetation zones. The biological network diagram indicated the complex relationship. There were 87 nodes in the network, with 362 edges including 335 (92.5%) positive correlation and 27 (7.5%) negative correlation. The average path length between all nodes was 3.01, the longest distance was 6 edges, the modularity index was 0.55, and the clustering coefficient was 0.71. Likewise, the OTU linking to the soil fungal community at phylum level composed an intricate network. There were 76 nodes, 270 edges in the fungal network with 99.25% positive correlation and 0.75% negative correlation. The average path length and longest distance were similar to those of bacteria. However, the fungal network had a lower modularity index (0.45), and a lower clustering coefficient index (0.61) (Supplementary Figure S5). These results implied that the dominant soil microorganisms at different sites of VEG and altitude show a distinct modular structure.




4 Discussion


4.1 Composition and diversity of the soil microbial community change with increasing elevation

The composition of the main bacterial communities in the soil is roughly the same across elevation gradients at the phylum level, with Acidobacteria, Proteobacteria, and Actinobacteriota as the most abundant phyla, regardless of land use or ecosystem types (Vélez-Martínez et al., 2023). In this region, Proteobacteria, Acidobacteria, and Actinobacteriota were the major phyla of soil bacteria, being almost identical with those from montane areas, such as the Greater Khinggan Mountains (Northeast China), the central Guizhou hilly areas, the Gongga Mountains (Southwest China) and the Tibetan plateau (Cui et al., 2019; Dai et al., 2023; Wang et al., 2023; Zhai et al., 2023). In this study, Proteobacteria was the most abundant bacterial phylum at all sites, particularly in shrubs, which had the lowest C/N ratio. Its trend was consistent with reports of copiotrophic strategies across an elevational gradient, with an inverse preference for abundances in ecosystems with high percentages of carbon (Cleveland et al., 2007). The soil with a high C/N ratio might be not favorable for the growth of bacteria (Siles and Margesin, 2016). Acidobacteria, one of the bacteria favored acidic conditions, was the second-most abundant soil bacterial phylum in all sites. Compared with other sites, the meadow sites shared more abundant Acidobacteria with the lowest soil pH (average 5.5) and the highest soil TC (average 101.3 g/kg). Although bacterial ecology has associated this phylum with oligotrophic strategies, recent findings suggest contrasting results (Kielak et al., 2016). Actinobacteriota showed a general trend of decreasing abundance across the elevational gradient. Especially in the alpine meadow ecosystem, Actinobacteriota showed the lowest abundance, corresponding to the lowest soil pH (Siles and Margesin, 2016). However, in this study, Actinobacteriota had no or inconspicuous correlation with any environmental factors, which was inconsistent with previous studies showing a positive correlation with pH (Siles and Margesin, 2016).

The most abundant fungal phyla in all sites were Ascomycota and Basidiomycota, which together accounted for more than 74% of the total sequences. Their abundances were similar to the soil fungal composition in Gongga Mountains, ranging from 1,600 to 3,900 m a.s.l. and the Yungas region, ranging from 400 to 3,000 m a.s.l. in the Andes Mountains in Argentina (Geml et al., 2014; Tian et al., 2017). However, these results were not in line with the soil fungal composition in Nanling Mountains and Changbai Mountains (both with the altitudes below 2,000 m a.s.l. and located in South China and North China respectively), which were dominated by Basidiomycota, followed by Ascomycota (Ping et al., 2016; Li et al., 2023b). In this study, Ascomycota showed a reverse hump-shaped trend for abundance in response to increased elevation, and had the lowest abundance in DCF, whereas Basidiomycota displayed a hump trend with the increasing elevation. Notably, the class Agaricomycetes was more abundant in DCF at 3,100 m a.s.l. and less abundant at the sites with lower or higher elevations. Our results were not congruent with the findings reported by Vélez-Martínez et al., which found that soil bacteria and fungi communities from tropical regions in South America showed an ascending trend and a declining trend, respectively, following the increase in elevation (Vélez-Martínez et al., 2023) These biogeographic variations in bacteria and fungi with elevation are mainly attributable to climatic factors in different ecoregions (Větrovský et al., 2019).

In this study, the soil bacterial α-diversity, as measured by the Simpson index, exhibited a hollow pattern, with the lowest value (turning point) at 2,600 m a.s.l. in the CBM zone. This pattern was consistent with those reported in the Gongga Mountains, where soil bacterial diversity showed a stair-step pattern. Specifically, there was an abrupt decrease in bacterial diversity between 2,600 and 2,800 m, while non-significant changes occurred at either lower (1,800–2,600 m) or higher (2,800–4,100 m) elevations (Li et al., 2018). However, the α-diversity of fungi in Gongga Mountains showed a slow downward pattern with increasing elevation, which was inconsistent with the findings of this study that fungi exhibited a hollow pattern. Our findings could provide another fundamental contribution to the understanding of fungal diversity patterns in mountain ecosystems.



4.2 Predictive functional annotation of the microbiome

The C and N cycles in the terrestrial ecosystem and their regulation mechanisms are hot topics in soil ecology and global change ecology (Meng et al., 2020). The functional annotation of bacteria revealed that the functions with the highest number of sequences were aerobic chemoheterotrophy and chemoheterotrophy. Both were more abundant at lower elevational sites, especially in EBL (1,100 m a.s.l.) and TR (650 m a.s.l.) sites and decreased as elevation increased. This observation was consistent with a recent study from the Colombian forest, which was mainly attributed to differences in vegetation among natural systems (Vélez-Martínez et al., 2023). Abundant chemoheterotrophy in soil indicates that many bacteria cannot fix carbon and have to obtain carbon and energy by oxidizing preformed organic compounds (Zhang et al., 2018). We also noticed that the relative abundance of chemoheterotrophs corresponded roughly with the concentration of total C in soil along elevation gradient. For the annotated function of N transformation, the abundance of sequences was generally similar among all sites, which was consistent with the global biogeography of microbial nitrogen-cycling traits in soil (Nelson et al., 2016). This result also indirectly supported the notion that the soil bacteria can use various N functional pathways to participate in the N cycle; however, they had low-abundance sequences compared to those from the C cycle (Nelson et al., 2016). Sulfur (S) is a macroelement required for life, and S deficiency limits plant growth. Microorganisms carry out several essential steps in the recycling of organic and inorganic S in soils (Santana et al., 2021). In this study, the abundance of sequences mapping to S transformation generally increased with increasing elevation, which is in line with previous research results (Stanko and Fitzgerald, 1990).

In our study, saprotrophic fungal diversity showed a hollow pattern with increasing elevation in soils. This is not consistent with studies in Changbai Mountain, Northeast China, where diversity increased steadily with increasing elevation (Yang et al., 2021). However, both sites had a higher ratio of saprotrophic fungal sequences at high elevation. The higher diversity of herbaceous plants at high elevation habitats possibly contributed to the higher diversity of soil saprotrophic fungi by providing more diverse habitats and more plant chemical inputs (Waring et al., 2015). Saprotrophic fungi are highly correlated with carbon content (Marañón-Jiménez et al., 2021). In meadow ecological regions, there is a higher carbon content, which correlates with a higher abundance of saprotrophic fungi, aligning with the findings of our study (Li J. S. et al., 2023). Ectomycorrhizal fungi showed a hump-shaped trend with increasing elevation, declining in higher elevation sites, which was in line with those in forests of Changbai Mountain, Hyrcanian forests of northern Iran, and the Front Range of the Canadian Rockies, where climate factors were proposed as the primary mechanism to explain the variations (Kernaghan and Harper, 2001; Bahram et al., 2012; Bai et al., 2020). Furthermore, abundant ectomycorrhizal fungi including Inocybe, Russula, Laccaria, and Thelephora widely existed in intermediate altitude regions, such as the EBL, CBM, and DCF sites (Supplementary Figure S1). It is also verified that the diversity of ectomycorrhizal fungi is strongly related to the mixed-forest in the middle-gradient sites (Martin et al., 2016; Bai et al., 2020). Ectomycorrhizal fungi provide a protective shield for plant roots against pathogenic microorganisms, soil pollutants, and even nuclear radiation; this feature enhances the plants’ environmental resilience. Moreover, these fungi facilitate the direct uptake of nitrogen and phosphorus from soil organic matter, which not only improves plant survival by increasing nutrient acquisition efficiency but also makes plants more adaptable to harsh conditions such as drought, low nutrient availability, and cold. Ectomycorrhizal fungi also protect biodiversity in high-latitude temperate regions through their interactions with plants (Tedersoo et al., 2020; Cheng et al., 2023; Wu et al., 2023; Guo et al., 2024; Song, 2024). The relative abundance of soil pathogenic fungi and ectomycorrhizal fungi displayed opposite elevation patterns (Figure 7). This is consistent with previous findings that pathogenic fungi and ectomycorrhizal fungi in soil prefer different ecological niches. Soil pathogenic fungi may rapidly proliferate in warmer conditions, such as in tropical forests, leading to increased plant diseases (Looby and Treseder, 2018). Similarly, the relative abundance of pathogenic fungi in soil with shrubs was significantly higher than in other VEG, implying that potential plant pathogens could cause root rot and other diseases in shrubs. However, the abundance of soil pathogenic fungi in shrubs was not related to elevation, a pattern different from previous study in dry valley shrubs at lower elevations (1,663–1,848 m a.s.l.) in the eastern Qinghai–Tibetan Plateau (Chen et al., 2022).



4.3 Associations of microorganisms with physicochemical parameters

Environmental conditions have been reported as major factors affecting elevation patterns of microbial communities (Donhauser and Frey, 2018). In this study, pH, TP, NO3−-N, ALT, and VEG were identified as important factors influencing bacterial communities along elevation gradient from 600 m to 3,800 m a.s.l. Previous studies have emphasized the roles of soil properties (such as pH, soil TC, TP, etc.) on microbial community composition (Siles and Margesin, 2016). Factors such as pH and NO3−-N, can contribute to N deposition on soil microbial communities. Thus, soil bacterial communities are generally more sensitive than fungal communities to short-term nitrogen deposition. Likewise, bacterial communities are more vulnerable to environmental changes than fungal communities (Siles and Margesin, 2016). Soil bacterial abundance was positively correlated with soil pH and TP and negatively correlated with soil TC (Yan et al., 2021). Previous findings also indicated altitudes and VEG have the greatest effect on the bacterial communities in subtropical forests (Cui et al., 2022; Jia et al., 2024). Another report based on the altitude changes in the Gongga Mountain area revealed that climate change could not alter the bacterial communities if the changes were not significant enough to alter vegetation and soil properties (Sun et al., 2020). In other words, VEG is a pivotal driving factor affecting bacterial communities.

In terms of fungi, soil C/N was the main driving factor affecting the fungal communities. This finding is consistent with previous research showing that the structure of the fungal communities significantly differed along altitude, owing to the changes in soil C/N (Siles and Margesin, 2016). However, soil pH was of minor significance for fungal community composition. Similar conclusions were drawn, indicating that the effect of pH on fungal community composition was lower than on bacterial communities (Rousk et al., 2010; Wang et al., 2015). Changes in VEG with altitude lead to significant changes in soil fungal community composition, as this is tightly coupled with vegetation properties through host specificity and the production of different organic substrates (Peay et al., 2013). The effect of altitude gradients on the dominant fungal taxa may be important for interpreting the altitude patterns of fungal diversity and understanding ecosystem function. For example, Ascomycota and Basidiomycota showed opposite distribution patterns along altitude (Meng et al., 2013; Yao et al., 2017). Ascomycota is stress-tolerant, meaning they are more resilient in harsh habitats (dry or cold) than other fungal taxa. Meanwhile, Basidiomycota may have a stronger competitive advantage than other fungal taxa in better environmental conditions (Li T. et al., 2023). These conclusions can explain the highest proportion of Ascomycota found in IEV sites, and the more abundant Basidiomycota in CBM and DCF sites.




5 Conclusion

Unraveling the composition and structure of soil microbial communities along an elevational gradient in montane ecosystems of southeast Tibet, China, and exploring the mechanisms responsible for microbial community assembly are critical for understanding global soil microbial distribution patterns and how they might respond to climate changes. We found that the dominant soil bacteria were Proteobacteria, Acidobacteriota and Actinobacteriota, while the dominant soil fungi were Ascomycota and Basidiomycota. In this area, both soil bacteria and fungi displayed a hollow trend along the elevational gradient, with an abrupt decrease at 2,600 m a.s.l in coniferous and broad-leaved mixed forests. Environmental factors significantly influenced the variations of soil microorganism communities. For bacteria, this influence was mainly driven by vegetation type (VEG), altitude, soil pH, total phosphorus, nitrate nitrogen and polyphenol oxidase. However, for fungi, VEG, altitude and carbon nitrogen ratio were the mainly driving factors. Our study contributes to a deeper understanding of how environmental factors shape soil microbial diversity and ecosystem functioning in a specific montane area. Future efforts in Medog area could focus on analyzing the metagenome within these regions to identify the metabolic pathways and gene clusters that are unique at each vegetation type, including identifying their potential novel properties such as antimicrobials to forestry and human health.
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SUPPLEMENTARY FIGURE S1 | Soil bacterial and fungal communities in genus, family, order and class level at different typical vegetations in Medog montane zones. TR, EBL, CBM, DCF, S, M, and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively



SUPPLEMENTARY FIGURE S2 | Alpha-diversity (Chao1 index) of soil bacteria and fungi along the elevation. TR, EBL, CBM, DCF, S, M, and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively



SUPPLEMENTARY FIGURE S3 | Variance partitioning analysis (VPA) analysis of the contribution of environmental factors to bacterial communities and the contribution of environmental factors to the true community



SUPPLEMENTARY FIGURE S4 | Linear discriminant analysis effect size (LEfSe) analyses of bacterial and fungal communities associated with the vegetation type zones. TR, EBL, CBM, DCF, S, M, and IEV represent tropical rainforest, evergreen broad-leaved forest, coniferous and broad-leaved mixed forest, dark coniferous forest, shrub, meadow and ice-edge vegetation, respectively; o, f and g represent order, family and genus, respectively



SUPPLEMENTARY FIGURE S5 | The co-occurrence network analysis of dominant soil bacteria (A) and fungi (B) in phylum along the elevational gradient. Larger circles indicate higher relative abundance. Red lines represent positive correlation, while green lines represent negative correlation.




Footnotes

1   https://browser.dataspace.copernicus.eu/

2   https://www.arb-silva.de/bacteria

3   https://unite.ut.ee
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Heterobasidion annosum species complex has been regarded as the most destructive disease agent of conifer trees in boreal forests. Tree microbiome can regulate the plant–pathogen interactions by influencing both host resistance and pathogen virulence. Such information would help to improve the future health of forests and explore strategies to enhance ecosystem stability. In this study, using next-generation sequencing technology, we investigated the microbial community in different tree regions (needles, upper stem, and lower stem) of Norway spruce with and without wood decay symptoms. The primary purpose was to uncover signature characteristic microbiome harbored by asymptomatic trees compared to diseased trees. Additionally, the study was to explore the inter-kingdom and intra-kingdom interactions in microbiome (bacteria and fungi) of symptomatic versus asymptomatic trees. The results showed that in upper stem, species richness (Chao1) of fungi and bacteria were both higher in asymptomatic trees than symptomatic trees (P < 0.05). Compared to symptomatic trees, asymptomatic trees harbored a higher abundance of Actinobacteriota, bacterial genera of Methylocella, Conexibacter, Jatrophihabitans, and fungal genera of Mollisia. Fungal communities from the same anatomic region differed between the symptomatic and asymptomatic trees. Bacterial communities from the two stem regions were also distinct between the symptomatic and asymptomatic trees. The symptomatic trees possessed a less stable microbial network with more positive correlations compared to the asymptomatic trees. In the lower stem, at intra-kingdom level, the distribution of correlation numbers was more even in the bacterial network compared to the fungal network. In conclusion, the Heterobasidion attack decreased the microbial community species richness and shifted the community structure and functional structure to varying degrees. The microbial network was enlarged and became more unstable at both inter-kingdom and intra-kingdom level due to the Heterobasidion infection.
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Introduction

Forest ecosystems act as one of the most powerful regulators in global climate change yet remain exposed to increasing biotic and abiotic challenges nowadays, including the carbon dioxide increase, warming, drought, and disease attack (Baldrian et al., 2023). In response to these problems, with the mediation of microbiome associations, forest ecosystems could therefore adapt to new environments (Addison et al., 2024). Microbes are ubiquitous and mainly resident in the phyllosphere, rhizosphere, and the internal tissues of plants (Xiong et al., 2023). As the communities associated intimately with plants, microbiome has the potential to act beneficially, commensally, and pathogenically on their host (Chialva et al., 2022).

The complex plant–microbiome interactions provide advantages to the plant host by promoting plant growth, assisting in nutrient uptake, increasing stress tolerance and resisting plant pathogens (Trivedi et al., 2020). In the field of resistance biology, plant microbiome potentially regulates the plant’s immune system and influence the pathogenic colonization as well as pathogenicity, ultimately modulate the whole plant–pathogen interaction (Xiong et al., 2023). Phyllosphere microbiome employs various strategies including competitive exclusion, antibiosis, induction of host immune response to exercise control over the pathogens (Bashir et al., 2022). For example, the phyllosphere bacterium Methylobacterium was shown to facilitate IAA mediated defense response against rot pathogens Aspergillus niger in groundnut (Arachis hypogaea) (Madhaiyan et al., 2006). Endophytes, as an important component of tree microbiome, were reported to suppress pathogens by directly competing with them for resources or by indirectly producing metabolites as antimicrobials (e.g., flavonoids, alkaloids, phenols, and peptides; Pańka et al., 2013; Pavithra et al., 2019). Furthermore, endophytes enhance plant growth through the biosynthesis of advantageous secondary metabolites, such as phytohormones, and by facilitating nutrient acquisition, including essential elements like phosphorus (Terhonen et al., 2018). Another example of microbiome facilitating in the suppression of pathogenic colonization is that the Ampelomyces spp. acting as intracellular parasites, could suppress the sporulation of powdery mildew fungi and kill the host fungal cells (Kiss, 2003). Some endophytic bacteria exhibit the ability to promote the growth of the plant by nitrogen fixation or plant hormone production, for example, Azospirillum, Bacillus subtilis, and Burkholderia vietnamiensis (Steenhoudt and Vanderleyden, 2000; Xin et al., 2009; Hashem et al., 2019), mediating the plant–pathogen interaction in an indirect way.

On the other hand, plant-associated microbial community assembly could be shaped by various factors during the host–pathogen interaction. The leaf epiphytic bacterial species richness was found to decrease when southern leaf blight disease severity increased (Manching et al., 2014). The endophytic bacterial community structures also shifted in response to methyl bacterium-induced protection of plants against pathogens (Ardanov et al., 2012).

The root and butt rot on conifer trees caused by Heterobasidion annosum species complex was considered the most devastating fungal diseases in the northern hemisphere (Asiegbu et al., 2005; Garbelotto and Gonthier, 2013). In Europe, the annual financial loss caused by the species complex was estimated around 800 million euros due to the decay as well as overall reduction in the diameter growth of diseased trees (Asiegbu et al., 2005; Hellgren and Stenlid, 1995; Zeng et al., 2018). Distinct host preference was shown among the three Eurasian intersterile groups of H. annosum species complex, H. annosum s.s. usually attacks pines (Pinus spp.), while Heterobasidion parviporum preferentially infects Norway spruce [Picea abies (L.) Karst.], and Heterobasidion abietinum is commonly associated with silver fir (Abies alba Mill.) (Garbelotto and Gonthier, 2013). H. annosum s.l. primarily uses the basidiospores to infect freshly open wood surfaces and then spread to neighboring hosts by root to root contact (Zaļuma et al., 2019). For decades, the Heterobasidion root rot has been managed by use of the fungal biocontrol agent Phlebiopsis gigantea (Fr.) Julichto which is able to outcompete and out-grow Heterobasidion on stump surfaces (Pratt et al., 2000; Kärhä et al., 2018). Although fewer bacterial biocontrol cases against forest fungal pathogens were reported than those against crop fungal pathogens (Singh et al., 2020), bacteria isolated from healthy Pinus radiata rhizosphere were reported to inhibit the growth of H. annosum in vitro and also protect P. radiata seedlings (Mesanza et al., 2016). Apart from these antagonistic screening studies, with the help of next-generation sequencing, recent studies have focused on the host microbial communities during Heterobasidion infection to further explore the complicated interactions among the microbiome, pathogen, and host. The fungal and bacterial community associated with different anatomic regions (root, bark, down stem, upper stem, and needles) of Norway spruce trees with and without wood decay symptoms were compared respectively to understand the impact of Heterobasidion infection (Kovalchuk et al., 2018; Ren et al., 2019). The microbial community inhabiting Heterobasidion fruiting body and adhering dead wood at different decay stages were also studied, revealing the infection process at a “dynamic” level (Ren et al., 2022, 2023).

Though many studies have focused on microbial communities, not much attention is given to the interactions of microorganisms within the community in situ. However, more evidence showed that priority should be given to microbial network shifts because it could unravel their functions and vulnerability to various disturbances (de Vries et al., 2018). Analyzing microbial networks and identifying core microbes are crucial for understanding the factors that contribute to microbial resilience when subjected to biotic or abiotic disturbances (Astudillo-García et al., 2017; Lemanceau et al., 2017). This analysis also provides opportunity to find promising antagonistic agents against Heterobasidion, since competing relationships with the fungal pathogen could be indicated by the negative correlations between them (Ren et al., 2023). Using co-occurrence microbial network analysis, conclusions were drawn that showed that compared to soil fungal networks, soil bacterial networks represented less stability under drought and linked more tightly to soil functioning during recovery (de Vries et al., 2018). Another study revealed that drought disrupted microbial networks both among bacteria, among fungi, and between bacteria and fungi significantly (Gao et al., 2022).

In this study, a combined taxonomic analysis and network analysis of the phyllosphere and endospheric microbiomes from different regions of Norway spruce trees were conducted. The objectives were to (i) uncover signature characteristic microbiome harbored by asymptomatic trees compared to diseased trees and to (ii) explore the network interaction in microbial community of asymptomatic versus symptomatic Heterobasidion decayed trees.



Materials and methods


Study sites and sample collection

The sampling site was a Norway spruce [P. abies (L.) Karst.] dominated forest with a relatively high incidence of Heterobasidion infection in Myrskylä (Uusimaa region, Southern Finland). The spruce forest is privately owned and targeted for commercial timber production. The spruce trees at the designated locations had undergone natural regeneration and were of the same age around 62 years.

In June 2023, sample collection was carried on trees which were cut down during harvesting. In this way, decayed trees could be distinguished from healthy ones based on the brown stains which represented wood decay symptoms on the stump surfaces (Figure 1). Finally, we sampled 10 decayed trees and 5 healthy trees from the four plots which were located very close to each other: (1) 60°40′04.47″N, 25°45′49.62″E, (2) 60°40′02.78″N, 25°45′49.25″E, (3) 60°40′02.94″N, 25°45′49.07″E, (4) 60°40′05.45″N, 25°45′50.34″E. Needles and stems at both stump base height and breast height from each sampled tree were collected.
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FIGURE 1
The lower stems (stems at stump base height) (a), upper stems (stems at breast height) (c), needles (e) from symptomatic Norway spruce and the lower stems (b), upper stems (d), needles (f) from asymptomatic Norway spruce.


Once collected, the samples from each sample tree were shipped with ice pack and stored at −20°C for later laboratory processing. For the group names described further in the text and figures, the first letter S and A stand for symptomatic trees and asymptomatic trees, respectively. The second letter L, U, and N stands for lower stems (stems at stump base height), upper stems (stems at breast height), and needles, respectively.



DNA extraction, amplification of fungal ITS2, bacterial V3–V4 region, and sequencing

Due to the enormous size of each stem, we firstly cut a wood piece which contained heartwood, sapwood and bark from the stem and then split this piece into small cubes with aid of sterilized tools. The wood cubes from the same stem were then homogenized using mixer mill MM400 (Retsch, Germany) following the manufacturer’s instruction. Needles were homogenized manually with mortars and pestles. The standard cetyltrimethylammonium bromide (CTAB) method (Chang et al., 1993) with modifications (Terhonen et al., 2011) was followed to extract the DNA from samples. NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA) was used to measure the quality and concentration of the isolated DNA.

PCR amplification of the fungal ITS2 region and bacterial V3–V4 region and sequencing were performed at Novogene (Cambridge Science Park, UK). The fungal and bacterial amplification was performed using primers ITS3-2024F (5′-GCATCGATGAAGAACGCAGC-3′) and ITS4-2409R (5′-TCCTCCGCTTATTGATATGC-3′) with primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′), respectively. Raw sequences are available from the Sequence Read Archive (SRA) on National Center for Biotechnology Information (NCBI) under project number PRJNA1107117 for bacteria and under project number PRJNA1107041 for fungi.



Sequence processing and data analyses

Paired-end reads were first assigned to samples and truncated by cutting off their unique barcode and primer sequences. Raw tags were generated after merging the paired-end reads using FLASH (V1.2.1.111) (Magoč and Salzberg, 2011). Quality filtering on the raw tags went on using the fastp (Version 0.23.1) software to obtain high-quality clean tags (Bokulich et al., 2013). Based on reference database [Silva database (16S/18S)2 ; Unite database (ITS)3), chimera sequences were detected and removed with the vsearch package (V2.16.04) (Edgar et al., 2011), therefore generated the effective tags. Then denoise was performed with DADA2 in the QIIME2 software (Version QIIME2-202202) to obtain initial ASVs (Amplicon Sequence Variants) which were annotated to species afterward in the same software using Silva database for 16S/18S sequences or United database for ITS sequences. The absolute abundance of ASVs was normalized using a standard of sequence number corresponding to the sample with the least sequences. Subsequent analysis of alpha diversity was performed based on the output of normalized data. Three alpha diversity indices including Chao1, Simpson’s Index of Diversity (1-D), and Pielou’s evenness were selected to reflect the microbial community species richness, microbial community diversity, and microbial community evenness, respectively. In SPSS v26.0 (Chicago, IL, USA), one-way analysis of variance (ANOVA) was adopted to examine the significant differences of the alpha diversity indices while independent-samples T-test was used to examine the significant differences of various parameters between asymptomatic trees and symptomatic trees. GraphPad Prism 8 was adopted to generate the figures.

We performed the network analysis using ASVs with relative abundance over 0.1% (Ren et al., 2023). The Spearman correlations with correlation value over 0.8 and P-value lower than 0.05 between ASVs were calculated and filtered in R. The keystone ASVs were further selected with the top 10% abundance in the network to do the keystone analysis. Then the visualization was done by Gephi (Version 0.9.2) based on the correlation results. The degree distribution and number of edges were calculated in Gephi and visualized further in R.




Results


Microbial community alpha diversity

In upper stems, the species richness of both bacterial community and fungal community was higher in asymptomatic trees than symptomatic trees (P < 0.05) (Figures 2a, d). Additionally, the highest species richness of bacterial community from asymptomatic trees was observed in upper stems compared to needles and lower stems (P < 0.05) (Figure 2a). The highest species richness of fungal community from symptomatic trees was observed in needles, while the fungal community in upper stem and needles from asymptomatic trees exhibited higher species richness than the lower stem (P < 0.05) (Figure 2d). No significant difference of Simpson’s diversity or Pielou’s evenness was found between symptomatic trees and asymptomatic trees (Figures 2b, c, e, f).


[image: Six grouped bar charts compare biodiversity indices in symptomatic and asymptomatic trees. Charts (a) and (d) show Chao1 index, (b) and (e) show Simpson index, (c) and (f) show Pielou's evenness. Each chart presents data for lower stems, upper stems, and needles. Symptomatic trees are beige bars; asymptomatic, green. Different letters indicate significant differences among groups.]

FIGURE 2
The alpha diversity bacterial community (a–c) and fungal community (d–f) in symptomatic and asymptomatic trees. Bacterial community species richness (Chao1) (a), diversity (Simpson’s diversity) (b), and evenness (Pielou’s evenness) (c) of community. Fungal community species richness (Chao1) (d), diversity (Simpson’s diversity) (e), and evenness (Pielou’s evenness) (f). Letters above the column represent the significant difference (P < 0.05) among groups.




Microbial community composition and structure

Proteobacteria, Acidobacteriota, and Actinobacteriota emerged as the predominant bacterial phyla across all phyla (Figure 3a). Additionally, symptomatic trees exhibited a higher abundance of Proteobacteria and a lower abundance of Actinobacteriota compared to asymptomatic trees (Figure 3a). At bacterial genus level, Endobacter, Bryocella were more abundant in the symptomatic trees while Methylocella, Conexibacter, and Jatrophihabitans were more abundant in the asymptomatic trees (Figure 3b). Ascomycota and Basidiomycota dominated fungal community, and symptomatic trees exhibited higher abundance of Basidiomycota especially in stem regions while asymptomatic trees had more abundant Ascomycota in upper stem and needles (Figure 3c). Genus Heterobasidion was found to be prevalent in symptomatic lower stem (32.6%) and symptomatic upper stem (34.2%), and also present rather infrequently in symptomatic needles (0.07%), asymptomatic lower stem (0.002%), and asymptomatic upper stem (0.004%) (Figure 3d). Mollisia showed more frequently in asymptomatic trees while Fuscidea and Capturomyces exhibited higher abundance along with Heterobasidion in symptomatic trees (Figure 3d).


[image: Bar charts displaying relative abundance percentages of different microbial taxa. (a) Phyla: Proteobacteria, Acidobacteriota, and more across samples SL, AL, SU, AU, SN, AN. (b) Genera: Variations in Acidisoma, Bryocella, Endobacter, among others, across the same samples. (c) Phyla: Ascomycota, Basidiomycota, and others in the same samples. (d) Genera: Variation in Fuscidea, Gymnopus, Hypogymnia, etc., in the same samples. Each chart is color-coded with legends for taxa identification.]

FIGURE 3
The top 10 most abundant microbial taxa at phylum and genus level in the three regions from symptomatic and asymptomatic Picea abies tree. The bacterial phyla (a), bacterial genera (b), fungal phyla (c), and fungal genera (d). The first letter S and A stand for symptomatic trees and asymptomatic trees, respectively, while the second letter L, U, and N stand for lower stems (stems at stump base height), upper stems (stems at breast height), and needles.


Based on T-test, the bacterial species Actinomycetales bacterium and Acidobacteria bacterium CU2 were more abundant in the upper stem of asymptomatic trees than those of symptomatic trees (P < 0.05) (Table 1). Fungal species Cyphellophora sessilis and Fellomyces horovitziae were more abundant in the needles from asymptomatic trees than those from symptomatic trees (P < 0.05) (Table 1).


TABLE 1 The microbial species among the top 50 most abundant fungal and bacterial species showing significant differences in higher relative abundance between asymptomatic and symptomatic trees based on T-test.

[image: Table displaying anatomic regions and corresponding species with p-values. Upper stems list Actinomycetales bacterium (0.024) and Acidobacteria bacterium CU2 (0.013). Needles list Cyphellophora sessilis (0.004) and Fellomyces horovitziae (0.043).]

The principal co-ordinate analysis (PCoA) and subsequent permutational multivariate analysis of variance (PERMANOVA) revealed that the bacterial community in upper stems and lower stems differed between symptomatic trees and asymptomatic trees, respectively (P < 0.05) (Figure 4a). The fungal communities in the same region were distinct between symptomatic and asymptomatic trees (P < 0.05) (Figure 4b). The lower stem formed distinct bacterial community with the other two regions in both symptomatic and asymptomatic trees (P < 0.05) (Figure 4a). In symptomatic trees, the needles form distinct fungal community with the other two regions (P < 0.05) while each region from asymptomatic trees harbored distinct fungal community (P < 0.05) (Figure 4b).


[image: Scatter plots (a) and (b) display principal component analysis (PCA) results. Plot (a) shows PC1 vs. PC2 with variance percentages 22.63% and 10.82%, respectively. Plot (b) shows PC1 vs. PC2 with variance percentages 20.11% and 6.57%, respectively. Data points represent lower stems, upper stems, and needles, color-coded in blue, yellow, and red. Shapes indicate symptomatic (circles) and asymptomatic trees (triangles). Ellipses group related clusters. Both plots show significant variance with adonis R2 values of 0.27 and 0.32 and P-values 0.001.]

FIGURE 4
Principal co-ordinates analysis (PCoA) illustrates microbial community structures. Bacterial community structures (a) and fungal community structures (b). The colorful eclipses represent the separation of microbial community from the same region between symptomatic and asymptomatic trees.




Predicted microbial community functional structures

Chemoheterotroph (15.55%) was the most abundant bacterial functional modes in all samples, followed by aerobic chemoheterotroph (11.81%), nitrogen fixation (4.11%), hydrocarbon degradation (3.69%), and methylotrophy (3.68%) (Figure 5a). The bacterial trophic mode of intracellular parasites in needles from symptomatic trees outnumbered that from asymptomatic trees (P < 0.05) (Figure 5a). The composition of bacterial functional modes was quite similar in the stem regions, while the needles seemed to have a different composition pattern which was more even (Figure 5a). Saprotroph (30.59%) dominated in the fungal trophic modes, followed by symbiotroph (8.87%), pathotroph-symbiotroph (7.05%), and pathotroph (2.28%) (Figure 5a). The abundance of saprotroph mode was more abundant in the lower and upper stems from symptomatic trees than that from asymptomatic trees (P < 0.05) (Figure 5b).


[image: Bar charts show relative abundance percentages. Chart (a), Faprotax, features categories like photoautotrophy and fermentation across regions SL, AL, SU, AU, SN, and AN. Chart (b), FUNGuild, includes categories like Saprotroph and Symbiotroph for the same regions. Each category is color-coded with a legend on the right.]

FIGURE 5
The relative abundance of the top 15 microbial trophic modes based on faprotax analysis for bacteria and FUNGuild analysis for fungi. Bacterial trophic modes (a) based on faprotax analysis, and the fungal trophic modes (b) based on FUNGuild analysis, respectively. For the group names, the first letter S and A stand for symptomatic trees and asymptomatic trees, respectively, while the second letter L, U, and N stand for lower stems (stems at stump base height), upper stems (stems at breast height), and needles.


Functionally, symptomatic trees formed distinct bacterial community with asymptomatic trees in lower stem, and distinct fungal community with asymptomatic trees in upper stem, respectively (P < 0.05) (Figures 6a, b). On symptomatic trees, bacterial functional community in lower stem separated with other two regions (P < 0.05) while each region from asymptomatic trees formed their own bacterial functional community structure (P < 0.05) (Figure 6a). As to fungal functional community, both symptomatic trees and asymptomatic trees, needles formed distinct structures with the other two regions (P < 0.05) (Figure 6b).


[image: Two PCA plots showing data separation. Plot (a) has PC1 at 60.27% and PC2 at 22.41% with clusters differentiated by stem sections and needle colors. Plot (b) has PC1 at 41.23% and PC2 at 28.52% with similar clustering. Shapes indicate symptomatic versus asymptomatic trees. Both plots report an Adonis R2 value of 0.36 and 0.31 with P-values of 0.001.]

FIGURE 6
Principal co-ordinates analysis (PCoA) illustrating the microbial community functional structures. Bacterial community functional structures (a) and fungal community functional structures (b). The colorful eclipses represent the separation of microbial community from the same region between symptomatic and asymptomatic trees.




Microbial inter-kingdom and intra-kingdom network analysis

Except for the bacterial ASVs in needles, more microbial ASVs were present in the symptomatic trees than in the asymptomatic trees (Figure 7a). In total, a higher number of edges were observed in each region from symptomatic trees than from asymptomatic trees (Figures 7a, b). The two stem regions possessed higher numbers of ASVs and edges than the needles (Figures 7a, b). Positive edges (77.8%) were more abundant than negative edges in total (22.2%) (Figures 7a, b), however, higher portion of edges were assigned to positive group in the symptomatic trees compared to the asymptomatic trees (Figure 7b). For the intra-kingdom and inter-kingdom correlations, the fungi-fungi edges accounted for the lowest proportion in all regions, while fungi-bacteria edges accounted for the highest proportion in the needle region and bacteria-bacteria edges remained the most in both lower stem and upper stem regions (Figure 7b).


[image: (a) Six network graphs show interactions between bacteria and fungi across different environments labeled SL, SU, SN, AL, AU, and AN. Node size represents degree, with colors indicating bacteria and fungi. Positive interactions are shown in orange, negative in purple.  (b) A bar chart displaying the number of positive and negative interactions between bacteria-bacteria, fungi-bacteria, and fungi-fungi across the same environments.  (c) Violin plots compare degrees of bacteria and fungi across environments, with significant differences marked by asterisks.]

FIGURE 7
Microbial network analysis in symptomatic trees and asymptomatic trees. Microbial co-occurring network in symptomatic trees and asymptomatic trees (a). Each node represents a bacterial/fungal ASV in the network. The degree stands for the connection amount with a particular node, which is indicated by the node size. The thickness of the edge between two nodes represents their correlation level. The number of positive and negative edges within inter-kingdom and intra-kingdom network (b). F-F, fungi to fungi; F-B, fungi to bacteria; B-B, bacteria to bacteria. The distribution of degrees within bacterial and fungal nodes (c). The symbols ‘*’ and ‘***’ represent a significance difference (P < 0.05) and a significance difference (P < 0.001) respectively.


As to the distribution of degrees, bacterial ASVs appeared to exhibit more even degree pattern than fungal ASVs from the lower stem in both symptomatic trees and asymptomatic trees (P < 0.05) (Figure 7c).

The negative correlations related to Heterobasidion ASVs occupied a higher ratio than the positive correlations in the two stem regions (Figures 8a, b), while only one positive correlation was formed with Heterobasidion ASVs in the needles (Figure 8c). Higher percentage of negative edges were built with bacterial ASVs in the lower stem, around 66.67% (Figure 8a). However, a higher percentage of negative edges were built with fungal ASVs in the upper stem, around 94.74% (Figure 8b). The upper stem harbored the largest microbial network connected to Heterobasidion ASVs among the three regions (Figures 8a–c).


[image: Diagram showing three network graphs labeled (a), (b), and (c). Graph (a) centers on node F3 connected to nodes F73, B31, B503, B77, B10, B151, B261, B13, F26, and F14. Graph (b) centers on node F1 connected to nodes F17, F34, F114, F16, F7, F48, F53, F45, F75, B67, B17, F30, F117, F59, F101, F71, F112, B82, F66, F5, B70, F15, and F26, with a connection to F3. Graph (c) shows a connection between F1 and B204.]

FIGURE 8
Microbial network generated from Heterobasidion ASVs and their connected ASVs in lower stems (a), upper stems (b), and needles (c) from symptom trees. B, bacterial ASV; F, fungal ASV. Orange edges present positive correlations, purple edges represent negative correlations. F1 and F3 are H. parviporum ASVs.


Based on the network analysis, potential antagonistic fungal agents were proposed by the negative correlated ASVs (Table 2). One fungal ASV Scoliciosporum umbrinum was from the lower stem, while other three fungal ASVs including Hypogymnia physodes, Fuscidea pusilla, and Lecidea nylanderi came from the upper stem (Table 2).


TABLE 2 The ASVs among the top 10% most abundant ASV within the network showing negative correlation with H. parviporum.

[image: Table displaying species with their correlation values and regions. Scoliciosporum umbrinum has a correlation of negative 0.81818 in the lower stem. Hypogymnia physodes shows negative 0.87397, Fuscidea pusilla negative 0.86293, and Lecidea nylanderii negative 0.78521, all in the upper stem.]




Discussion

It is almost 150 years ago when the first book linking root and butt rot disease of conifers to H. annosum was published by Hartig (1874). Despite the length of time that has elapsed, this disease is still one of the most severe threats to conifer trees especially in Europe (Asiegbu et al., 2005). Consequently, it is still crucial for forest pathologists to keep on conducting and exploring research approaches for the management of the disease with the aid of updated modern tools and techniques. In this study, we investigated the microbial community in different anatomic regions of Norway spruce with and without wood decay symptoms to better understand the role of microbiomes in the tree–pathogen interaction.

Both bacterial and fungal community in the upper stem from the asymptomatic trees harbored higher species richness (Chao1) than those from the symptomatic trees. Other authors observed that that leaf bacterial alpha diversity (Chao1) was lower in pathogen-inoculated maize plots than those without pathogen inoculation (Manching et al., 2014). Soil bacterial species richness (Chao1) was reduced with the increasing severity of bacterial wilt disease caused by Ralstonia (Yang et al., 2017). Fungal alpha diversity of healthy tobacco leaves was also higher than that of diseased leaves (Sun et al., 2023). High proportion of Heterobasidion was found to be prevalent in symptomatic lower stem (32.6%) and symptomatic upper stem (34.2%), and also rather infrequently in symptomatic needles (0.07%), asymptomatic lower stem (0.002%), and asymptomatic upper stem (0.004%). With respect to the prevalence of Heterobasidion spp. in stem regions, it is quite normal because Heterobasidion spreads through root to root contact and up the tree trunk. Obvious decay symptoms would manifest in both lower stems and upper stems depending on the stage of the infection (Asiegbu et al., 2005). Additionally, part of the reason why there was more Heterobasidion in upper stem than lower stem was that in highly decayed lower stem, the host defense system may have been severely weakened consequently making it possible for other saprotrophic fungi to colonize leading to successional changes (Kovalchuk et al., 2018). The presence of Heterobasidion in the needles could be due to aerial spores within the vicinity of the sampled trees.

With respect to variations in the bacteria biota of the sample trees, the bacterial community in the lower stem was more even in the asymptomatic trees than that from symptomatic trees, indicating possible interference of Heterobasidion infection on the bacterial community. Other studies have reported that bacterial leaf blight increased the alpha diversity of bacterial community in rice leaves (Yang et al., 2020). By contrast, no significant change in microbial species richness was induced by the infection of Septoria glycines and Phytophthora sojae (Díaz-Cruz and Cassone, 2022). These results were also expected since the incidence of disease is likely to lead to weakness of host plants thereby increasing the chance for the colonization by other microorganisms (Yang et al., 2020).

Compared to symptomatic trees, asymptomatic trees exhibited a higher abundance of Actinobacteriota phylum which is well known for their outstanding ability to secret antibiotic compounds (Saxena, 2014; Boukhatem et al., 2022). It is most probable that symptomatic trees have reduced ability to harbor many of the antibiotic producing isolates that could have contributed in suppressing Heterobasidion infection. At the genus level, Methylocella, Conexibacter, and Jatrophihabitans were more abundant in asymptomatic trees. Among these genera, the genus Methylocella occupied a considerable proportion (17.69%) in the needles and belonged to the facultatively methanotrophic bacteria (Dedysh et al., 2005). However, in contrast to previous reports, a frequently low appearance of methanotrophs (below 1%) was detected in the phyllosphere bacterial community using metagenomic approaches (Hiroyuki et al., 2015). This genus is able to utilize multi-carbon compounds including acetate, pyruvate, succinate, etc. (Dedysh et al., 2005). The possible difference in abundance of these isolates between symptomatic needles and asymptomatic needles may suggest that the biosynthesis of these compounds was suppressed in Heterobasidion infected Norway spruce. The endophytic bacterial genus Conexibacter (Li et al., 2023), was also reported to be less abundant in Huanglongbing-infested rhizosphere of Citrus than healthy rhizosphere and correlated positively with the available potassium, available phosphorus and organic matter (Lei et al., 2024). It may be inferred that the Heterobasidion infection may have influenced the microbes leading to decrease in the abundance of this Conexibacter in the stem region. The abundance of Heterobasidion was found to be rather infrequent in needles (0.07%) than that in stem regions from symptomatic trees, indicating that the growth of Heterobasidion could barely reach the needles in the infected Norway spruce. Interestingly, Heterobasidion also showed up in stem regions from asymptomatic trees at a very low percentage (0.002% and 0.004% for lower stem and upper stem, respectively), demonstrating that even without wood decay symptom, Norway spruce trees in the field could have small amount of Heterobasidion inoculums. It is possible that infection is at an early stage or that the trees have partial resistance that delays manifestation of symptoms. It is also possible that the accumulation of this fungi have not reached a suitable amount to cause the decay or the asymptomatic trees were able to restrict the Heterobasidion growth by individual genetic resistance background as well as tree microbiome antagonistic agents (Kovalchuk et al., 2018).

In the two genera which showed more frequently in asymptomatic trees, Mollisia is a genus of frequently encountered saprotrophic fungi found on decaying plant tissues in temperate regions (Tanney and Seifert, 2020). Some endophytic species within this genus were reported to produce antifungal secondary metabolites (Fan et al., 2016; Tanney and Seifert, 2020). Furthermore, we could not explain the higher abundance of Endobacter and Bryocella in symptomatic than in asymptomatic trees. However, many Endobacteria have been found associated with ectomycorrhizal fungi whereas many members of Bryocella are commonly isolated from forest soil and methanotrophic environments (Bertaux et al., 2005; García-Fraile et al., 2016). This probably suggests they may have some functional relevance in the ecosystem which deserves to be explored.

Using network analysis, we explored possibility to identify potential biocontrol agents from healthy hosts (Mesanza et al., 2016). Based on T-test, and network analysis, we identified four potential antagonistic agents including fungal species C. sessilis and F. horovitziae, bacterial species A. bacterium and A. bacterium CU2. Among these, A. bacterium belongs to the order Actinomycetales which is known for producing antimicrobial compounds and could be a rich source of antibiotics (Genilloud, 2017; Takahashi and Nakashima, 2018). One Actinomycetales bacteria isolated from a spruce stand was reported to suppress the growth of H. annosum in the coculture experiments (Maier et al., 2004). Acidobacteria are abundant in soil and has potential to become beneficial rhizosphere microbes, but remain difficult to cultivate (Kalam et al., 2020). However, C. sessilis was reported to cause sooty blotch and flyspeck, an economically damaging disease of certain fruit crops, as well as epiphytic colonies on bamboo (Gao et al., 2015). F. horovitziae was reported as a basidiomycetous yeast species isolated from a Xenasmatella basidiocarp (Spaaij et al., 1991).

Between symptomatic trees and asymptomatic trees, bacterial communities differed in the two stem regions while fungal community was distinct in each region. Many studies also reported the endophytic or phyllosphere microbial community shift in response to different diseases (Bulgari et al., 2014; Luo et al., 2019
Yang et al., 2020; Díaz-Cruz and Cassone, 2022; Sun et al., 2023). In the tree–pathogen interaction, Norway spruce trees tend to develop the reaction zone between the decayed heartwood and undecayed sapwood where pH increases to neutrality or alkalinity due to the accumulation of carbonate and phenolic compounds (Shain, 1971; Johansson and Theander, 1974). In addition, inoculation with H. parviporum was found to activate the peroxidases production in Norway spruce trees (Liu M. et al., 2021). The physiochemical response in the stem region of symptomatic Norway spruce trees could explain the variation in microbial community structures. It is interesting that the shift in fungal community structure was observed in the needles. However, even though only two symptomatic trees had yellow needles when the samples were collected. It is possible that defense reactions provoked by the invading Heterobasidion pathogen Norway spruce may have had an influence on the water and nutrient transportation, including producing phenolic compounds in ray parenchyma cells, activating phloem parenchyma cells and forming traumatic resin ducts in the xylem (Krekling et al., 2004), and consequently induce the shift of fungal community in the needles. The bacterial community from the needles, unlike the fungal community, was not distinct between symptomatic and asymptomatic trees which might suggest that fungal communities are more sensitive to various perturbations including plant disease and moisture variation (Kaisermann et al., 2015; Liu L. et al., 2021). The fungal communities in the two stem regions from symptomatic trees did not differ with each other, which is different from the a previous report that each anatomic region formed a distinct fungal community (Kovalchuk et al., 2018). The differences in the observation could be related to variations in the infection level and stages of development of Heterobasidion. Lower stem formed distinct bacterial community in both symptomatic trees and asymptomatic trees, demonstrating that regardless of the Heterobasidion infection, upper stem and needles in Norway spruce shared similar bacterial communities together.

Chemoheterotrophy and aerobic chemoheterotrophy were the top two bacterial functional modes in the stem regions, same with the research in rhizosphere and soil bacterial community (Liu et al., 2022; Sun et al., 2022; Zhang et al., 2023). The dominance of these two modes in the stems indicated that most of the bacteria members were not able to fix carbon and the carbon sources were obtained as energy by the oxidation of organic compounds (Zhang et al., 2018). In needles, nitrogen fixation, methylotrophy, methanotrophy, and hydrocarbon degradation were abundant, demonstrating the ability of bacterial community dwelling in the needles to make use of carbon sources as well as nitrogen. This is likely due to the presence of methanotrophy and nitrogen fixing bacteria in the needles (Fürnkranz et al., 2008; Hiroyuki et al., 2015; Zhu et al., 2023). In the needles, the abundance of intracellular parasitic bacteria in symptomatic Norway spruce trees may have been enhanced by the deteriorating host health status and weakening immune response (Silva and Silva Pestana, 2013). It is however not surprising that the most abundant mode saprotroph was more common in symptomatic trees (Garbelotto and Gonthier, 2013). The invading Heterobasidion could also provide a more favorable living conditions for other saprotrophic fungi (Wen et al., 2019). Between symptomatic and asymptomatic trees, the bacterial functional structures differed only in lower stem. Fungal functional structures differ in upper stem, which is more restrained than microbial community differences. The reason could be that some microbial species share a common trophic mode. It is interesting that each region from symptomatic trees formed distinct bacterial functional structure, indicating that under the Heterobasidion infection, bacteria in different regions of Norway spruce tended to shift to diverse lifestyle modes.

Different from community composition, more complexity could be revealed in resistance of microbial communities by microbial network (Gao et al., 2022). In our study, the network analysis unveiled that the Heterobasidion infection enlarged and complicated the microbial network in the stem regions with more ASVs and correlations, which is in line with the previous study on tobacco rhizosphere and endosphere microbial network with and without wilt disease (Tan et al., 2021). The invasion of pathogens is likely to break the microbalance in the community, create more chances for the colonization of other species and generate more intense relationships (Hu et al., 2020). In addition, a larger proportion of negative correlations was observed in all regions from the asymptomatic trees, demonstrating the higher stability of microbial communities to a deeper level since the microbial competition could dampen cooperative networks and increase stability (Coyte et al., 2015; de Vries et al., 2018). In general, Heterobasidion infection influenced the microbial network at a profound level, by enlarging the network scale and breaking the network stability. Furthermore, it was possible to predict a more balanced microbial network in the needles by the domination of correlations between fungi and bacteria. This is partly because the communication between fungi and bacteria plays a key role in maintaining the balance of microbial community structure (Bamisile et al., 2018; Tan et al., 2021). In the lower stem, the distribution of degrees was more even in bacterial community than fungal community, which is in contrast to the previous study (Ren et al., 2023). The more even bacterial degree distribution was induced by the bacterial ASVs which stayed at higher connections, illustrating that bacterial members rather than fungal members played a decisive role in the network of the lower stem.

To further explore the pattern of network induced by Heterobasidion infection, we visualized the Heterobasidion-centered network. It was obvious that negative correlations dominated in the two stem regions, which clarifies the prevalence of antagonistic relationships built with H. parviporum. The host-associated microorganisms always establish competitive relationships with the pathogen, by nutrient competition, niche occupation, immune regulation, and modulation of virulence factors (Kavita and Howard, 2017; García-Bayona and Comstock, 2018). In addition, the bacteria and fungi played the vital role as antagonistic agents in the lower stem and upper stem, respectively.

The four potential antagonistic agents which were negatively correlated with H. parviporum, however, were four lichen species. H. physodes is a lichenized fungus which can produce secondary compounds with antibacterial activity as well as inhibitory effects on enzymes (Christian et al., 2008; Dymytrova, 2011; Lendemer, 2011; Studzinska-Sroka and Zarabska-Bozjewicz, 2023).



Conclusion

Compared to symptomatic trees, asymptomatic trees harbored microbial community with higher species richness and evenness. Taxonomically, asymptomatic trees exhibited a higher abundance of Actinobacteriota, bacterial genera of Methylocella, Conexibacter, Jatrophihabitans, and fungal genera of Mollisia. A. bacterium and A. bacterium CU2 were identified as potential antagonistic agents. Functionally, chemoheterotrophy and aerobic chemoheterotrophy were the dominant bacterial trophic modes while saprotroph was the dominant fungal trophic mode. Between symptomatic trees and asymptomatic trees, the bacterial community differed in the two stem regions while the fungal community was distinct in each region. At function level, the bacterial community differed in lower stem and fungal community differed in upper stem of symptomatic and asymptomatic trees. Heterobasidion infection enlarged the network scale and decreased the network microbial stability in Norway spruce trees. Negative correlations dominated the Heterobasidion-centered network, where bacterial ASVs and fungal ASVs dominated negative correlations to the lower stem and upper stem, respectively.
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The temperate forest phyllosphere and rhizosphere microbiome: a case study of sugar maple
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The interactions between sugar maple (Acer saccharum, Marshall) and its microbial communities are important for tree fitness, growth, and establishment. Despite recent progress in our understanding of the rhizosphere and phyllosphere microbial communities of sugar maple, many outstanding knowledge gaps remain. This review delves into the relationships between sugar maple and its microbes, as climate change alters plant species distributions. It highlights the multifaceted roles of key microbes, such as arbuscular mycorrhizal (AM) fungi and pathogens, in affecting the distribution and establishment of sugar maple in novel habitats. Furthermore, this review examines how microbial communities in different compartments contribute to tree fitness. Finally, it explores how microbial dispersal and altered species interactions under changing environmental conditions can affect sugar maple's ability to migrate beyond its current range, emphasizing the different scenarios associated with such shifts. In the rhizosphere, AM fungi are known for their roles in nutrient acquisition and improving stress tolerance. Yet, key questions remain about how these fungi interact with other microbes, how soil chemistry and climate change alter these interactions, and how the presence of beneficial microbes influences sugar maple's establishment. Additionally, the role of dark septate endophytes (DSE) in sugar maple's fitness remains underexplored, emphasizing the need for more research on their diversity and functions. In the phyllosphere, microbial communities are subject to shifts due to rising global change, with potential impacts on sugar maple's fitness. These changes may influence the tree's resistance to pathogens, tolerance to environmental stress, and overall health. Yet, our understanding of these interactions relies mostly on short-read sequencing methods targeting marker genes (e.g., 16S, ITS, 18S), which often fail to identify microbes at the species level. Limitations in molecular techniques and poor microbial reference databases hinder our ability to fully characterize tree-associated microbial diversity and functions. Future research should thus prioritize advanced molecular tools such as shotgun, hybrid, or long-read sequencing. Controlled experiments are also needed to establish causal links between sugar maple fitness and microbial communities, and to study whether microbial communities change throughout the tree's lifespan.

Keywords
Acer saccharum, sugar maple, tree-microbe interactions, rhizosphere, phyllosphere, arbuscular mycorrhizal fungi, climate change


1 Introduction

As climate change is expected to accelerate over the coming decades, research suggests that the alterations of environmental conditions will affect plant species distributions, particularly in northern biomes (IPCC, 2023; Ladwig et al., 2016; Parmesan, 2006). Considerable effort is thus being put in predicting the future distribution of important plant species for ecology, economic activity, and food security to limit the negative impacts on ecosystem services and functions (Aitken et al., 2008; Rauschendorfer et al., 2022). A plant species' range is determined by multiple biotic (e.g., microbiota, herbivores) and abiotic (e.g., soil chemical profile, temperature) factors (Chase and Leibold, 2003; Pearman et al., 2008; Vandermeer, 1972). Yet, the conditions which have shaped current species ranges are quickly changing (Kellner et al., 2023; Morin et al., 2008; Savage and Vellend, 2015), forcing sessile organisms such as plants to adapt to the altered conditions of their habitat (Davis and Shaw, 2001; Moran et al., 2022; Savage and Vellend, 2015). For example, several alpine plant species are migrating to higher altitudes, as their current habitats experience an increase in mean temperature and a decrease in snow cover (Vitasse et al., 2021). Conversely, while some plant species have shifted their distribution ranges in response to current climate change, trees are not responding as quickly as predicted by distribution models (Lee-Yaw et al., 2022). Recently, several events of sudden tree mortality following heat and drought surges have been documented in ecosystems that were not predicted to be at risk, increasing the need to identify vulnerable forest components and potential ecosystem function thresholds (Hartmann et al., 2022). Therefore, achieving a better understanding of the drivers of tree species' responses to climate change is key to improving our predictions of the future of forest ecosystems.

In general, temperate tree species are following the trend of moving to higher latitudes or altitudes (e.g., to boreal regions), but this movement is slower than predicted and may not follow a straightforward northward direction (Carteron et al., 2020; Lima et al., 2024). This suggests that phenological shifts, biotic factors, or both, are slowing down migration and need to be better considered in distribution models. However, climatic conditions, including temperature, are not the sole predictors of a species' niche (Chase and Leibold, 2003; Elton, 1927; Grinnell, 1917). For tree species, their long-life expectancies, relatively short dispersal distances, and low mortality rates upon establishment are possible explanations for slow migration (Brown and Vellend, 2014; Vellend et al., 2021; Xu and Prescott, 2024). Yet, other factors such as soil properties, as well as root and soil microbes could play an important role. Studies have shown that abiotic factors such as soil pH, nutrient levels, soil structure, and porosity, as well as biotic interactions with symbiotic fungi, nitrogen-fixing bacteria, microbial pathogens, and soil mesofauna, significantly influence tree distribution and establishment (Hulshof and Spasojevic, 2020; Laughlin and Abella, 2007). In addition, climate change can create temporal and spatial mismatches between interacting species, especially if they differ in sensitivity to climatic conditions or migration rates (Gómez-Ruiz and Lacher, 2019). For example, tree migration lag is projected to correlate with a reduction of climatically compatible ectomycorrhizal fungi partners for tree species that depend on these symbioses (Van Nuland et al., 2024). Thus, the time lag between the pace of climate change and tree species migration depends on various factors, some of which are of biotic nature and warrant further research to improve our prediction capacity.

In this review, we focus on the case of the sugar maple (Acer saccharum, Marshall, 1785; Figure 1) to summarize the current state of knowledge on tree-microbe interactions in the context of climate change and propose novel avenues of research. Acer L., to which the sugar maple belongs, is a key genus in broad-leaved deciduous forests of the Northern Hemisphere (Wolfe and Tanai, 1987), encompassing nearly 130 species in eastern Asia, 10 in North America, and 12 in Europe and western Asia (Gao et al., 2020). While Acer species likely originated in North America (Wolfe and Tanai, 1987) or in Asia (Gao et al., 2020; Li et al., 2019), the current center of Acer diversity is located in eastern Asia, particularly in China and Japan (Gao et al., 2020). The significantly greater species diversity in eastern Asia compared to North America is likely due to higher extinction rates and lower speciation rates in North America (Xiang et al., 2004). Maples are key components of Northern Hemisphere temperate forests, ranging from dominant canopy species such as sugar maple and red maple (A. rubrum) in the eastern United States and Canada, to more shrubby, sparsely distributed species in the understory such as moosewood (A. pensylvanicum) or riparian species such as silver maple (A. saccharinum). Among the diverse Acer species, sugar maple stands out not only for its ecological importance in North America but also for its significant cultural, economic, (Matthews and Iverson, 2017; Murphy et al., 2009), and even pharmaceutical roles (Delisle-Houde et al., 2021; Leboeuf, 2018; Maisuria et al., 2015), making it a focal point for understanding tree-microbe interactions in the context of climate change. As a dominant species of eastern North America's temperate forests, sugar maple displays a wide distribution stretching from the midwestern US to southeastern Canada (Godman, 1957; Figure 2), engendering considerable potential genetic diversity (Graignic et al., 2018). Moreover, much like the eastern white pine (Pinus strobus, L.), this sapindaceous species plays a keystone role: its disappearance could jeopardize the ecosystem balance and functioning, with consequences that are difficult to predict (Horsley et al., 2002; Uprety et al., 2017). While many species distribution models for trees currently lack explicit incorporation of microbial interactions (but see Van Nuland et al., 2024 and Allsup et al., 2023), understanding sugar maple's microbial symbiotic partners and antagonists is crucial for better predicting the species' future distribution shifts.
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FIGURE 1
 Drawings of a seedling (A), samara (B), mature leaf (C), root section (D), and adult tree (E) of sugar maple, created by Isabel Ramirez. The leaf drawings represent both summer and autumn seasons.



[image: Map showing the distribution of Sugar Maple trees across parts of the United States and Canada. The highlighted area covers the northeastern U.S. and southeastern Canada. An inset shows a green and red maple leaf.]
FIGURE 2
 Map depicting the native range of sugar maple (A. saccharum). Native range data obtained from the tree species distribution range maps series in Little's “Atlas of United States trees” (Fryer, 2018).


Previous studies have shown that sugar maple assembles diverse and species-specific root and leaf microbiomes, with potential impacts on tree growth, immunity, and survival. First, the origin of the soil on which sugar maple grows appears to play a key role. Despite improved regeneration under colder temperatures, which corresponds to current northern range limit climatic conditions, sugar maple survival and biomass after transplants are up to 50% higher on soil from the center of its range (Brown and Vellend, 2014; Carteron et al., 2020). This suggests that this tree species is highly dependent on root biotic interactions (e.g., in the rhizosphere with arbuscular mycorrhizae) for successful establishment in a newly available niche or in adaptation to climate change, irrespective of the physico-chemical properties of the soil (Brown and Vellend, 2014; Carteron et al., 2020; Pitel and Yanai, 2014). Second, sugar maple leaves have also been the focus of several studies on tree-microbe interactions in the phyllosphere, demonstrating that the local abiotic environment of trees drives leaf microbial colonization (Laforest-Lapointe et al., 2016a; Wallace et al., 2018). In addition to the role of leaf microbes in host immunity, these microbial communities have been associated to plant community productivity (Laforest-Lapointe et al., 2017; Li et al., 2023). While several studies have now shown that tree microbiomes play important roles for tree population dynamics and range shifts, we still ignore much of the mechanisms structuring tree-microbe interactions. Temperate forest ecosystems worldwide are currently threatened by the higher frequency of extreme weather events, but also by fires, increased drought stress, and intensified pest outbreaks (Gilliam, 2016). A different response could be expected in boreal forests, which may be linked to concomitant increases in temperature and atmospheric CO2. Different forest biomes will thus not respond to further global change in uniform ways (Forzieri et al., 2022). In line with these trends, sugar maple is in decline. Since the 1960s, a decrease in radial growth, crown dieback, and increased mortality have been observed in maple groves across North America, as well as symptoms linked to excessive hydric and nutritional stress and opportunistic biotic attacks (Bose et al., 2017; Horsley et al., 2002). The emblematic status of sugar maple and the stakes involved in its conservation for temperate forests in North America highlight the urgent need to build stronger scientific foundations to predict and mitigate the consequences of climate change for this tree species. Additionally, temperate forests dominated by sugar maple provide rich reservoirs of biodiversity, thus tying the conservation of this species to the fate of many other co-occurring species (i.e., umbrella species). To prevent sugar maple from declining in the face of global change, it will be crucial to gain a better understanding (1) of its capacity to shift north in pace with climatic changes and (2) of the contributions of surrounding microbial communities in this process.

The relatively recent decline in sugar maple populations, and the potential implications of global change in this phenomenon have led to several investigations of tree-microbe interactions that occur at its geographic range limit. Recent studies have shown that a shift in tree-microbe associations occurs at the edge of the sugar maple distribution range, and there is evidence for this in the microbial communities of both below- and aboveground environments (De Bellis et al., 2022; Wallace et al., 2018). This shift could have major consequences for sugar maple, as seedlings experienced reductions in regeneration when grown in soils from their range edge environments and beyond, relative to within their core distribution (Carteron et al., 2020). However, when sugar maples are transplanted to the northern edge of their range in the field, they have also been shown to benefit from the reduced pressure from natural enemies (Urli et al., 2016). This phenomenon can be explained by the enemy release hypothesis (Keane and Crawley, 2002). For example, two studies in the province of Québec (Canada) have documented a decrease in foliar damage from herbivorous insects and pathogenic fungi at sugar maple northern latitudinal and elevational limits (De Bellis et al., 2019; Urli et al., 2016). While sugar maple appears to benefit from the reduced biotic stress at the range edge, shifts in microbial community structure (i.e., which taxa are present and in what proportion) can have significant consequences. Indeed, each forest type harbors distinct microbial communities, with varying abundances of saprophytic and pathogenic taxa (Bahram et al., 2020; Heděnec et al., 2020; Netherway et al., 2021). As sugar maple migrates northward, reductions in microbial diversity—particularly the loss of key taxa such as arbuscular mycorrhizal (AM) fungi—may limit their growth and survival (Chamard et al., 2024; De Bellis et al., 2022).

Within the core of their range, sugar maple may experience negative population feedback due to the accumulation of natural enemies (Janzen, 1970; Jia et al., 2020). Yet, Bennett et al. (2017) found that sugar maple experiences lower levels of negative population feedback compared to other temperate tree species, thus providing a potential competitive advantage and facilitating their recruitment at the northern edge of their range. Even so, abiotic factors, such as colder temperatures and soil conditions (Solarik et al., 2018), along with biotic factors such as reduced microbial diversity (Wisz et al., 2013), create significant constraints on sugar maple's range shifts, which are key to understanding future changes in the temperate-boreal ecotone. With this said, the range shift of sugar maple may not occur in a strictly northward fashion, but could follow a more complex pattern involving different expansion and contraction phases, as predicted by recent studies on the range expansion of Norway maple (A. platanoides; Lima et al., 2024) and red maple (A. rubrum; Brice et al., 2019). This result brings forward several key considerations for both sugar maple, and their associated microbes. For instance, each expansion phase could involve different microbial community assemblages, influencing host tree nutrient acquisition and stress tolerance. As sugar maple encounters new environments, the species may face challenges in forming or maintaining beneficial microbial relationships, particularly if mutualistic taxa are absent (Perreault and Laforest-Lapointe, 2022). Understanding these complex patterns and tree-microbe interactions is essential for predicting sugar maple migration and adaptation, as temperatures are expected to rise in the temperate and boreal biomes, in combination with more frequent and intense droughts and wildfires.

In this review, we provide a comprehensive synthesis of the current knowledge of sugar maple rhizosphere and phyllosphere tree-microbe interactions in the context of global change. Drawing from the literature on the sugar maple microbiome, we aim to answer the overarching question: Which roles will microbial communities play in determining sugar maple distribution beyond its current northern limit as climate change accelerates? We focus on how mutualistic microbes, such as AM fungi, and pathogens influence sugar maple's response to climate change and its potential for range expansion. Additionally, we explore the roles of microbes across different plant compartments—roots and leaves—and how they affect the tree's performance and adaptation. Finally, we examine how microbial dispersal and shifting species interactions under climate change may shape the tree's ability to migrate beyond its current range.



2 Tree-microbe interactions

Studying trees is neither fast, cheap, nor simple. In comparison with the plant model study system Arabidopsis thaliana, trees grow slower, have larger genomes, and are thus more difficult to manipulate genetically (Arnold et al., 2024; Clark, 1949; Vacher et al., 2016). It is therefore easy to grasp the challenges of working with trees as a study system, which has henceforth led to a lack of studies on tree-microbe interactions. Yet, through their leaves, trunks, branches, and roots, from the small seedling to the mature tree, these plants provide a wide variety of habitats for microorganisms, as well as a large surface area for exchanges (Clark, 1949; Perreault and Laforest-Lapointe, 2022; Vacher et al., 2016). This makes the study of tree microbiota particularly complex, but just as exciting. Complex systems are governed by a set of abiotic and biotic forces and their interactions, as well as by stochastic events, leading to the establishment of a multi-faceted dynamic. Tree-microbe interactions form a complex system, which thus requires multidisciplinary research initiatives to continue to push the field forward.

In the preceding decade, several studies leveraging next-generation sequencing have shown that sugar maple microbial communities are exceedingly diverse, encompassing a wide range of bacteria, fungi, archaea, viruses, and other microorganisms (Tables 1, 2). The study of Wallace et al. (2018) demonstrated that sugar maple bacterial communities, across all compartments (inside and outside roots and leaves), consisted of four primary phyla and 11 major classes. Among these, Proteobacteria accounted for 59.4% of the sequences and included four classes: Alpha-, Beta-, Delta-, and Gamma-proteobacteria. As for fungi, this study showed that the dominant fungal phyla were Zygomycota, Ascomycota, and Basidiomycota, while the most abundant classes included Dothideomycetes, Sordariomycetes, and Agaricomycetes. To our knowledge, there are no studies focusing on protists or archaea in the sugar maple microbiome yet, while there is one study that reported the presence of methanogenic archaea in the bark of yellow-paint maple, which is native to Asia (A. pictum; Harada et al., 2024). Similarly, only a handful of studies have focused on viral members of sugar maple microbial communities. These studies were focused on viruses that cause diseases accompanied by chlorotic spots and mottle symptoms (Lana et al., 1980; Rumbou et al., 2021). For example, Rumbou et al. (2021) employed RNA-Seq technology to study the viral agents of maple trees in urban parks, demonstrating the presence of mottle-associated virus (MaMaV). Although there has been remarkable progress in our understanding of sugar maple bacterial and fungal microbial communities, the limited research on archaea, viruses, and protists highlights the need for future studies to uncover their roles, interactions, and impacts on tree fitness and range expansion, particularly in the context of global change.


TABLE 1 A list of studies that explored the interactions between sugar maple and microbial communities belowground.
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TABLE 2 A list of studies that explored the interactions between sugar maple and microbial communities aboveground.

[image: Table presenting studies on microorganisms from various locations. Columns include Reference, Location, Microorganisms, Compartment, and Methods. Studies range from different areas in Canada and the USA, examining bacteria, fungi, and more, primarily using metabarcoding, with compartments like leaves, roots, and sap.]

The microbial communities associated with sugar maple colonize different plant compartments, which offer unique microhabitats that support different microbial assemblages (De Bellis et al., 2022; Laforest-Lapointe et al., 2016a,b; Wallace et al., 2018). The soil surrounding the roots, or the rhizosphere sensu stricto, is one of the most dynamic environments for microbial activity and interactions (Berendsen et al., 2012). In sugar maple, the rhizosphere is teeming with bacteria and fungi (Chamard et al., 2024; Wallace et al., 2018) that contribute to nutrient cycling, organic matter decomposition, and protection against soil-borne pathogens (Berendsen et al., 2012; Mohanram and Kumar, 2019; Raaijmakers et al., 2009). Sugar maple roots (Figure 1D) are colonized by both endophytic (i.e., inside plant tissues) and epiphytic (i.e., on plant surfaces) microbes. Mycorrhizal associations, particularly with arbuscular mycorrhizal (AM) fungi, are prominent in this compartment, enhancing the tree's nutrient uptake and defenses (Begum et al., 2019; Netherway et al., 2021; van der Heijden et al., 2008). However, the relationship between AM fungi and the conspecific density of trees forming such associations presents a more nuanced picture. Research suggests that tree species associated with AM fungi can experience relatively strong negative population feedbacks, leading to a reduction in the density of juvenile stems in proximity to adult trees (Bennett et al., 2017; Delavaux et al., 2023). This negative density-dependent effect is thought to be attributed to both general competitive stand dynamics, wherein adult trees monopolize light and nutrient resources to the detriment of juvenile seedlings, and to the accumulation of species-specific pathogens that make it difficult for young trees to establish (Connell, 1971; Delavaux et al., 2023; Janzen, 1970). Overall, the impact of AM fungi on sugar maple likely depends on myriad factors, including local environmental conditions and competition with other species, making the outcome of maple-AM fungal interactions highly context-dependent. The subsection below entitled “Rhizosphere” summarizes the current state of knowledge on sugar maple root-microbe interactions (Table 1).

The aerial surfaces of plants, or the phyllosphere sensu lato, also provides an important habitat for microbes. Common sugar maple leaf microbial colonists include bacteria from Alpha- and Gamma-proteobacteria, Hymenobacteraceae, Beijerinckiaceae, Pseudomonadaceae classes as well as fungi from Dothideomycetes, Eurotiomycetes, Leotiomycetes, and Sordariomycetes classes (Wallace et al., 2018; Laforest-Lapointe et al., 2016b). These microbes can notably contribute to tree host fitness by outcompeting leaf pathogens or enhancing photosynthetic efficiency (Bamisile et al., 2018; Khare et al., 2018; Vacher et al., 2016). Nevertheless, evidence of mutualism in endophyte-tree symbioses has often been inconclusive (Sieber, 2007). It is however likely that plants would struggle to endure many environmental stresses without these associations, as is evident from host-microbe interactions belowground. Yet, there is little evidence of biocontrol potential of foliar endophytes colonizing sugar maple in nature (but see Pehl and Butin, 1994 Sieber and Dorworth, 1994). Moreover, several studies have also demonstrated no differences in fungal and bacterial endophyte community composition and diversity between phytopathogen-infected and asymptomatic A. campestre and A. platanoides leaves (Wemheuer et al., 2019), two closely-related maple species. The similarity between infected and asymptomatic leaves could be explained by the fact that some pathogens responsible for the tree diseases are present in asymptomatic leaves as latent infections (Abdelfattah et al., 2017; Cross et al., 2017). The subsection below entitled “Phyllosphere” summarizes the current state of knowledge on sugar maple leaf-microbe interactions (Table 2).

Even if cross-sectional studies have largely dominated the research into microbiomes, the fluctuating dynamics of the growing season in temperate forests (from bud burst to leaf senescence) has oriented many researchers toward temporality. Thus, early research on sugar maple bacterial and fungal temporal dynamics primarily focused on understanding how microbial community structure and alpha diversity changed over the seasons. For roots, with a few exceptions, there is a lack of studies exploring microbial community temporal dynamics. In a study led by De Bellis et al. (2019), fungal community composition remained unaltered throughout the growing season (from May to October), while bacterial community composition showed significant changes. Other studies mainly explored temporal variation in AM fungal abundance. For example, Cooke et al. (1992) observed seasonal variation in the incidence of AM fungi, but these differences were not consistent among years. In another study on sugar maples, Klironomos et al. (1993) found that AM colonization and hyphal length peaked in forests during spring and autumn, while spore densities were highest in autumn and decreased throughout the year. For leaves, Laforest-Lapointe et al. (2016a) sampled the foliar bacterial community of five temperate tree species, including sugar maple, at three time points during the growing season and across four sites in the Province of Québec. This study demonstrated that season had only a minor effect on bacterial community composition when compared to host species and sites. While a few studies have already explored the seasonal dynamics of microbial communities associated with sugar maple, especially aboveground, there remains a significant gap in our understanding of the temporal shifts and interactions of microbial communities, particularly in relation to AM fungi and other root-associated microbes.

The roots and leaves are not the sole vessels of microbial life in sugar maple trees. First, the well sought-after maple sap has been shown to house a diverse suite of bacterial strains from the phyla Firmicutes, Actinobacteria, and Proteobacteria, as well as multiple fungal genera such as Rhodosporidiobolus, Cyberlindnera, Curvibasidium, Cystofilobasidium, Itersonilia, Phenoliferia, Phaffia, and Vishniacozyma (N'guyen et al., 2022). Additionally, Filteau et al. (2010) showed that the microbial communities of sugar maple sap change during sap production in spring, with Pseudomonas and Rahnella being the two most represented bacterial genera. Moreover, sugar maple seeds could also be an important reservoir for diverse microbial members. While there is yet no work characterizing sugar maple seed microbial communities, several studies have demonstrated that microbes in tree seeds have co-evolved with their host tree species and provide special growth traits for tree survival (Abdelfattah et al., 2023, 2021; War et al., 2023). Clearly, there is a contribution of microbial members from the seed to the root and leaf compartments (Abdelfattah et al., 2021; Faticov et al., 2023). In view of these results, prominent knowledge gaps remain: (1) How do these tree-microbe exchanges occur?; (2) Which factors regulate them?; and (3) What are their impacts on tree performance?

To address these questions, it is important to draw on the foundations of community ecology which aims to understand which abiotic and biotic forces determine the structure and dynamics of communities at different spatial and temporal scales. The evolution of community ecology in the 20th century has laid a foundation for studying assembly processes that govern not only communities of macroorganisms, but also of microorganisms. Clements' early view of communities as “superorganisms” suggested that species are assembled in non-random combinations (Clements, 1916), while Gleason emphasized the role of climatic variability in shaping species responses and community structure (Gleason, 1939). Niche theory, articulated by Grinnell and Elton and later refined by Hutchinson to include fundamental and realized niches (Elton, 1927; Grinnell, 1917; Hutchinson, 1959), stands in contrast to Hubbell's Neutral Theory, which argues that communities are shaped by random processes rather than organismal traits (Hubbell, 2001). According to Vellend (2010), four primary processes—selection, drift, dispersal, and speciation—govern community assembly. While these concepts have shaped ecological thought, their application to microbial communities presents unique challenges due to the small size, abundance, and rapid generation times of microbes. For instance, selection may be affected by dormant states, and drift typically occurs under conditions of weak selection and low population sizes (Cordovez et al., 2019). Ultimately, integrating these ecological principles will enhance our understanding of sugar maple-microbe interactions and their implications for forest health and tree migration.

At the core of these interactions lies the enigma of microbial dispersal. Microbial dispersal occurs through several pathways, but dispersal modes differ between below- and aboveground microbes. In the belowground world, root exudates attract and support several beneficial microbes, such as mycorrhizal fungi and rhizobacteria, which can then disperse through the soil to colonize nearby roots (Badri et al., 2009; van der Heijden et al., 2015). Soil movement, often caused by earthworms (exotic invasive species in the maple groves of Québec) or insects, transports soil particles along with associated microbes closer to the trees' roots, thus enhancing microbial colonization (Edwards and Arancon, 2022). Additionally, mycorrhizal fungi can form extensive hyphal mats and networks that cover long distances and have been shown to connect roots from different plants in specific experimental contexts (Cahanovitc et al., 2022; Figueiredo et al., 2021; Newman, 1988; Teste and Simard, 2008). This phenomenon adds another potential mechanism for microbial dispersal across temperate forests belowground (see the Microbe-microbe interactions in the hyphosphere subsection below; Emmett et al., 2021; Sangwan and Prasanna, 2022). However, the relevance and ecological significance of common mycorrhizal networks (CMNs) remains contentious (Table 3), as there is a lack of empirical evidence supporting their widespread occurrence and functional roles in nutrient transfer among plants (Karst et al., 2023; Walder et al., 2012; Henriksson et al., 2023; Robinson et al., 2024). This highlights the need for further investigation into the potential impact of CMNs, as well as the relevance of root and soil transfer pathways for microbial dispersal and nutrient exchange among sugar maples (Table 3).


TABLE 3 Common mycorrhizal networks and sugar maple-AM fungal interactions: key insights and future research questions.
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In the aboveground world, microbial dispersal mechanisms are also diverse. When tree leaves drop and decompose, nutrients and some microbes residing on and within leaf tissues, such as fungi and bacteria, disperse through the decaying leaf litter, influencing the microbial community in the surrounding soil (Baldrian, 2017; Tedersoo et al., 2020). Wind, rain, and large-scale atmospheric movements also play key roles in dispersal at various geographic and temporal scales (Barbour et al., 2023; Chaudhary et al., 2020; Morris et al., 2023). The spores from leaf-colonizing fungi or bacteria can be carried away, thus inoculating the host tree crown or the neighboring trees and directly contributing to microbial dispersal (Barbour et al., 2023; Choudoir and DeAngelis, 2022). In addition, insects which feed on leaves (such as aphids, beetles, and moths) can also carry microbial pathogens or beneficial microbes on their bodies or within their guts, thus dispersing these microorganisms across leaves, trees, and forests (Coolen et al., 2022). Finally, microorganisms can also disperse through the xylem from roots to leaves and vice versa (Frank et al., 2017). Despite these insights, significant gaps remain in our understanding of how the heightened pressures of global change will affect microbial dispersal. For example, we ignore how local and global climatic shifts will influence belowground (e.g., root exudates, mycorrhizal networks, invasive species incursions) and aboveground dispersal processes (e.g., changes in precipitation patterns) within and among trees. In summary, by integrating models that forecast suitable habitats with studies on microbial interactions, researchers can better understand how microorganisms influence tree survival and growth.



3 Rhizosphere

Soil represents one of the most diverse ecosystems globally, thought to house over 50% of species on Earth (Anthony et al., 2023; Tedersoo et al., 2014). Soils are highly heterogeneous environments, shaped by a complex array of processes that influence plant communities, biogeochemical cycles, and both macro- and microscopic communities (Hillel and Hatfield, 2005). Trees, as long-lived and sessile organisms, play a crucial role in linking the belowground and aboveground environments. The rhizosphere, the narrow zone of soil surrounding and directly influenced by plant roots (Asiegbu and Kovalchuk, 2021; Cordovez et al., 2019), is particularly rich in biological activity due to the “rhizosphere effect”, wherein root exudates stimulate microbial activity, select for specific microorganisms, and alter soil chemistry (Berendsen et al., 2012; López et al., 2023; Prescott and Grayston, 2023). The composition of rhizosphere microbial communities is influenced by factors such as plant host identity (Quiza et al., 2023), local site conditions (Wallace et al., 2018), forest type (De Bellis et al., 2019), and edaphic and climatic factors such as pH, nutrient levels, soil temperature, and moisture (Asiegbu and Kovalchuk, 2021; Chamard et al., 2024; Rousk et al., 2010). Several studies have demonstrated an overlap in microbial taxa of the phyllosphere and rhizosphere, which was suggested to represent a “core microbiome” (Wallace et al., 2018). However, it remains difficult to identify a core microbiome, given that many studies have targeted similar age classes (e.g., tree seedlings) and have often used different molecular techniques (including different DNA extraction kits and primer pairs), when characterizing microbial members of the phyllosphere and rhizosphere. Notwithstanding recent advances, many gaps persist in our understanding of the forces governing plant rhizosphere microbial community assembly processes, particularly in how these processes affect the plant host.

While the field has provided several studies on the impacts of climate change on the persistence of sugar maple populations (Carteron et al., 2020; Collin et al., 2018; Solarik et al., 2018), it is not clear how microbial interactions in the rhizosphere will contribute to sugar maple establishment in new environments beyond its core range. Nevertheless, these studies have laid a strong foundation for future research to explore the sugar maple root microbiome and its responses to a changing climate.


3.1 Rhizosphere bacteria: key drivers and ecology

The key factors influencing bacterial community assembly in sugar maple roots and in the rhizosphere include local habitat configuration (e.g., elevation), forest type (e.g., temperate vs. boreal), host identity, climatic and soil variables such as temperature, moisture, soil pH, as well as nutrient content (Chamard et al., 2024; De Bellis et al., 2019; Wallace et al., 2018). Many bacterial phyla play crucial roles for their tree hosts, interacting within the rhizosphere in ways that can significantly impact the functioning of plant roots (Asiegbu and Kovalchuk, 2021; Cordovez et al., 2019). In spite of the variations in bacterial communities due to aforementioned factors, Wallace et al. (2018) suggested the existence of a core microbiome for sugar maple, comprising a shared set of microorganisms across different habitats and plant compartments. Interestingly, several studies on the bacterial communities of sugar maple, including those of De Bellis et al. (2019, 2022), emphasize similar bacterial taxa across different sites and forest types, highlighting a potential role in tree fitness outcomes. Among important taxa are the four classes Alpha-, Beta-, Delta-, and Gamma-proteobacteria. While these results concur at a coarse level of taxonomic resolution (limited by the resolution of 16S rRNA marker gene sequencing), these classes do contain many important taxa known for their impacts on tree performance and immunity (Asiegbu and Kovalchuk, 2021; Raaijmakers et al., 2009). Further research is warranted to investigate the species- and strain-level diversity and functional profiles of these bacterial communities as well as their roles for sugar maple performance.

Beyond root bacterial community composition, shifts in bacterial alpha-diversity across sites and plant host compartments were also detected. De Bellis et al. (2022) found that forest type (i.e., temperate, mixed, or boreal) had a significant impact on root bacterial Shannon diversity, where diversity decreased from temperate to boreal forests. Similarly, Wallace et al. (2018) and Chamard et al. (2024) found decreases in bacterial Shannon diversity along several elevation gradients. Of note, Chamard et al. (2024) also identified a parabolic relationship between altitude and alpha diversity at one site, indicating that, in some locations, bacterial diversity may increase at intermediate elevations before declining at higher altitudes. In the study by Wallace et al. (2018), sugar maple seedlings growing at their range edge had distinct bacterial communities compared to those in the core distribution range, with root bacterial diversity being lower at the edge of the tree's distribution. Overall, sugar maples are likely to encounter distinct microbial communities at the edge of their range compared to the core, which could challenge the species' establishment in new habitats. Understanding the ecological roles of the microbial members is thus essential. Future research should thus focus on elucidating sugar maple bacterial communities at a finer scale and in different environmental contexts (e.g., different soil conditions, dominant tree communities, temperature/humidity regimes) to determine (Figure 3) (1) how these communities may shift; (2) who are the key players in this process; and (3) what role they play in the rhizosphere of sugar maple.
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FIGURE 3
 Schematic overview of the main knowledge gaps and the relevant questions in the research on sugar maple-microbe interactions. Knowledge gaps are presented separately for below- (red) and aboveground (green) microbial groups (inner circle with a tree). Relevant questions (outer circle) are proposed to advance research on sugar maple-microbe associations.




3.2 Rhizosphere fungi: key drivers and ecology

The limited studies on the root fungal communities of sugar maple reveal significant overlap, along with some intriguing discrepancies. For example, while De Bellis et al. (2019) largely agreed with Wallace et al. (2018) regarding the dominant bacterial phyla associated with sugar maple roots, their findings on fungi showed notable differences. De Bellis et al. (2019) identified Ascomycota and Basidomycota as the most abundant fungal phyla, both of which are common for forest soils. In contrast, Wallace et al. (2018) found that the phylum Zygomycota predominated, followed by the Ascomycota. Although the differences in sampling sites and timing could explain some of this variation, it may be also explained by the choice of the compartment, where Wallace et al. (2018) focused on the rhizosphere and roots, while De Bellis et al. (2019) focused exclusively on roots. It is also important to note that the Zygomycota phylum has since been reclassified into two distinct phyla: Mucoromycota and Zoopagomycota (Spatafora et al., 2016). Zoopagomycota primarily includes parasites and pathogens of small animals, whereas Mucoromycota encompasses subphyla such as Mortierellomycotina, Mucoromycotina, and Glomeromycotina, which include several taxa known to form positive associations with roots (although Glomeromycotina is often used interchangeably with Glomeromycota, which is often still considered as a distinct phylum). These associations can take the form of mycorrhizae, mycorrhiza-like relationships, and root endophytes (Bonfante et al., 2020; Orchard et al., 2017; Spatafora et al., 2016). In addition to the AM fungi (i.e., Glomeromycota) which warrant a separate discussion, a widespread group of beneficial root-fungal symbionts within the Mucoromycotina known as “Fine Root Endophytes” (FRE), have the ability to establish mycorrhizal-like associations with vascular plants (Hoysted et al., 2019). Although their ecological significance is not yet fully understood and their symbiotic functions have only recently been recognized, FRE have been identified as important sources of phosphorus and nitrogen for their host plants (Hoysted et al., 2023). Given their widespread occurrence, tendency to co-occur with AM fungi, and potential contributions to plant nutrition and fitness, further research is needed to explore the role of this fungal group and other root associated fungi, particularly in relation to sugar maple.

Another intriguing group of fungi often associated with sugar maple roots is the dark septate endophytes (DSE). Very few studies have looked at their relationship with sugar maple (but see Chamard et al., 2024 and De Bellis et al., 2019), and have largely focused on presence/absence data. DSE are a ubiquitous group of ascomycetes fungi found in association with plant roots worldwide (Newsham, 2011). DSE have been shown to span the mutualism-parasitism continuum (Grünig et al., 2008; Jumpponen, 2001; Mandyam and Jumpponen, 2014), acting as a biocontrol against fungal pathogens in some systems (Wang et al., 2022) and as growth promoting fungi in others (Liu et al., 2022; Santos et al., 2021). Additionally, they have been shown to act parasitically or have neutral impacts on plant growth and survival outcomes (Mayerhofer et al., 2013), further obscuring our understanding of their ecological roles. Netherway et al. (2024) demonstrated that DSE associations are widespread in European forests and may play a key role in shaping root and soil microbiomes of different tree species. Supporting this, Chamard et al. (2024) found that DSE colonization showed a significantly associated with root and soil AM fungi of sugar maple. Furthermore, in a study comparing co-occurring maple species, De Bellis et al. (2019) reported higher DSE colonization rates in sugar maple compared to Norway maple, with DSE being more abundant in sugar maple roots. In the same study, the order Helotiales, within which many DSE belong, was found to be one of the most dominant fungal orders associating with sugar maple roots. While the ecological significance of DSE-tree interactions remains unclear, evidence suggests that DSE could play an important role for sugar maple growth by shaping their root-associated microbiomes and altering growth outcomes. It is, however, likely that the wide range of observed ecological functions and tree-DSE interaction outcomes is due to the distribution of DSE taxa across several distinct orders of the phylum Ascomycota (Watkinson et al., 2015). Given the high prevalence of DSE in maple roots, characterizing key DSE taxa and functions will be important, especially as sugar maple is projected to migrate to higher elevations and boreal zones where these fungi are thought to be more abundant (Figure 3).

Despite the ecological and economic significance of sugar maple, research on its root pathogens has been limited, with studies of mortality agents focusing mainly on insect herbivory (Hakimara and Despland, 2023; Horsley et al., 2002). Some studies have investigated root pathogens and their interactions with defoliation and herbivory in sugar maple (Bauce and Allen, 1992). Armillaria, a genus containing notable fungal pathogens affecting sugar maple roots, varies in both host preferences and pathogenicity—a few species can cause rapid mortality, while others merely weaken the host (Horsley et al., 2002; Morrison et al., 1985). The impact of Armillaria species often act synergistically with attacks by boring beetles or via herbivory, with the aforementioned stressors weakening the tree host and facilitating infection as well as the subsequent mortality of sugar maple (Bauce and Allen, 1992; Horsley et al., 2002). In view of the broad distribution of Armillaria spp. in sugar maple's range, identifying the species that target this tree, and its synergisms with other disturbance agents, could be key for effective management of these widespread and often virulent pathogens.



3.3 Arbuscular mycorrhizal fungi: ecology and interactions with sugar maple

One of the most striking features of the sugar maple is that it is among the few dominant northern temperate tree species that exclusively associates with AM fungi (Cooke et al., 1992; Ouimet et al., 1996). Most tree species in higher latitudes, such as beech, birch, and several coniferous species, typically associate with ectomycorrhizal (EM) fungi (Soka and Ritchie, 2014). AM-dominated forests have been shown to exhibit significant differences in carbon storage capacity, C/N ratios, nutrient cycling rates, and microbial communities relative to those dominated by EM species (Averill et al., 2018, 2021; Eagar et al., 2023; Kadowaki et al., 2018). As global climates shift, the suitable habitats for EM plants and fungi are expected to shrink (Van Nuland et al., 2024). This could lead to a competitive advantage for sugar maple in northern forests (Boisvert-Marsh et al., 2022; Brice et al., 2020), where increasing forest “arbuscularization” (i.e., a process of increasing AM species relative to EM tree basal area occurring across much of North America; Averill et al., 2018; Jo et al., 2019) can reshape ecosystem dynamics, potentially favoring AM-associated trees. In addition, given the global distribution of AM fungi and their low host specificity, it is often assumed that trees associating with AM fungi, such as sugar maple, will face fewer challenges when colonizing new areas outside of their native ranges, due to a ready access of symbiotic partners (Dickie et al., 2017). While studies have explored the differences in the AM fungi of sugar maple and the naturalized Norway maple within their core range (De Bellis et al., 2019), the potential for symbiont aided host-expansion facilitation has largely focused on EM fungi and trees (Van Nuland et al., 2024). Further research is thus needed to assess how AM-associated trees, particularly sugar maple, will adapt to novel environments—such as transitioning into boreal regions—where the availability and composition of AM fungi may differ from that of its core range.

To this day, 355 species of arbuscular mycorrhizal (AM) fungi are described within the Glomeromycota phylum (Větrovský et al., 2023). While it is generally accepted that AM fungi lack host specificity, our understanding of their functional traits, environmental preferences, and host associations remains incomplete. Sugar maple can associate with various AM fungi, and these partnerships can vary depending on environmental conditions. For example, Klironomos et al. (1993) showed that Glomus spp. were the most dominant and frequent colonizers of sugar maple roots in nature and were found in both alkaline and acidic soils, a finding supported by Coughlan et al. (2000). However, while species such as G. borealis, G. melanospora, and Acaulospora spp. showed a preference for acidic soils in Klironomos et al. (1993) and Coughlan et al. (2000) found that spore counts of Acaulospora spp. actually increased with higer pH. What's more, the authors found a preference of Sclerocystis rubiformis for low pH soils, with this taxon thought to be particularly competitive and well adapted in environments with low pH or with relatively elevated aluminum concentrations, highlighting the highly context-dependent nature of AM fungal associations (Coughlan et al., 2000). In more acidic podzolic soils, sugar maple can show high AM fungal colonization but with skewed vesicle-to-arbuscule ratios, indicating stress (Klironomos et al., 1993). With this, there is potential that the soil type and characteristics (e.g., pH, nutrients) impacts the function and efficiency of the AM-maple symbiosis, with subsequent cascading effects on host tree fitness. In any case, there is compelling evidence that AM fungi play a critical role in influencing sugar maple resilience to harsher conditions in podzolic and acidic soils (Coughlan et al., 2000; Klironomos et al., 1993; Ouimet et al., 1996), which are characteristic of northern range limits and higher elevations (even in an impaired symbiosis). This not only highlights the importance of regional species pools in fulfilling different needs for their hosts based on contrasting environmental conditions (on top of those conducive to their own life histories), but also in understanding the specific contexts behind which these associations form. While many AM fungi are presumed to have global distributions, their roles can differ significantly based on environmental conditions. This has important implications for the management of species that form these associations, particularly in consideration of shifting species ranges due to natural or assisted migration.

Tree ontogeny (i.e., host development) may be just as important to study in terms of expected associations between sugar maple and AM fungi. If we consider that different AM fungal groups can vary significantly in their functional and life history traits, then we should also consider how these different groupings may become more or less relevant symbionts throughout different stages of their host tree's development. As per the Competitor-Stress Tolerator-Ruderal framework (CSR theory; Grime, 1977) in relation to AM fungi (Chagnon et al., 2013), it is likely that different AM species' life history traits differentially align with specific host tree needs at various life cycle stages. Given the different challenges and stressors experienced by a tree during the transition from a seedling to a mature adult, it seems likely that the relative value of a certain suite of species and symbiotic traits would change over time. For example, as a seedling in a heavily competitive and volatile environment, the priority may be set toward ruderal symbionts that are fast growing, readily available, and thought to offer better protection from herbivores and pathogens (Chagnon et al., 2013; Delavaux et al., 2017) to which seedlings are particularly susceptible (Bayandala and Seiwa, 2016). As the tree matures, the priority could shift toward more “competitive” AM fungi that may act as larger, more efficient carbon sinks and build extensive hyphal networks for effective soil exploration and nutrient exploitation (Chagnon et al., 2013). These AM fungi may enhance water uptake and the supply of essential nutrients, such as phosphorus, which become increasingly important as the tree's biomass increases. Furthermore, and regardless of their stage of development, host plants may prefer to associate with more stress-tolerant AM fungi depending on local environmental factors (e.g., low pH; Klironomos, 1995). Such AM fungi may provide more benefits over time, including stability in nutrient exchange, compared to species that excel at carbon acquisition, but are less effective under stressful conditions or have shorter-lived mycelium (Chagnon et al., 2013). This would suggest that, despite a general lack of host specificity among AM fungi, certain fungal partners are more important under specific environmental conditions (Coughlan et al., 2000; Zahka et al., 1995). While this conceptual framework may be helpful in developing our understanding of sugar maple-AM interactions, it should be acknowledged that it takes a very plant-centric point of view and may not accurately reflect AM fungal traits and functions in different environments (Camenzind et al., 2024; Chaudhary et al., 2022). To address this, it is important to understand which AM fungal species and strains are found in different environmental contexts in association with sugar maple, how traits are expressed, and how AM-tree relationships may shift throughout tree ontogeny (Figure 3). Thus, outstanding questions include: (1) Which AM fungi thrive in which contexts and which life history traits favor this?; (2) Which AM fungal traits are most plastic and how does this affect their adaptability to changing environmental conditions?; and (3) How do AM symbioses change with tree ontogeny and ecological succession?



3.4 Microbe-microbe interactions in the hyphosphere

In contrast to the rhizosphere, the hyphosphere is the narrow zone of soil directly influenced by the exudation of labile carbon compounds via fungal hyphae. This area supports distinct microbial communities and associations that differ from those in the surrounding bulk soil (Wang et al., 2024). Similar to the rhizosphere, the hyphosphere is a zone of immense biological activity and interactions that are consequential for the plant-fungal symbiosis (Wang et al., 2024). Of particular interest are bacteria that are stimulated by hyphal exudates and transported along AM hyphae (Jiang et al., 2021). Interestingly, AM fungi appear to recruit specific bacterial taxa that fulfill certain ecological functions which they cannot perform themselves (Emmett et al., 2021; Wang et al., 2023). For example, in return for carbon compounds from mycorrhizal fungi, hyphosphere bacteria supply organic phosphorus by excreting phosphatase enzymes that solubilize phosphorous, rendering it available to the AM fungal partner (Jiang et al., 2021; Wang et al., 2024). Given that we still largely lack an understanding of the full suite of AM fungi that associate with sugar maple, it is not surprising that the hyphobiomes of these fungi have not been thoroughly considered or explored in the context of associations with sugar maple. However, an overlap of the key bacterial phyla involved in the processes driving the activity of hyphosphere (Wang et al., 2024, 2023) and those found in the roots of sugar maple do exist (e.g., Proteo- and Actinobacterial phyla) and warrant further exploration. By viewing the root endosphere, rhizosphere, and hyphosphere in their ensemble and as interacting habitats, we can hope to develop a truly comprehensive understanding of the multi-kingdom interactions taking place in the roots of sugar maple.




4 Phyllosphere

Similarly to belowground, the aboveground parts (the phyllosphere) of sugar maple trees host various communities of microorganisms, which inhabit branches, leaves, and flowers (De Bellis et al., 2022; Laforest-Lapointe et al., 2016a,b; Vujanovic and Brisson, 2002; Wallace et al., 2018). Microorganisms can live epiphytically (e.g., on the surface of plant compartments) and endophytically (e.g., inside and within cells of the leaves) on sugar maple (Demarquest and Lajoie, 2023; Vacher et al., 2016). There is accumulating evidence that phyllosphere bacteria and fungi residing on and within sugar maple leaves play important roles in their ecosystems, contributing to nutrient cycling, as well as influencing tree fitness, evolution, and plant community productivity (Laforest-Lapointe et al., 2017; Zilber-Rosenberg and Rosenberg, 2008). Yet, our knowledge of phyllosphere microorganisms, potential representatives of the core microbiome, and the role of microorganisms in sugar maple's response to global change is still limited.


4.1 Phyllosphere bacteria: key drivers and ecology

Bacteria are, as expected, prominent members of the sugar maple phyllosphere (De Bellis et al., 2022; Demarquest and Lajoie, 2023; Laforest-Lapointe et al., 2016a,b; Wallace et al., 2018). Several common bacterial taxa found in association with sugar maple include members of the classes Alpha- and Gamma-proteobacteria, Hymenobacteraceae, Beijerinckiaceae, Pseudo-monadaceae, and Methylobacteriaceae (Demarquest and Lajoie, 2023; Laforest-Lapointe et al., 2017, 2016a,b; Wallace et al., 2018). So far, research on bacterial communities associated with sugar maple has provided several key findings. For example, De Bellis et al. (2022) identified a diverse community of bacteria associated with sugar maple leaves and roots, highlighting their potential role in nutrient cycling and plant fitness. Then, Demarquest and Lajoie (2023) showed that leaf compartment primarily explained community diversity and composition variation, with epiphytic bacterial communities influenced by host and sites characteristics, while endophytic communities were more idiosyncratic. Together, these works highlighted the importance of priority effects and opportunistic/stochastic colonization in bacterial assembly. Laforest-Lapointe et al. (2017) examined the impact of urbanization, finding that urban environments significantly altered the composition and diversity of microbial communities, potentially affecting tree fitness, a pattern that was stronger for sugar and red maple species. Wallace et al. (2018) investigated interactions between sugar maple and endophytic bacteria, suggesting that certain bacterial strains could enhance tree growth and stress tolerance. Overall, these studies underscore the complexity and ecological significance of sugar maple phyllosphere bacterial communities, microbial responsiveness to environmental factors, and their potential implications for tree fitness.

Global change, including elevated temperatures, variation in relative humidity and soil moisture, as well as urbanization could significantly affect the bacterial communities colonizing the phyllosphere of sugar maple. For instance, recent studies have shown that beneficial microbes—such as bacteria that promote plant growth or assist sugar maple in coping with stress—may be negatively impacted by elevated temperatures and decreased relative humidity, ultimately reducing the trees' ability to adapt to changing conditions (Wemheuer et al., 2019; Xie et al., 2013). Urbanization factors, such as air pollution, can also affect the diversity, composition, and functioning of bacteria in the phyllosphere of trees. Notably, studies that investigated the effect of air pollution on bacterial communities showed that air pollution levels (e.g., PM2.5) had a stronger impact on bacterial diversity and composition than on fungi, with seasonal variations playing a significant role in shaping both bacterial and fungal communities (Fan et al., 2019). Air pollution can promote the growth of some bacterial species while suppressing others, thereby altering the overall structure of bacterial communities. Research on the effect of climate and urbanization on bacterial communities is further complicated by the presence of biofilms—aggregates of bacterial communities where cells adhere to one another and to surfaces, encased in a protective matrix of extracellular polymeric substances. For example, several studies showed that the mechanism of biofilm formation helps some phytopathogenic bacterial species (e.g., Xanthomonas axonopodis pv. citri), to establish and spread disease on lemon tree leaves (Rigano et al., 2007), suggesting that this process may also favor the establishment of pathogenic bacteria. However, biofilms can also support bacterial communities that enhance the trees' ability to cope with environmental stressors. Investigating bacterial communities and biofilms in the phyllosphere of sugar maple is thus important for enhancing tree fitness and resilience to environmental stressors. While beneficial microbes can help trees adapt to climate change, the presence of pathogenic bacteria within biofilms presents potential risks that warrant careful consideration and management. In lieu of current knowledge gaps, the domain of tree-microbe interactions could benefit substantially from further studies on the impacts of urbanization and climate change on the phyllosphere microbes of sugar maple and related tree species.



4.2 Phyllosphere fungi: key drivers and ecology

Leaf-colonizing fungi display both beneficial and pathogen-like interactions with sugar maple and other maple species. On the positive side, a few foliar fungi can have beneficial effects on maple tree functioning, including protecting against pathogens (Xie et al., 2013), synthesizing growth hormones (Wemheuer et al., 2019), and providing nutrients (Huang et al., 2023). On the negative side, several genera of leaf fungi cause diseases in both sugar maple and other tree species (such as Norway maple), affecting trees in natural environments and urban areas (Lapointe and Brisson, 2011; Weiland and Stanosz, 2006). For several species of the maple genera, fungal diseases include leaf spot fungi such as Septoria, Phyllosticta, and Didymosporina which create unsightly spots (Horst, 2013); tar spots caused by Rhydian acerinum, R. americanum, and R. punctatum which form black patches and result in fall coloration and early leaf fall (Held et al., 2018); and finally anthracnose diseases from Aureobasidium, Discula, and Kabatiella spp. which lead to necrotic lesions often causing premature defoliation (Stanosz, 1993). Several biotrophic fungi (i.e., those that survive on living tissues exclusively), such as powdery mildew from Erysiphe and Phyllactinia spp., have also been shown to colonize Norway maple (Hudelson et al., 2008; Weiland and Stanosz, 2006). Yet, to our knowledge, there has been no record of these pathogens attacking sugar maple (so far). In addition to pathogens, fungal saprotrophs (e.g., fungi that degrade organic matter), may also reside on living leaves, while migrating belowground upon leaf senescence toward the end of the growing season (Liber et al., 2022; Sridhar and Bärlocher, 1992). All these fungal groups can be affected by tree genetic identities, age, individual physical, and chemical characteristics, as well as abiotic factors such as temperature, humidity, and sunlight exposure (Laforest-Lapointe et al., 2017; Vacher et al., 2016; Wallace et al., 2018). Overall, there is a notable lack of research on the ecology and life cycles of sugar maple beneficial and pathogenic fungi, with only a few exceptions, such as Myren et al. (1994). This is surprising given sugar maple's significant economic and cultural importance, keen scientific interest in understanding its decline, potential expansion of its range limits, along with predictions that soil-borne fungal pathogens will increase in abundance under projected climate change scenarios.

Sugar maple phyllosphere fungal communities can also be affected by climate change (Perreault and Laforest-Lapointe, 2022; Singh et al., 2023), an impact that was demonstrated for other temperate tree species, such as European beech (Fagus sylvatica; Cordier et al., 2012), English oak (Quercus robur; Faticov et al., 2021), and Balsam poplar (Populus balsamifera; Bálint et al., 2015). Rising temperatures, changing precipitation patterns, as well as higher atmospheric CO2, NO2, and fine particulate matter (PM2.5) can impact the composition and functions of fungi on leaves (Faticov et al., 2024; Huang et al., 2023). Shifts in temperature and humidity can alter fungal community dynamics, favoring heat-tolerant or drought-resistant species, while potentially reducing the diversity of beneficial microbes that play key roles in disease suppression and stress tolerance (Bálint et al., 2015; Faticov et al., 2021). For example, it was demonstrated that an overall rise in relative humidity may lead to a higher occurrence of fungal diseases in various plant genera (Romero et al., 2022). Temperature changes may also enhance the growth and spread of pathogenic fungi, increasing the likelihood of diseases such as anthracnose and tar spots (Singh et al., 2023). Fungal pathogens that have so far been absent in the sugar maple phyllosphere, such as powdery mildew species found on Norway maple, could colonize sugar maple under changing environmental conditions. Along with climatic factors, urbanization, and in particular air pollution, can either enhance or suppress fungal establishment and growth on trees (Cao et al., 2014; Fan et al., 2019). For example, Mcelrone et al. (2005) demonstrated that elevated CO2 significantly reduced disease incidence and severity of the fungal pathogen (Phyllosticta minima) on A. rubrum by decreasing stomatal conductance and altering leaf chemistry, despite enhanced fungal growth under higher CO2 levels. This warrants investigation into the impacts of air pollution on sugar maple fungal communities in urban environments. Overall, further research is needed to explore how abiotic factors and air pollution shape the diversity, composition, and functions of sugar maple phyllosphere fungi.

It is important to note that many of the aforementioned microbial groups, including fungi and bacteria, are also interacting with each other in ways that remain beyond our understanding (Chamard et al., 2024; Chaudhry et al., 2021). These interactions are also likely mediated by the host. In the case of sugar maple, there are very few studies that have investigated tree-fungi or tree-bacteria interactions in the phyllosphere (but see Demarquest and Lajoie, 2023; Laforest-Lapointe et al., 2016b,a; Wallace et al., 2018), not to mention studies that explore the interactions between microbial members, which is also largely true for other plant species. Therefore, further research is needed to explore (Figure 3): (1) Which microbes are interacting (with sugar maple and with each other)?; (2) How microbe-microbe interactions respond to climate-driven environmental changes?; and (3) How these interactions can influence sugar maple's response to novel climatic conditions?.




5 Conclusions and future directions

The interactions between sugar maple and its root- and leaf-associated microbial communities are fundamental to its fitness, growth, and adaptation. Yet, the current state of knowledge about the dynamics, functions, and roles that microbial communities play for sugar maple adaptation is limited. This review highlights the progress made in the last decades on microbial interactions in the rhizosphere and phyllosphere of sugar maple. Understanding the role of microbial communities for tree migration is essential, particularly as these microbes can influence nutrient acquisition, stress tolerance, and tree fitness. Below, we summarize several promising avenues that could bridge the current knowledge gaps.


5.1 Current limitations in studying sugar maple-microbe interactions

The current understanding of microbial communities associated with sugar maple relies mostly on 16S, ITS (internal transcribed spacer), and 18S rRNA short-read (~250bp) sequencing data. While marker gene sequencing has revolutionized our ability to characterize microbial diversity, it often provides identification with confidence only up to the genus level, with a notable lack of resolution at the species or strain level. This limitation is particularly pronounced for fungal communities, for which the simultaneous sequencing of ITS1 and ITS2 regions (~620bp) has been shown to provide the best taxonomic resolution (Ohta et al., 2023). It is further compounded by the fact that the concept of ‘species' varies significantly across life forms, with traditional biological or evolutionary species concepts often being inapplicable to microbes. Yet, many studies have revealed that host-microbe and microbe-microbe interactions occur at the level of intraspecific variants (Lloyd-Price et al., 2017). Consequently, many potentially critical interactions between microbial taxa and tree hosts remain unknown.

Moreover, molecular techniques can introduce primer-based biases due to preferential amplification of certain taxa over others, potentially leading to an underrepresentation of rare microbial groups (Abellan-Schneyder et al., 2021; Bellemain et al., 2010). This issue is problematic for fungi, as many species exhibit variable ribosomal RNA region (Nilsson et al., 2008). Furthermore, the existing reference databases are biased toward human microbiotas, especially bacteria, thus reducing our capacity to study polymicrobial environmental communities. As previously mentioned, the focus on bacteria and fungi has left a substantial gap in our knowledge of the roles of archaea, protists, and viruses that may also colonize sugar maple and interact with its bacterial and fungal communities. Another limitation arises from the lack of controlled experiments manipulating sugar maple microbiota in greenhouse or field settings. The potential resource allocation in extended fungal mycelium, which may play an important role in nutrient exchange and tree fitness, also remains largely a mystery. Lastly, very few sugar maple-associated bacterial and fungal taxa have been successfully cultured in laboratory settings or have their genomes fully sequenced. This emphasizes the need for the field to (1) leverage long-read or hybrid (shot- and long-read) sequencing strategies that would improve taxonomical resolution as well as reference databases; and (2) persevere in isolating microbial taxa from environmental samples to better characterize their identity and functions. In sum, the transition to more advanced molecular techniques such as transcriptomics and metabolomics will provide a more comprehensive understanding of sugar maple-microbe interactions.

Given the long-lived nature of sugar maple, it will also be necessary to further consider the temporal aspect of sugar maple-microbe interactions, particularly with tree ontogenic shifts. To date, most studies focusing on sugar maple rhizosphere and phyllosphere microbial communities have been done on tree seedlings or saplings, and typically over short time periods (<5 years). This focus represents an important bias, as it largely excludes mature trees, and should be addressed in future research. Microbial communities associated with mature sugar maples are likely to differ significantly from those found on seedlings, due to a range of factors, including differences in tree size, metabolic requirements, and the tree's influence on the stand and soil environment. When coupled with the differential impact climate change may have on younger trees vs. the mature individuals that constitute late-successional forests, it becomes even more crucial to understand the temporal dynamics of sugar maple-microbe interactions. Overall, long-term studies can help identify critical bottlenecks or stages in a tree's life where microbial community shifts may occur.



5.2 Microbes in the rhizosphere of sugar maple: challenges and future directions

In sugar maple's rhizosphere, the role of beneficial fungi such as AM in aiding nutrient acquisition and maintaining tree fitness is well-established, but several novel questions arise regarding their functionality (Figure 3). For example, how do these fungi interact with other microbial partners and contribute to nutrient cycling, and how are these interactions affected by soil chemistry and tree genetics? If sugar maple expands into new regions, alterations in symbiont availability could hinder seedling establishment, yet reduced herbivore and pathogen pressure might offset these effects. Conducting greenhouse experiments with soils and microbes from the center, edge, and beyond the predicted range, while also incorporating different sugar maple genotypes could provide valuable insights into the interactions and functions of microbes from different groups, allowing for a mechanistic characterization of their roles in tree fitness. Spatially and temporally resolved datasets of sugar maple-microbe interactions are required to develop accurate predictive models. These models could combine species distribution patterns and factors influencing sugar maple-microbe interactions in both current and predicted climatic conditions. Finally, reconciling the interconnected rhizosphere, root endosphere, and hyphosphere is imperative for understanding their joint impact on tree growth, establishment, and survival in the face of global change.



5.3 Outstanding questions

	• Climate mismatches between tree range shifts and root microorganisms: are there any shifts in sugar maple-microbe interactions under climate change?
	• How do sugar maple microbial communities vary across different environmental conditions, such as soil types, dominant tree species, temperature, and humidity? What are the dominant microbial taxa involved, and what specific functional roles do they play within the sugar maple rhizosphere?
	• Which microbial taxa are critical for nitrogen fixation and phosphorus solubilization in the rhizosphere of sugar maple, and how do these functions vary with soil type?
	• How do microbial communities shift during sugar maple ontogeny? How do these shifts influence nutrient acquisition and performance of sugar maple during different life stages?
	• What is the role of AM fungi in sugar maple establishment in novel environments?
	• What are the ecological roles (e.g., mutualist, pathogen, neutral) of DSE species?
	• What are the functional roles and interactions of other symbiont groups, such as protists, archaea, and viruses, within the rhizosphere of sugar maple?



5.4 Microbes in the phyllosphere of sugar maple: challenges and future directions

Rising temperatures, urbanization, and changes in atmospheric conditions could alter the diversity and composition of phyllosphere microorganisms. For example, how do these shifts influence the ability of microbial communities to suppress pathogens, such as those causing anthracnose or tar spots, and promote stress tolerance? Furthermore, climate change could affect the virulence of pathogens, such as powdery mildew species currently associated with Norway maple, prompting research into whether new environmental pressures will alter the pathogenicity of these microorganisms as well as sugar maple susceptibility to new pathogens. Another important question is which role phyllosphere microorganisms play in assisting sugar maple migration northward. This includes understanding how variations in phyllosphere microbial diversity and composition might affect sugar maple fitness, nutrient uptake, and symbiotic interactions as it colonizes novel environments under climate change (Figure 3).



5.5 Outstanding questions

1. What are the mechanisms by which climate change affects the composition and functions of phyllosphere microorganisms in sugar maple?

	2. How do microbial communities shift during tree development? Are there differences in succession patterns between phyllosphere and rhizosphere microbial communities during tree development?
	3. How do microbial communities in the phyllosphere of sugar maple interact with each other, and what role does the host tree play in mediating these interactions?
	4. What are the foliar pathogens of sugar maple; is there potential for a surge of novel pathogens as climate changes, and which factors contribute to their establishment?
	5. What are the effects of urbanization on the assembly and functioning of leaf microbiomes, and what are the implications of these changes for tree fitness?
	6. What role do biofilms play in the establishment and functioning of phyllosphere microbial communities, and is it influenced by environmental changes?
	7. What role do phyllosphere microorganisms play in assisting sugar maple migration under climate change? How will shifts in microbial community diversity and community composition influence tree establishment in novel environments?
	8. How do sugar maple belowground and aboveground microbial communities interact and influence each other in the context of global change?
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Reforestation plays a vital role in restoring the soil degradation areas. However, the mechanisms by which different restoration approaches affect the soil properties and microbial communities remain unclear. Aiming to understand the interactions between plant species, soil properties, and microbial communities in different restoration approaches, we investigated the soil microbial community using nontargeted metabolomics to explore how the reforestation approach affects soil physicochemical properties, soil metabolites, and soil microbial communities. The results showed that the reforestation approach, soil layer, and their interactive effects significantly affected soil organic carbon, total nitrogen, dissolved organic carbon, available phosphorus concentrations, and root traits. The diversity and composition of bacterial and fungal communities in natural reforestation (NR) were different from those in artificial mono-plantations, and their network interactions were more significant in NR than in artificial plantations. A clear separation of metabolites between the artificial plantations and NR was observed in the soil metabolite analysis. Two pathways, linoleic acid metabolism, and valine, leucine, and isoleucine biosynthesis, were significantly regulated between the artificial mono-plantations and NR. Different soil traits were significantly correlated with dominant microbial taxa in the four reforestation approaches. 13-L-hydroperoxylinoleic acid, 13-S-hydroxyoctadecadienoic acid, homovanillin, and 9,10-epoxyoctadecenoic acid showed the highest correlation with the microbial taxa in the network. Partial least squares path modeling (PLS-PM) shows that root-mediated soil physicochemical properties were the primary factors affecting the bacterial community among the reforestation approaches. The soil fungal community is directly regulated by plant roots in the subsoil and indirectly regulated by the root-mediated physicochemical properties in the topsoil. We conclude that different reforestation approaches affect the soil microbial community through root and soil physicochemical properties rather than soil metabolites.
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1 Introduction

Reforestation effectively controls soil degradation, improves soil fertility, and restores the ecosystem services and functions of degraded forest lands (Veldkamp et al., 2020; Sakti et al., 2024; Zhang et al., 2024). Restored plantations cover more than 200 million ha worldwide, of which 25% are comprised of fast-growing tree species (FRA, 2010). The effects of reforestation on soil functions and properties vary among plant species (Chen et al., 2019; Brown et al., 2023). The composition of tree species and stand structure in artificial forests were lower than those in natural secondary forests. The high growth rates of artificial reforests can result in increased demand for soil nutrients, a slower rate of litter decomposition, and an imbalance between nutrient inputs and outputs (Liu W. et al., 2023; Kaźmierczak et al., 2024), ultimately leading to soil degradation (Liu et al., 2024). This difference may be related to plant traits that alter soil properties and microbial communities, which are critical mediators of many processes linked to plant health, soil productivity, and multiple ecosystem functions (Wille et al., 2019; Mueller et al., 2020; Shi et al., 2024). Thus, understanding how different plants mediate plant–soil–microbe interactions can provide insight into the different feedback mechanisms of reforestation.

The composition and diversity of soil microbes are influenced by biotic (i.e., soil fauna activity, root exudates, microbial interactions, plant communities) and abiotic (such as temperature, soil physicochemical properties, and geographic and climatic conditions) factors (Beugnon et al., 2023; Chamard et al., 2024). Soil physicochemical properties such as pH and organic matter can influence the structure of the soil microbiome (Philippot et al., 2023; Zhang et al., 2023), whereas plants can regulate microbial activity and community composition in the rhizosphere through the secretion of root exudates or bioactive molecules (Dhungana et al., 2023). Compared with adjacent secondary forests, artificial forests can alter the availability of soil nutrients due to changes in the quantity and quality of plant material entering the soil via root exudates and leaf litter, which always cause alterations in soil microbial communities and thus may further affect plant–soil–microbe interactions (Chen et al., 2019; Spitzer et al., 2021). For example, Chen et al. (2019) compared the composition of nitrogen-fixing microorganisms in soils planted with legumes and non-legumes and found that the abundance of diazotrophs in the soil with legume (Acacia mangium) plantations was greater than that in the soil of non-legume (Pinus massoniana) plantations.

Soil metabolites from soil organic matter, plant tissues, soil animals, and microorganisms play crucial roles in regulating many processes, such as microbial activities (Cheng et al., 2022). These metabolites serve as sources of energy and nutrients for microorganisms and regulate microbial growth, function, and diversity (Bi et al., 2021; Hao et al., 2022). Bi et al. (2021) reported that plants release certain fatty acids and secondary metabolites (such as diterpenoids) to regulate bacterial and fungal community composition. Variations in the chemical phenotypes of roots among tree species can modify the responses exhibited by rhizosphere microbes, ultimately demonstrating a conditioning effect of plants on soil chemical composition (Mueller et al., 2020). Soil metabolomics, an emerging and powerful technology, provides insights into the coupling of organic/inorganic compounds and soil microbial communities (Song et al., 2020). However, regarding the reforestation approach, the mechanisms of how different restoration approaches affect the microbial community, particularly the relationships among the root traits, soil physicochemical properties, soil metabolites, and soil microbial community structure in different forest restoration approaches, have yet to be thoroughly explored. Therefore, combining the analysis of microbial community composition with the composition and functional metabolic pathways of soil metabolites could provide a more comprehensive understanding of intricate biological processes in soil (Morton et al., 2019). This integration of knowledge is crucial for informed decision-making in the ecological restoration of damaged ecosystems.

Therefore, the main objectives of the present study were: (a) to clarify the effects of different reforestation approaches on root traits, soil physicochemical properties, soil metabolites, and microbial communities, to examine the interaction patterns of plant–soil microbes using a reforestation approach; and (b) to determine the relative importance of soil physicochemical properties and metabolites in shaping the microbial community under different reforestation approaches. This study provides new insights into the systematic coupling of soil metabolomics and microbial communities during forest reforestation.



2 Materials and methods


2.1 Sampling site and sampling

This study was carried out at the Maoxian Mountain Ecosystem Research Station (103°54′ E, 31°42′ N), Chinese Academy of Sciences, in Sichuan Province, located on the eastern edge of the Tibetan Plateau, which has an annual precipitation of 850 mm and a mean annual temperature of 9.3°C, with Calcic Luvisol soil type according to the IUSS Working Group (WRB, 2006). The natural forest in the area was felled on a large scale from the 1940s to the 1980s (Wang et al., 2016). Reforestation was conducted to develop plantations in the 1980s, with approximately 60% of the land in the area. Four reforestation approaches were applied to the degraded region. One approach was natural reforestation (NR) and the other three were artificial plantations of evergreen coniferous tree spruce (Picea asperata Mast.) with a shallow root system, pine (Pinus tabuliformis Carrière) with a deep root system, and broad-leaved deciduous tree katsura (Cecidiphyllum japonicum Sieb. and Zucc.), which is an important ecological and economic tree species designed for formonoculture plantations (Hu et al., 2016). The dominant species of naturally regenerating forests are the broad-leaved deciduous trees Quercus aliena Blume and Corylopsis willmottiae Rehd. and Wils, Berberis candidula Jytte and the bamboo Fargesia nitida (Mitford ex Stapf) Keng f. ex T. P. Yi (GRIN). The forest sites have not received any management since planting, although they are frequently disturbed by the extraction of Chinese medicinal plants and wild mushrooms in the spring.

In August 2022, three field plots (20 m × 20 m) were selected within each reforestation approach, and each field plot was approximately 40 m from the adjacent plot. Field sampling was conducted in three 1 m × 1 m subplots, randomly selected from each plot. To avoid the disturbance of dead roots, the subplots were at least 0.8 m from any stumps. Each subplot sample was collected with five soil cores (20 cm in depth, 7 cm in diameter) from depths of 0–20 cm (topsoil) and 40–60 cm (subsoil) and mixed into one composite sample. Roots in each sample were separated from the soil by sieving through a 5-mm mesh and stored at 4°C after washing with tap water.

In total, 24 soil samples (3 replicates × 4 four reforestation approaches × 2 soil layers) were obtained. Each soil sample was sieved (<2 mm) and divided into three portions: one portion was stored at −20°C for DNA extraction, one was stored at 4°C for analysis of microbial biomass, and the other was air-dried for soil physicochemical analysis.



2.2 Analysis of soil physicochemical properties

Soil pH was determined in a 1:2.5 soil:water suspension. The air-dried soil samples (passed through a 0.15-mm sieve) were used for chemical characterization and soil organic carbon (SOC) and total nitrogen (TN) contents were assayed using a vario MACRO cube CN Elemental analyzer (Elementar Analysensysteme, Langenselbold Germany) (Wang et al., 2016). The concentrations of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) in the extracted solution were determined using a total organic carbon (TOC) analyzer (Shimadzu TOC-VCSH/TN, Kyoto, Japan). Available phosphorus (AP) in the soil was estimated using the Olsen method (Olsen, 1954) and was determined by Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES). Soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were determined using the fumigation extraction method (Vance et al., 1987) and calculated using the formula: MBC (or MBN) = Fc (or Fn)/kc (or Kn), where Fc (or Fn) = [C (or N) evolved from fumigated soil - C (or N) evolved from non-fumigated soil]; and kc = 0.45 (kn = 0.54) that is the proportion of obtained microbial C (or N) in the total biomass C (or N). The units of MBC, Fc, CO2-C and MBN were all in μg C or N g−1 soil.



2.3 Root morphology measurements

Roots were placed in a thin layer of water on a glass container without overlapping and scanned at a resolution of 600 dpi using a flatbed scanner (Epson Expression 1200XL). Following scanning, the roots were oven-dried at 65°C for at least 48 h and weighed to obtain their dry mass. Scanned images of the roots were analyzed using the WinRHIZO professional root analysis system (Pro 2016a version, Regen Instruments, Canada), which was used to measure root length, surface area, average diameter, and volume. Four root traits were used for analysis: average diameter (AD), specific root length (SRL) = root length/dry weight (cm/g), specific root surface area (SRA) = surface area/dry weight (cm2/g), and root tissue density (RTD) = dry weight/volume (g/cm3).



2.4 Microbial community analyses

Soil DNA was extracted using an EZNATM Omega Mag-bind Soil DNA kit (OMEGA, USA). DNA concentration and quality were evaluated using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, USA) and electrophoresis on 1% (w/v) agarose gel. Primers 338F-806R (Cui et al., 2017) for bacteria and ITS1F-ITS2 (Jiang et al., 2017) for fungi were used for the amplification. Specific methods for PCR amplification and final sequencing are described in detail in Supplementary material (Text 1). All raw sequences were deposited at the National Microbiology Data Center (NMDC) with accession numbers NMDC 40055004–40,055,027 for bacteria and NMDC40055028-NMDC 40055051 for fungi.



2.5 Untargeted metabolomic analysis

0.2 g soil were extracted with 600 μL MeOH containing 4 mg/mL 2-amino-3-(2-chloro-phenyl)-propionic acid (Vasilev et al., 2016). The mixture was then placed in a tissue grinder for 90 s at 60 Hz and sonicated for 30 min at room temperature and 30 min on ice. After that, the mixture was centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant was filtered through a 0.22-μm membrane. The untargeted metabolome was analyzed by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) using UHPLC-Q-Exactive MS/MS analysis. Liquid chromatography was performed using a Vanquish UHPLC System (Thermo Fisher Scientific, USA). Chromatographic separation was carried out using an ACQUITY UPLC ® HSS T3 (150 × 2.1 mm, 1.8 μm) (Waters, Milford, MA, USA), maintained at a temperature of 40°C. The mobile phases consisted of (A) 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The flow rate was set to 0.25 mL/min. The elution gradient was as follows: 0–1 min, 2% B2; 1–9 min, 2–50% B2; 9–12 min, 50–98% B2; 12–13.5 min, 98% B2; 13.5–14 min, 98–2% B2; 14–20 min, 2% B2 (Zelena et al., 2009). Q Exactive mass spectrometer (Thermo Fisher Scientific, USA) was used for mass spectrometric detection of metabolites.



2.6 Statistical analyses

SPSS version 24 was used to calculate descriptive statistical parameters. Soil physicochemical properties, root traits, microbial diversity index (Shannon and Chao1), and taxonomic composition were compared by one-way analysis of variance (ANOVA) with Duncan’s multiple range test. The relative importance of reforestation and soil layer in explaining the variation in environmental variables and microbial community was evaluated using two-way ANOVA. The microbial structure was visualized using principal coordinate analysis (PCoA) of Bray–Curtis distances. Linear discriminant analysis (LDA) effect size (LefSe) was conducted to identify the biomarkers from the phylum to genus level between any artificial plantations and NR and the filter value of the LDA Score to 3.5 (Segata et al., 2011). The effects of soil physicochemical properties and root traits on the soil microbial community were tested using redundancy analysis (RDA) and the function “envfit” in the vegan package. PERMANOVA was conducted to test the differences in beta diversity among the four reforestation approaches using the “adonis” function in “vegan” (Anderson, 2006). Differentially expressed metabolites (DEMs) between any artificial plantation and NR were defined as those with variable importance in projection (VIP) > 1.0, p-value <0.05, in orthogonal partial least squares analysis (OPLS-DA). The expression of the top 20 DEMs between any artificial plantation and NR is shown using a heatmap. A metabolic pathway with an impact value higher than 0.06 and a p-value less than 0.05 is characterized as significantly relevant. Spearman’s correlation coefficients were applied to reveal the correlations between microbial community composition (phylum level), soil properties, and root traits in the R vegan package. The co-occurrence network was employed to explore the associations between soil microbial community structure and soil metabolite profiles. Spearman’s rank correlation coefficients (rs) in the co-occurrence network were considered statistically significant if |r| > 0.7 and p < 0.05, as these criteria indicate a strong statistical correlation. To identify the key drivers controlling soil microbial communities, a partial least squares path model (PLS-PM) was used to further reveal the direct and indirect effects of plant roots, soil physicochemical properties, and soil metabolites on soil microbial community (Bi et al., 2021). PLS-PM was performed by using “innerplot” function of the “plspm” package in R (Sanchez, 2013).




3 Results


3.1 Soil physicochemical properties and root traits

According to the association analysis (Table 1), the soil layer significantly affected all the tested soil physicochemical properties; for example, all the nutrient values, except pH, were lower in the subsoil than in the topsoil. The reforestation approach and its interaction with the soil layer exerted significant effects (p < 0.001) on SOC, TN, DOC, and AP concentrations. The data in Table 1 also revealed that root traits (SRL and SRA) were significantly influenced by both reforestation and soil layers. The comparative analysis (Figure 1) demonstrated that the contents of SOC, TN, and AP in the topsoil showed the same tendency of spruce > katsura > NR > pine forest, while the contents of DOC, DON, and root traits SRL, SRA, and RTD varied according to the plantation approach. In detail, the contents of DOC in katsura and DON in pine were significantly lower (p < 0.05) than those in NR topsoil, while pine forests had significantly lower MBC and MBN contents than NR in the subsoil. Soil pH was lower in spruce than in NR in both the topsoil and subsoil. Katsura forest had significantly higher SRL, SRA, and RTD than NR in the topsoil (Figure 1). There were no significant differences in root characteristics among the different reforestation approaches in the subsoil. Soil SOC, TN, AP, and MBC decreased with increasing soil depth at all reforestations. SRL and SRA values of katsura decreased with increasing soil depth.



TABLE 1 Association probability (P) values among the reforestation approach and soil layer and soil properties, root trait and microbial characteristics.
[image: Table presenting various ecological characteristics. Categories include soil, root, bacterial, and fungal characteristics. Each category lists specific traits with F and P values under headings: Reforestation approach, Soil layer, and their interaction. Significant P values (≤0.05) are emphasized in bold.]
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FIGURE 1
 Comparative analysis of soil physicochemical property and root traits in the reforestation approaches corresponding to Spruce, Pine, Katsura, and NR. (A) SOC, soil organic carbon; (B) TN, total nitrogen; (C) DOC, dissolved organic carbon; (D) DON, dissolved organic nitrogen; (E) AP, available phosphorus; (F) MBC, microbial biomass carbon; (G) MBN, microbial biomass nitrogen; (H) pH; (I) SRL, specific root length; (J) SRA, specific root surface area; (K) RTD, root tissue density; (L) AD, average diameter. Values followed by the same letter are not significantly different between reforestation approaches at p < 0.05. Asterisk represents significant difference between soil layers within the same reforestation approach (p < 0.05). Values are means ± S.E.




3.2 Composition of the bacterial and fungal community

16S rRNA and ITS gene sequencing yielded 1,372,987 and 1,866,942 effective reads after quality control, ranging from 45,626 to 110,178 reads per sample. As shown in Table 1, association analysis showed that species richness (Chao1 values) and diversity (Shannon index) of both bacterial and fungal communities were significantly associated with reforestation approaches and soil layers. However, the interactive effect of the reforestation approach and soil layer only significantly affected the fungal diversity (Table 1). In a comparison of the topsoils from the tested reforestation approaches (Table 2), NR and katsura forests presented similar Chao1 and Shannon indices of bacteria that were significantly greater (p < 0.05) than those in pine and spruce reforestation, whereas the latter two shared similar values. For fungi in topsoils, the Chao1 and Shannon indices showed the following trend: katsura > NR > spruce > pine and katsura > NR > pine > spruce (p < 0.05) (Table 2). In the subsoils, the Chao1 index for bacteria presented a similar tendency to that in topsoils: similar values in katsura and NR, which were significantly greater than those of spruce and pine reforestations, but similar Shannon indices were detected among all four reforestation approaches. For fungi, the Chao1 index was the highest in katsura forestry, which differed significantly from that in NR. In comparison between the two soil layers, the Chao1 and Shannon indices of bacteria in subsoils were significantly lower than that in topsoil for the four reforestation approaches, except for the Shannon value in NR. Fungal Chao1 and Shannon indices in katsura and NR and fungal Chao1 in pine forests were also significantly lower in the subsoil than in the topsoil.



TABLE 2 Shannon diversity, Chao1 richness, and coverage of bacterial and fungal communities.
[image: A data table presents information on bacterial and fungal diversity across different soil layers and treatments. The table is divided into categories: Topsoil and Subsoil, with treatments including Spruce, Pine, Katsura, and NR. For each treatment, values for Chao1, Shannon index, and Coverage percentage are provided separately for Bacteria and Fungi. A note explains that values with the same letter are not significantly different, and asterisks indicate values significantly lower in topsoil within the same reforestation approach, with a significance level of \( p < 0.05 \).]

In total, 44 and 11 phyla were identified in the bacterial and fungal sequences, respectively. The dominant bacterial phyla across all soil samples were Proteobacteria (29.78%), Actinobacteria (17.74%), Acidobacteria (17.19%), Chloroflexi (11.25%), and Verrucomicrobia (5.26%), which accounted for more than 81% of all sequences (Figure 2). The dominant fungal phyla were Basidiomycota (53.96%) and Ascomycota (35.27%). The relative abundance of Proteobacteria in the spruce and pine topsoils was enhanced by 70.37 and 58.87%, respectively, whereas the relative abundance of Actinobacteria, Chloroflexi, Gemmatimonadetes, and Bacteroidetes was significantly reduced compared with NR and katsura. The relative abundance of Basidiomycota was 365.17 and 374.90% higher in spruce and pine topsoil, respectively, while the relative abundance of Ascomycota was significantly reduced compared to NR. The relative abundance of Ascomycota and Mucoromycota was 3.09 and 7.39 times higher in spruce and pine subsoils than that in NR. The relative abundances of Proteobacteria, Chloroflexi, Verrucomicrobia, Bacteroidetes, Basidiomycota and Ascomycota were altered by the reforestation approach, soil layer, and the interactive effect of the reforestation approach and soil layer (Table 1). PCoA results indicated that the top two main axes of the bacterial and fungal community structure explained 32.44–59.78% of the variation (Figures 2C–F). The compositions of the bacterial and fungal communities of NR were clearly separated from those of the artificial plantations in the topsoil and subsoil, and the fungal communities of the artificial plantations were distinct from each other. PERMANOVA further revealed that reforestation approaches significantly affected the bacterial and fungal community structures, regardless of the soil layer collected. Bacterial and fungal structures were affected by the soil layer (Supplementary Figure S1).

[image: Graphs showing soil microbe composition and diversity. Panels A and B are stacked bar graphs indicating the relative abundance of various bacteria and fungi in topsoil and subsoil across different tree types. Panels C to F are scatter plots displaying principal component analysis results, highlighting the microbial community variations correlated with different types of trees, labeled as Spruce, Pine, Katsura, and NR. Data points represent tree types with distinct colors and shapes to differentiate them. Each plot includes R-squared and P-value statistics indicating the variance explained.]

FIGURE 2
 Relative abundances of the dominant bacterial (A) and fungal (B) phyla in soils of different reforestation approaches. Principal coordinate analysis (PCoA) illustrating changes in bacterial (C,D) and fungal (E,F) community structure in topsoil and subsoil.


LefSe analysis was used to determine the taxa that could best characterize each biological class. As shown on Figure 3, 60 and 18 bacterial taxa and 47 and 30 fungal taxa were significantly different between the topsoil and subsoil, respectively. There were 45 biomarkers in NR, 6 biomarkers in spruce, 6 biomarkers in pine and 3 biomarkers in katsura in the topsoil. At the phylum level, NR topsoil microorganisms were mainly enriched in Actinobacteria and Firmicutes, including Bacilli (class), Solirubrobacterales (order), and Pseudonocardiales (order). Proteobacteria (phylum), Alphaproteobacteria (class), and Actinobacteria (class) were the most significantly enriched taxa in the spruce, pine, and katsura topsoil, respectively (Supplementary Figure S2A). In the subsoil, the identified biomarkers included Ktedonobacteraceae and Nitrospira for spruce, Thermoleophilia for pine, and JG30_KF_AS9 for kasura in the artificial plantations compared to NR (Supplementary Figure S2C). Among the fungi, spruce and pine topsoils significantly increased the abundance of the Tricholomataceae (family) and Basidiomycota (phylum). The most prominent indicators were Sordariomycetes (class) and Pleosporales (order) in katsura and NR topsoils, respectively (Supplementary Figure S2B). NR subsoil was significantly enriched with Boletaceae (family), which differed from that of the artificial plantations. Soil bacterial and fungal networks were generated in the reforestation soils (Figure 4).

[image: Phylogenetic trees display bacterial and fungal communities associated with spruce, pine, and katsura. Each tree features branches labeled with different microbial taxa. Color codes represent the environments: blue for spruce, red for pine, and green for katsura. Panels A to D illustrate different phylogenetic classifications. Each panel includes corresponding taxon lists and color boxes indicating species-specific associations with particular environments.]

FIGURE 3
 LefSe analysis of soil bacterial (A,C) and fungal (B,D) community structure in topsoil and subsoil between different reforestation approaches.


[image: Complex network diagrams labeled A to H illustrate microbial interactions, with nodes representing various genera and colored lines indicating positive and negative correlations. Each network is categorized by microbial groups, such as Ascomycota and Basidiomycota, with percentages displayed. Legends highlight specific microbial classifications and interaction types.]

FIGURE 4
 A co-occurrence network of the abundant bacterial taxa (A–D) and fungal taxa (E–H) in soils of spruce, pine, katsura, and NR, respectively. The node size represented the degree in the network. Only significant Spearman′s correlation coefficients (|r| > 0.7 and p < 0.05) are shown. The red lines indicate positive correlations and the green lines indicate negative correlations. The nodes were colored by phylum.


Topological properties showed distinguishing differences in taxa correlations between the artificial plantations and NR (Supplementary Table S1). The degree and modularity based on 16S rRNA and ITS genes in katsura soils were higher than those in spruce and pine soils. Additionally, significant differences in keystone taxa (genera) were observed between artificial plantations and NR in the comparison group for the bacterial–fungal networks (Figure 4). The structural properties of the network were greater in NR than in the artificial plantations in both the topsoil and subsoil, indicating more connections and closer relationships of bacterial and fungal taxa under NR. The structural properties of the network were greater in the topsoils than in the subsoils for all four reforestation approaches, indicating more connections and closer relationships of bacterial and fungal taxa in the topsoils.



3.3 Soil metabolite characteristics

In total, 263 metabolites were detected in the samples from the four reforestation approaches by nontargeted metabolomic analysis. The PCoA results (Supplementary Figure S3) revealed no significant difference in the soil metabolite profiles among the four reforestation approaches in both topsoils and subsoils. PERMANOVA further revealed that the soil metabolism spectrum was not considerably altered in response to reforestation (Supplementary Figure S3). The OPLS-DA models were effective and could be used to screen for differentially expressed metabolites (DEMs) (Supplementary Figure S4), which differed between the artificial plantations and the NR. The number of DEMs between each artificial plantation approach and NR presented in the volcano plots (Supplementary Figure S5) clearly showed that the downregulated DEMs were much more abundant than the upregulated ones for all three artificial plantations in both soil layers (detailed data in Figure 5).

[image: Six panels labeled A to F display scatter plots showing principal component analysis (PCA) of topsoil and subsoil data with up-regulation and down-regulation counts for Spruce, Pine, and Katsura. Panels G to L show bar charts of various chemical compounds and their numbers for each soil type and plant comparison, indicating differences in compound presence between Spruce-NR, Pine-NR, and Katsura-NR in topsoil and subsoil.]

FIGURE 5
 OPLS-DA analysis of metabolites between artificial plantations and NR in topsoil (A–C) and subsoil (D–F). Differential metabolite classification statistics between artificial plantations and NR in topsoil (G–I) and subsoil (J–L).


PLS-DA results showed clear metabolite separation between the artificial plantations and NR (Figures 5A–F). Compared with that in the corresponding NR samples, 50 and 64 DEMs (6 and 11 upregulated, 44 and 53 downregulated) in the artificial planted spruce forest, 54 and 39 DEMs (12 and 2 upregulated, 42 and 37 downregulated) in the pine forest, and 32 and 24 DEMs (5 and 3 upregulated, 27 and 21 downregulated) in the katsura forest were identified in the topsoil and subsoil, respectively, using the OPLS-DA model (Figures 5A–F). The most enriched DEMs were fatty acyls in the topsoil of the artificial plantations in comparison with NR group (Figures 5G–I). In the subsoil, carboxylic acids and derivatives, phenols, and fatty acyls were the main DEMs for all the three artificial plantations compared with the NR ecosystem (Figures 5J–L). Among the top 20 DEMs in spruce, pine, and katsura forests 2–5 upregulated DEMs in the topsoil and subsoil were presented (Supplementary Figure S6). According to the threshold conditions of impact values, more than 0.06 and p-value less than 0.05, differential metabolic pathways were identified for the artificial plantations versus NR. Artificial plantations mainly influenced the metabolite contents in linoleic acid metabolism and valine, leucine, and isoleucine biosynthesis, compared with NR (Supplementary Figure S7). Tyrosine metabolism was only identified in the DEMs of spruce-NR, whereas glycine, serine, and threonine metabolism were only detected in the pine-NR and katsura-NR comparison group.



3.4 Relationships between soil physicochemical properties-metabolites and microbial communities

Correlation tests associated the main bacterial and fungal phyla with the soil physicochemical properties and root traits (Supplementary Figure S8) showed that SOC, TN, and MBC concentrations were significantly correlated with Proteobacteria, Chloroflexi, and Rokubacteria; SAL was significantly related to Actinobacteria and Bacteroidetes; DON, AP, and MBN concentrations and RTD were significantly correlated with the dominant fungal phyla Ascomycota. From the Bray–Curtis distances, RDA was used to identify the effects of soil physicochemical properties on bacterial and fungal community structures (Figure 6). RDA showed that SRL, DON, AP, and MBN significantly affected bacterial community composition (Envift analysis; p < 0.05), in which AP was the strongest determinant of fungal community composition. AP, SRL, TN, DON, MBC, and MBN were significantly correlated (Envift analysis; p < 0.05) with changes in fungal community structures (Figures 6C,D).

[image: Graphs and charts represent environmental factors and their correlations. Panels A and C show RDA plots with data points for Spruce, Pine, Katsura, and NR. Panels B and D display bar graphs of environmental factors with r-squared values, highlighting significant correlations. Panels E and F illustrate complex network diagrams showing positive and negative correlations among bacteria, fungi, and metabolites.]

FIGURE 6
 Redundancy analysis (RDA) and envift analysis identified the effects of soil physicochemical property and root traits on bacterial (A,B) and fungal (C,D) community structures. Co-occurrence network of the differential metabolites and differential microbial taxa in topsoil (E) and subsoil (F). The red lines indicate positive correlations and the green lines indicate negative correlations: the thicker the line, the stronger the correlation.


Co-occurrence networks were built between the significantly impacted microbial taxa and DEMs (Figures 6E,F). A greater density was found between the microbial taxa and metabolites in the topsoil than in the subsoil. Fungi predominantly connected the network in the topsoil, whereas bacteria were predominant in the subsoil. Alphaproteobacteria and Cercophora were the core bacterial and fungal responders, and 13-L-hydroperoxylinoleic acid, 13-S-hydroxyoctadecadienoic acid, and homovanillin (downregulated in artificial plantation - NR comparison group) were prominent metabolite responders that negatively co-occurred with Alphaproteobacteria and positively co-occurred with Cercophora in topsoil (Figure 6E; Supplementary Table S2). Acidothermus and Orbiliomycetes were the core bacterial and fungal responders in subsoil. 9,10-epoxyoctadecenoic acid in the subsoil of artificial plantation NR was the prominent metabolite responder that positively co-occurred with fungi in the order Boletales.

PLS-PM revealed that plant species had a significantly positive effect (p < 0.05) on soil physicochemical properties and exhibited a direct and significant positive correlation with the bacterial community in the topsoil (Figure 7). Conversely, there was a significant negative correlation between the soil physicochemical properties and the fungal community in the topsoil. Plant roots and soil metabolites had no significant direct effect on the microbial community in the topsoil. In the subsoil, plant roots directly and significantly positively affected soil physicochemical properties and fungal communities. Soil physicochemical properties had a significantly negative impact on the bacterial communities in the subsoil.

[image: Diagrams A and B depict structural equation models illustrating relationships between plants, soil physicochemical properties, metabolites, and microbial communities. Arrows indicate causal paths with corresponding coefficients. For example, in Diagram A, there is a strong effect (0.875) of soil properties on the bacterial community, while in Diagram B, the effect is 0.227. Both diagrams include adjusted R-squared values indicating model fit: for instance, R² for the bacterial community is 0.680 in Diagram A and 0.895 in Diagram B. Differences in arrow thickness and color highlight variations in relationship strength and significance.]

FIGURE 7
 The partial least squares path model (PLS-PM) showing the direct and indirect effects of plants, soil physicochemical property, and soil metabolites on bacterial and fungal communities in topsoil (A) and subsoil (B). The blue and red arrows indicate the positive and negative flow of causality. Bold arrows indicate significant standardized paths (p < 0.05). The number on the arrow indicates the effective normalized path coefficient. R2 represents the variance of the dependent variable explained by the model.





4 Discussion


4.1 Variation in soil physicochemical properties among the reforestation approaches

Previously, it was reported that reforestation could improve soil properties, but different stand forests have discrete impacts on the soil environment (He et al., 2021). Our results in the present study offer some novel information by comparing three artificial and natural reforestation approaches. The detection of varied nutrient (SOC, TN, DOC, and AP) concentrations in soils among the different reforestation approaches (Table 1) was consistent with that reported by He et al. (2021). The lower contents of SOC, TN, and AP in the pine forest than in the NR forest confirmed the findings of Zheng et al. (2005). However, the greater contents of SOC, TN, and AP in the topsoil of spruce and katsura plantations than those in NR (Figure 1) demonstrate that these artificially planted trees have improved soil fertility. Therefore, soil property improvement in the reforestation areas is a tree species-dependent procedure, which can affect the soil nutrient cycle and transformation process mainly through litter input and root activity (Hobbie, 2015; Angst et al., 2019).

The distinct characteristics of plant litter, including C/N and lignin/N ratios, directly affect the decomposition rate and soil inputs (Krishna and Mohan, 2017; Yang et al., 2022). Therefore, in the present study, the lower soil nutrients in pine forests may be related to the slower decomposition rates of pine needle litter than those of broad-leaved tree and shrub species (Li et al., 2009) since pine needle litter presents poorer quality, such as lower N concentration, higher C/N ratio, and greater lignin content. The lower SOC, TN, AP, and MBC concentrations in the subsoil than in the topsoil for all reforestation forests (Figure 1) are consistent with the conclusions of previous studies, such as He et al. (2021). Subsoil properties are also linked to root traits and diverse litterfalls of plants, as well as humus derived from plant residues (Zhu et al., 2020).

Differences in soil microbial community among the reforestation approaches Consistent with previous results (Wu et al., 2023; Zhang et al., 2023), the dominant bacterial phyla of the four reforestation approaches in the present study were Proteobacteria, Actinobacteria, and Acidobacteria, with variations in abundance. The significant differences in the diversity and composition of the bacterial and fungal communities revealed by LefSe (Figure 3) and PCoA (Figure 2) among the four reforestation approaches were consistent with the results of previous studies (Oria-de-Rueda et al., 2010; Yang et al., 2020). This might be due to the fact that different plant species result in different rhizosphere effects and rates of litter decomposition and nutrient release, which directly or indirectly enrich or deplete some specific microorganisms (Berg and Smalla, 2009; Vezzani et al., 2018; Xu et al., 2023). In the present study, the significant enrichment of Actinobacteria and Ascomycota in NR and katsura topsoils and of Proteobacteria (including Alphaproteobacteria) and Basidiomycota in spruce and pine topsoils (Figures 2A,B) might provide evidence for the effects of plant litter on soil microbial communities. In general, the litter of broad-leaved trees in the NR and katsura forests presented a lower C/N ratio and lignin content but greater cellulose content compared with that of the coniferous forests (spruce and pine). Members of Actinobacteria and Ascomycota are well-known degraders of cellulose. In addition, many members of Actinobacteria are plant growth-promoting bacteria that improve the availability of nutrients and minerals, synthesize plant growth regulators, and inhibit phytopathogens (Franco-Correa and Chavarro-Anzola, 2016). Corresponding to the high C/N ratio and high content of lignin (lignocellulose) in coniferous litter, Proteobacteria might be enriched in the topsoils of spruce and pine forests based on their nitrogen-fixing ability, which plays a crucial role in nitrogen recycling, which is beneficial for plant growth, yield, and the quality of fruits and seeds (Zhang H. et al., 2022). Members of fungal phylum Basidiomycota are well-known degraders of lignocellulose, which might be the main reason why they are enriched in spruce and pine topsoils. In subsoils, the microbial communities seemed not to be related to the litter characteristics but were more affected by the root systems in the four reforestation approaches since some similar compositions were detected between the forests of spruce and katsura and between the forests of NR and pine in both the bacterial and fungal communities. Further comparative studies on root exudates may explain the similarities in the soil microbial communities.



4.2 Soil metabolites and enriched metabolic pathways in different reforestation approaches

Metabolomics can reveal material cycling in soil and provide crucial insights into soil quality (Liu et al., 2021). The biological functions and co-network interactions of soil metabolites vary according to plant species and land use patterns (Mueller et al., 2020; Yao et al., 2023). However, there is insufficient information on soil metabolite fingerprints using different reforestation approaches. Our soil metabolite analysis results clearly showed that, in both soil layers, the artificial mono-plantations downregulated the expression of most DEMs compared to NR (Figure 5; Supplementary Figure S6). These differences might be related to the effects of tree species (biodiversity) on soil metabolites since four plant species were dominant in the NR forest, while the artificial forests were dominated by mono-planted species. Different plant species produce root exudates with distinct quantities and qualities (El Zahar Haichar et al., 2014; Weinhold et al., 2022), which directly form a part of the soil metabolites. In addition, different organic compounds exist in the litter produced by different plant species (Krishna and Mohan, 2017) and are transformed into diverse soil metabolites by distinct microbial degraders and microbial interactions (Figures 2–4). Higher plant diversity under natural restoration conditions may increase root-derived organic inputs, litter quality, and decomposition rates (Eisenhauer et al., 2017; Zheng et al., 2021).

The DEMs between natural reforestation and artificial plantation were fatty acyls, phenols, carboxylic acids, and derivatives (Figures 5G–L), indicating that artificial plantations were different from natural reforestation in the synthesis of complex lipids, the defense mechanism of the plant and soil phosphorus availability (Schefe et al., 2011; Mueller et al., 2020). The contents of related metabolites in the linoleic acid metabolism and valine, leucine, and isoleucine biosynthesis pathways were mainly different in artificial plantations-NR (Supplementary Figure S7). These differences may be attributed to the fact that artificial plantations have shaped the microbial community and regulated plant immunity, enhancing resistance to biotic and abiotic stresses (Feng et al., 2023; Liu Y. et al., 2023). Previously, it has been reported that the content of 13-S-hydroxyoctadecadienoic acid in roots increased in respond to the soil salinity (Li et al., 2023), while 13-L-hydroperoxylinoleic acid was involved in metabolism of linoleic acid that caused repelling of zoospores of the phytopathogen Phytophthora sojae in soybean rhizosphere (Zhang Z. et al., 2022). Therefore, the downregulation of prominent DEMs 13-L-hydroperoxylinoleic acid and 13-S-hydroxyoctadecadienoic acid found in the present study in artificial plantations compared with those in the NR forest might imply a reduction of the disease and stress resistance in forests.



4.3 Influence of soil metabolites and physicochemical properties on microbial communities

In the study area, forest soil is deficient in nitrogen and phosphorus under natural conditions (Wu et al., 2012; Liu et al., 2015). Our study showed that soil physicochemical properties and root traits play important roles in regulating soil microbial communities since soil physicochemical properties DON, AP, and MBN, and root character SRL were the most important factors significantly correlated with the structure of bacterial and fungal communities (Figure 6). Meanwhile, the responds of dominant bacterial and fungal taxa to the soil and root traits varied (Supplementary Figure S8). In general, more soil characters presented significant effects on soil bacterial and fungal communities than the root traits, and bacterial community might be more sensitive than the fungal communities to the variations in both the soil and root traits (Supplementary Figure S8). The significant positive correlation of the bacterial phyla Proteobacteria, Actinorhizobia, Firmicutes and Bacteroidetes with contents of various soil nutrients (C, N, P) might be related to the fact that heterotrophic bacteria are dominant in these phyla. In addition, the significant negative correlation of Proteobacteria, Acidobacteria, and Verrucomicrobia with pH value demonstrated that most member in these phyla detected in the tested forestry might be acidophilic, while the members of Gemmetimonadetes involved in this study might be alkaliphilic as evidenced by its significant correlation with pH value (Mucsi et al., 2024). Moreover, the significant positive correlation of Actinorhizobia and Bacteroidetes might imply their main association with fine roots (Acharya et al., 2023). The significantly positive correlation of fungal phylum Ascomycota with DON, AP, and MBN was consistent with its adaption to high-N soils (Wu et al., 2021) and high AP (Kuzikova and Medvedeva, 2023). While its significant positive correlation with RTD might imply their association with roots of the tested plants as mycorrhizal fungi and as endophytes (Kyslynska et al., 2023). In contrast, the negative correlations of Basidiomycota with RTD and of Mortierellomycota with MBC and MBN might reflect their competition relationships with roots and with other microbes (bacteria), respectively in the studied forests.

Our study also found that soil metabolites play an essential role in the regulation of soil microbial communities. As prominent metabolite responders, 13-L-hydroperoxylinoleic acid, 13-S-hydroxyoctadecadienoic acid, homovanillin, and 9,10-epoxyoctadecenoic acid were strongly correlated with microbial taxa in the network (Figure 6). In terms of ecological functions, 13-L-hydroperoxylinoleic acid and 13-S-hydroxyoctadecadienoic acid can also be classified as antistress metabolites that correlate with a significant number of microbial taxa (Figure 6E), which is consistent with the results of previous studies (Zhang Z. et al., 2022; Li et al., 2023).

PLS-PM results showed that vegetation types were the main factors that drove the variation in microbial community since the plants could have direct and indirect effects on the soil microbial community through root effects and by regulating physicochemical properties in the soil. The fine roots of trees are primarily distributed in the topsoil (0–20-cm soil layer) (52–71%), which also presents a greater exudation of live roots and decomposition of dead roots (Matamala et al., 2003; Yang et al., 2018). The root effect might significantly affect the soil metabolite spectrum, soil nutrients, and microenvironment, which in turn causes further differences in soil microbial communities among the tested reforestation approaches. Plants growing in environments with limited nutrients employ root exudates as signals for soil microbes involved in nutrient acquisition (Dakora and Phillips, 2002; Zhao et al., 2021). We speculate that the roots in the subsoil interact more with root-associated microorganisms, such as mycorrhizal fungi, to improve nutrient acquisition in different reforestation approaches. Soil metabolites play a crucial role in regulating interactions between microorganisms and plants (Wang et al., 2019). In general, the metabolism of rhizosphere soil is affected by plant roots more than the bulk soil (Raaijmakers et al., 2009), which may be an important reason for our finding that plant root traits had no significant effects on soil metabolites. Our results revealed that some metabolite responders were strongly correlated with microbial taxa, whereas soil metabolites had no significant effects on soil bacterial and fungal communities. It has been suggested that soil microorganisms are more sensitive to soil nutrients and the microenvironment during forest restoration.




5 Conclusion

Our study investigated soil physicochemical properties, metabolic profiles, microbial community composition, and diversity between artificial plantations and NR. The results revealed that artificial mono-plantation significantly changed the soil physicochemical properties, metabolites, and microbial communities compared to NR. Soil physicochemical properties (such as DON, AP, and MBN) were significantly correlated with dominant bacterial and fungal taxa and significantly affected bacterial and fungal communities in soil. In addition, plant root-mediated soil physicochemical properties were the primary factors to explain the variations in microbial communities among different reforestation approaches. In general, the ensemble of soil metabolites was not significantly affect the soil microbial community; however, several metabolites, such as 13-L-hydroperoxylinoleic acid, 13-S-hydroxyoctadecadienoic acid, homovanillin, and 9,10-epoxyoctadecenoic acid showed strong correlations with differentially abundant microbial taxa. Therefore, the connection between soil metabolomics and the microbial community is crucial for understanding the interactions among plant, soil physicochemical properties and soil microbes and for improving forecasts of forest ecological restoration using a reforestation approach. Further detailed exploration of the relationship between core metabolites and soil microorganisms is needed.
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Introduction: The increasing rate of atmospheric nitrogen deposition has severely affected the structure and function of these ecosystems. Although nitrogen deposition is increasing globally, the responses of soil microbial communities in subtropical planted forests remain inadequately studied.
Methods: In this study, a four-year experimental simulation was conducted to assess the impacts of varying nitrogen deposition levels (CK: 0 g·N·m−2·a−1; N10: 10 g·N·m−2·a−1; N20: 20 g·N·m−2·a−1; N25: 25 g·N·m−2·a−1) on two subtropical tree species, Pinus yunnanensis Franch. and Pinus armandii Franch. High-throughput sequencing was performed using the Illumina MiSeq platform. Statistical analyses, including analysis of variance (ANOVA), linear mixed-effects models, principal coordinate analysis (PCoA), analysis of similarity (ANOSIM), redundancy analysis (RDA), random forest analysis, and structural equation modeling (SEM), were used to examine the short-term responses of soil nutrients, bacterial communities, and fungal community structures to nitrogen deposition.
Results and discussion: The results showed that species differences led to variations in soil properties between the two forests, particularly a significant increase in soil pH in P. yunnanensis Franch. forests and a significant decrease in soil pH in P. armandii Franch. forests. Nitrogen addition did not significantly affect microbial diversity in either P. yunnanensis Franch. or P. armandii Franch. soils; however, forest type differences had a significant impact on bacterial diversity. The nitrogen addition significantly affected the relative abundance of specific microbial communities in both forest types, particularly altering the fungal community structure in the P. yunnanensis Franch forests, while no significant changes were observed in the bacterial community structure in either forest type. Furthermore, nitrogen addition increased the network complexity of bacterial communities in P. yunnanensis Franch. forests while decreasing network complexity in P. armandii Franch. forests. Structural equation modeling indicated that nitrogen addition regulates soil bacterial and fungal diversity in both forest types by modifying nitrogen availability.
Purpose and significance: These findings provide insights into the potential long-term impacts of nitrogen deposition on subtropical planted forest ecosystems and offer a theoretical basis for sustainable forest management and regulatory practices.
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1 Introduction

Human activities, such as fossil fuel combustion and agricultural practices, have significantly increased global nitrogen deposition, attracting considerable attention. From 2008 to 2020, the average total nitrogen (TN) deposition in China was 22.0 ± 0.8 kg·N·ha−1·yr−1 (Chen et al., 2023), ranking it as the third-largest region for nitrogen deposition worldwide. Recent studies indicate that although nitrogen deposition in China has stabilized, it remains elevated, with nitrogen deposition in some areas reaching 30–50 kg·N·ha−1·yr−1 (Zheng et al., 2022). Moderate nitrogen deposition can improve litter quality, enhance ecosystem productivity, and increase terrestrial carbon sink capacity (Lu et al., 2021). However, excessive deposition leads to nitrogen saturation in soils, reducing plant diversity, lowering the relative abundance and metabolic capacity of soil microbial communities, and causing other adverse effects (Janssens and Luyssaert, 2009; Kearns et al., 2016; Zhang et al., 2018). Soil microorganisms, as key components of ecosystems, play a crucial role in promoting key processes such as organic matter decomposition, carbon storage, and nutrient mineralization (Sokol et al., 2022; Kang et al., 2024). These processes are essential for maintaining soil health and functionality, directly shaping soil ecological functions. The global increase in nitrogen deposition is an important regulator of soil microbial communities, directly affecting microbial growth and turnover (Chen Y. et al., 2024).

Forest ecosystems are a crucial component of terrestrial ecosystems. The extensive surface area of forest canopies facilitates direct nitrogen deposition, while soil microbial communities beneath them, which occupy a substantial portion of the land surface, exhibit significant microbial diversity (Lladó et al., 2017) and are particularly sensitive to increased nitrogen deposition, especially elevated soil reactive nitrogen levels (Wang X. et al., 2023). Studies have shown that nitrogen deposition significantly alters soil parameters, leading to negative impacts on soil functions. For example, increased nitrogen deposition results in soil acidification, loss of nutrient-rich basic cations, and a reduction in nutrient utilization efficiency and buffering capacity. Additionally, nitrogen deposition may affect soil microbial dynamics by decreasing microbial biomass and altering microbial community structure through increased nitrogen availability. However, some studies have found that artificial nitrogen addition may lead to an increase in the abundance of key microbial groups, thereby promoting soil bacterial interactions and network complexity. This phenomenon may be linked to the complexity and heterogeneity of forest soils. Therefore, the impact of nitrogen deposition on microbial communities varies depending on the environmental conditions of forest soils, which limits the precision and applicability of research findings. Responses of microbial communities to nitrogen deposition vary with changes in overstory vegetation. Tree species associated with ectomycorrhizal fungi show improved survival and growth, while those linked to arbuscular mycorrhizal fungi exhibit reduced survival rates (Quinn Thomas et al., 2010). Variations in plant types alter soil physical and chemical properties, which act as filters for microbial community composition, influencing the diversity and richness of soil microbial communities (Lu et al., 2022). In ecosystems, microorganisms interact through direct or indirect ecological processes such as cooperation, competition, and antagonism, forming microbial networks (Wagg et al., 2019). Microbial co-occurrence networks provide insights into these complex interactions (Ramirez et al., 2018), where interspecies relationships often play a more critical role than species abundance and diversity (Deng et al., 2012). Nitrogen deposition significantly impacts soil functions by altering soil properties, with profound effects on microbial community structure and diversity. The type of vegetation and its interactions with microorganisms further exacerbate these effects. Studying the influence of nitrogen deposition on soil properties and microbial communities helps us better understand its long-term impact on forest ecosystems and provides a scientific basis for strategies aimed at improving soil health and maintaining ecological balance in forests.

The launch of the “United Nations Decade on Ecosystem Restoration” (Geekiyanage, 2022) has accelerated global afforestation efforts on degraded and deforested lands, generating significant environmental and societal benefits (Chazdon and Brancalion, 2019). In China, forest cover has increased from 13% in 1978 to 23% in 2019, with projections suggesting a rise to 26% by 2035 (Yao et al., 2024). This expansion has substantially enhanced the carbon sink capacity of terrestrial ecosystems. As a key nature-based solution, afforestation has been widely adopted to increase surface carbon storage, prevent soil erosion, conserve water resources, and produce timber, delivering critical ecosystem services and biodiversity gains (Hua et al., 2022). While considerable research has focused on the effects of nitrogen deposition on bacterial and fungal communities in forest ecosystems (Cao et al., 2023), studies addressing the responses of soil microbial communities in subtropical planted forests at low latitudes and high altitudes remain limited. Therefore, investigating the mechanisms underlying microbial responses to nitrogen input in planted forests under increasing global nitrogen deposition is essential for understanding the adaptive capacity and long-term ecological dynamics of these ecosystems in the context of global change.

This study employed a simulated nitrogen addition experiment at the Yuxi Forest Ecosystem National Observation and Research Station to explore the responses of soil microbial communities in Pinus yunnanensis Franch. and Pinus armandii Franch. plantations in the subtropical central Yunnan region to environmental changes and stress induced by long-term nitrogen addition. This research seeks to address the gap in studies on microbial responses to nitrogen deposition in the central Yunnan region. The hypotheses tested were: (1) Nitrogen addition decreases soil microbial diversity, with no significant effect of tree species differences on microbial diversity; (2) bacterial community structure responds significantly to nitrogen addition, while fungal communities show no significant response; and (3) changes in soil properties will drive shifts in both bacterial and fungal communities. Our findings provide microbiological insights for the scientific management of subtropical planted forests under nitrogen deposition and deepen our understanding of soil microbial functions and ecosystem processes in the context of global change.



2 Materials and methods


2.1 Study area overview

This study was conducted at the Yuxi Forest Ecosystem National Observation and Research Station (23°46′18″ ~ 23°54′34″N, 101°16′06″ ~ 101°16′12″E) (Figure 1), where simulated nitrogen deposition began in January 2019. The station is situated in a climatic transition zone between northern and southern subtropical Yunnan, characterized by a subtropical low-latitude plateau monsoon climate with distinct mountain features. Elevations range from 1260.0 to 2614.4 m, with an average annual precipitation of 1,050 mm and an average annual temperature of 15°C. The region experiences temperature extremes of 33°C and −2.2°C, with distinct wet (May to October) and dry (November to April) seasons, where rain and heat coincide during the wet season. The primary soil type in the area is Argi-Udic Ferrosols, with localized occurrences of Hapli-Udic Argosols, as classified by the World Reference Base for Soil Resources. Soils are predominantly medium to thick, though thin layers are present in some areas. The forest coverage exceeds 86%, dominated by primary and secondary evergreen broadleaf forests typical of the montane semi-humid zone. Vegetation displays vertical zonation with altitude and includes species such as P. yunnanensis Franch., P. armandii Franch., Keteleeria evelyniana Mast., and plants from the Magnoliaceae Juss. family etc.

[image: A map showing Xinping County within Yuxi City, highlighting sample sites with stars. The central map illustrates elevation, with colors from green (low) to purple (high). Two photos depict forests: the top shows Pinus yunnanensis and the bottom Pinus armandii. An inset diagram displays sample plot arrangements with labeled treatments CK, N10, N20, and N25.]

FIGURE 1
 Study area location map.




2.2 Plot design and sample collection

This study investigated two types of planted forests: P. yunnanensis Franch. forests and P. armandii Franch. forests. The P. yunnanensis Franch. forest is undergoing natural succession to increase species richness, while the species composition in the P. armandii Franch. forest is relatively simple. Through field surveys (Table 1), three representative 20 m × 20 m plots were selected in typical areas, with a minimum spacing of 10 m between plots. Each plot was subdivided into four 3 m × 3 m subplots using a split-plot design, separated by a 1 m buffer zone and walkway to prevent cross-treatment effects. Nitrogen addition levels were determined based on the atmospheric nitrogen deposition flux in Southwest China (Leng et al., 2018), the regional annual increase in nitrogen deposition (0.05 g·N·m−2·a−1) (Xing et al., 2024), seasonal deposition rates (15 g·N·m−2·a−1 in the dry season, 10 g·N·m−2·a−1 in the wet season) (Song et al., 2024), and future nitrogen deposition trends in the region. Four nitrogen addition treatments were established relative to the baseline annual nitrogen deposition of 3.84 g·N·m−2·a−1: 0 g·N·m−2·a−1 (CK), 10 g·N·m−2·a−1 (N10), 20 g·N·m−2·a−1 (N20), and 25 g·N·m−2·a−1 (N25). Experimental-grade urea [CO(NH₂)₂, ≥99.0%] was used as the nitrogen source. The total annual nitrogen addition for each treatment was divided into 12 equal portions, dissolved in 1 L of deionized water, and applied to the subplots monthly using a backpack sprayer. Control subplots received an equivalent volume of deionized water. Applications were conducted mid-month to ensure consistent treatment delivery.



TABLE 1 Site characteristics of two forest types.
[image: Table comparing forest types Pinus yunnanensis and Pinus armandii in Franch. Forest. It includes data on stand number, altitude in meters, age in years, tree height in meters, diameter at breast height in centimeters, canopy density, and slope in degrees. Pinus yunnanensis stands are at lower altitudes and have smaller DBH compared to Pinus armandii.]

Soil samples were collected from the treatment subplots in P. yunnanensis Franch. and P. armandii Franch. forests on July 20, 2023 (during the wet season). During soil collection, surface litter was removed from the subplots. A five-point sampling method was employed, with a soil auger collecting samples from the 0–20 cm depth. Soil samples from three replicate subplots within the same treatment were thoroughly mixed and sieved through a 2 mm nylon mesh to remove roots and stones. The homogenized samples were then divided into two portions: one portion was stored at −80°C for high-throughput sequencing analysis, while the other portion was air-dried for soil property assessment.



2.3 Soil property measurements

Soil chemical properties were analyzed following the methods described by Bao (2000). TN was determined using the semi-micro Kjeldahl method. Available phosphorus (AP) was measured with inductively coupled plasma optical emission spectrometry (ICP-OES). Available potassium (K+) was determined using the flame photometric method with 1 mol·L−1 neutral NH₄OAc as the extractant. Soil organic matter (SOM) was calculated by first measuring organic carbon content using the K₂Cr₂O₇ heat-extraction method, then converting the value by multiplying the organic carbon content by a constant factor of 1.724. Soil ammonium nitrogen (NH₄+-N) was measured using the indophenol blue colorimetric method. Soil nitrate nitrogen (NO3−-N) was analyzed through ultraviolet spectrophotometry. Soil pH was assessed utilizing a glass electrode method with a soil-to-water ratio of 1:2.5 (w/v).



2.4 DNA extraction and microbial high-throughput sequencing

Microbial DNA from soil samples was extracted utilizing the E.Z.N.A™ Mag-Bind Soil DNA Kit (OMEGA Bio-tek, United States). The quantity of genomic DNA was measured with the Qubit® 4.0 DNA quantification kit (Thermo Fisher Scientific, Shanghai, China) to ensure sufficient DNA for PCR amplification. Soil bacterial communities were analyzed by amplifying the V3–V4 region of the 16S rRNA gene using the primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) (Logue et al., 2016). For fungal communities, the ITS region was amplified using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) (Gardes and Bruns, 1993) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) (White et al., 1990). The purified and pooled PCR products were sequenced by Sangon Biotech (Shanghai) Co., Ltd. on the Illumina MiSeq platform for high-throughput sequencing.



2.5 Microbial data analysis and co-occurrence network construction

Raw sequence data underwent quality control and filtering before OTU clustering was performed using Usearch 11.0.667 software (Edgar, 2013) on non-redundant sequences (excluding singleton sequences), with a 97% similarity threshold for OTU definition. Chimera sequences were removed during clustering (Edgar et al., 2011). After OTU clustering, sequences were preprocessed by trimming adapter sequences and removing low-quality reads with FastQC (version 0.12.0) and Trimmomatic (version 0.39). Bacterial communities were classified using the SILVA database (version 132), and fungal communities were classified utilizing the UNITE database (version 8.0). Microbial community α-diversity and richness were calculated with Mothur 1.43.0 software, with the Shannon index used to quantify community diversity (Shannon, 1948) and the Chao index to estimate community richness (Chao, 1984). For OTU-based co-occurrence networks, OTUs with relative abundances above 0.1% in bacterial and fungal communities were included, while OTUs with zero abundance in two-thirds of the samples were excluded. Spearman correlation was used to calculate the pairwise similarity matrix, and Random Matrix Theory (RMT) determined the optimal similarity threshold for network construction. Molecular Ecological Networks (MENs) were analyzed using the Integrated Network Analysis Pipeline (iNAP) platform (updated on June 6, 2023, https://inap.denglab.org.cn/, accessed on July 18, 2024) (Feng et al., 2022). The node and edge data were then exported, and co-occurrence networks for bacterial and fungal communities were visualized with Gephi 0.10.1 software.



2.6 Data analysis methods

Statistical analysis was performed using SPSS 26.0 (SPSS Inc., Chicago, Illinois, United States). Analysis of variance (ANOVA) and Duncan’s test were employed to assess the effects of nitrogen treatments on soil chemical properties and microbial α-diversity. A linear mixed-effects model was applied to evaluate nitrogen addition effects, using tree species as a random factor and nitrogen addition as a fixed factor. Tukey’s Honest Significant Difference (HSD) test was applied at a significance level of 0.05 if significant effects were detected. In R software (version 4.3.1; http://www.r-project.org/, accessed July 20, 2024), the “vegan” (Oksanen et al., 2013) and “ggplot2” (Wickham et al., 2016) packages were used for principal coordinates analysis (PCoA) and analysis of similarities (ANOSIM) based on microbial genus-level classification. Bray–Curtis dissimilarity was calculated to assess differences in microbial community structure across nitrogen addition treatments. Redundancy analysis (RDA) was also performed to identify key soil properties influencing bacterial and fungal community composition in forest soils. The “random Forest” package (R ColorBrewer and Liaw, 2018) was employed to evaluate the importance of soil chemical properties in shaping microbial community composition, with the first axis of PCoA representing community composition. Structural equation modeling (SEM) was conducted utilizing the “lavaan” package (Svetina et al., 2020) to assess the impact of nitrogen addition and soil properties (NO3−-N, NH4+-N, K+, pH) on microbial communities. The chi-square test (χ2) was used to assess the overall model fit by comparing the model-predicted covariance matrix to observed data. Model significance was assessed using the p-value, and the root mean square error of approximation (RMSEA) was used to evaluate model-data fit and overall goodness of fit.




3 Results and analysis


3.1 Response of soil basic properties to nitrogen addition

Compared to the control (CK) of the two stands, the soil NH4+-N and K+ contents in the P. yunnanensis Franch. forest control group were significantly higher than those in the P. armandii Franch. Forest control group, with increases of 55.4 and 20.6%, respectively, while the pH and NO3−-N contents in the P. yunnanensis Franch. forest were lower than those in the P. armandii Franch. forest, by 8.5 and 88.9%, respectively (Figure 2). In P. yunnanensis Franch. forests, with increasing nitrogen addition, soil pH and SOM gradually increased, with increases of 0.2–5.2% and 8.8–14.2%, respectively. The contents of NH4+-N, NO3−-N, and AP initially increased and then decreased. In P. armandii Franch. forests, with increasing nitrogen addition, soil pH gradually decreased, with a reduction of 8.1–13.0%. SOM, NH4+-N, K+, and TN increased initially and then decreased, while NO3−-N and AP contents significantly increased, with increases of 1.9–132.2% and 15.1–66.3%, respectively. Overall, nitrogen addition significantly influenced soil chemical properties in both forest types, though the patterns of change differed. These results suggest that the impact of nitrogen addition on soil basic properties varies with forest type, reflecting the differential responses of the two tree species to nitrogen addition. Overall, the results demonstrate that nitrogen addition significantly affects the soil chemical properties of both forest types. However, the impact varies between the two types, indicating that different forest ecosystems respond differently to nitrogen inputs. These findings underscore the complex interactions between nitrogen deposition and soil properties, highlighting the importance of considering forest type when evaluating the ecological consequences of nitrogen addition.
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FIGURE 2
 Characteristics of soil properties under different levels of nitrogen deposition. (1) Lower case letters indicate significant differences between nitrogen deposition treatments and uppercase letters indicate significant differences between forest types. (2) n.s. indicates p > 0.05, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. (3) CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. SOM, soil organic matter; TN, total nitrogen; AP, available phosphorus; K+, potassium ion.; N, nitrogen deposition; F, forest types; N × F, nitrogen deposition and forest type interactions.




3.2 Response of soil microbial diversity to nitrogen addition

Soil microbial α-diversity, including OTUs, Shannon index, and Chao index, was used to evaluate the impact of nitrogen addition on the diversity and richness of bacterial and fungal communities in P. yunnanensis Franch. and P. armandii Franch. forests (Figure 3). Compared to the CK, the soil of P. yunnanensis Franch. exhibited higher bacterial community OTUs, Shannon index, and Chao index than that of P. armandii Franch., with increases of 34.2, 3.5, and 38.2%, respectively. In contrast, fungal OTUs and the Chao index were lower by 3.8 and 7.0%, respectively, while the fungal Shannon index was 24.7% higher than that of P. armandii Franch. In P. yunnanensis Franch. forests, the soil bacterial community OTUs, Shannon index, and Chao index all reached their peaks under the N20 treatment, showing increases of 5.5, 2.7, and 2.2%, respectively, compared to the CK. This suggests that moderate nitrogen addition promotes bacterial diversity. However, at the highest nitrogen addition level (N25), bacterial OTUs, Shannon index, and Chao index decreased by 4.9, 2.0, and 2.4%, respectively, indicating that high nitrogen concentrations may suppress bacterial diversity. In P. armandii Franch. forests, there were no significant differences in bacterial community diversity and richness across different nitrogen treatments, but overall, OTUs and Chao index increased, with the N20 treatment showing the highest increases of 25.7 and 25.0%, respectively, while the Shannon index gradually decreased. On the other hand, for the fungal community, nitrogen addition generally decreased the OTUs and Shannon index in P. armandii Franch. forests, with the most notable decreases of 2.1 and 13.7% under the N25 treatment, whereas the Chao index increased by 5.4%, suggesting that high nitrogen concentrations may have a negative impact on fungal community diversity. In P. armandii Franch. forests, fungal communities exhibited a minimal response to nitrogen addition, with no significant changes in α-diversity indices across treatments. However, the Shannon index and Chao index peaked at the N20 treatment. Overall, nitrogen addition influenced soil bacterial and fungal diversity more significantly in P. yunnanensis Franch. forests, while the impact on P. armandii Franch. forests was smaller and not statistically significant. Statistical analysis indicated that forest type significantly affected bacterial diversity indices (p < 0.05), but no significant interaction was observed between nitrogen addition and forest type for most diversity indices.

[image: Bar charts comparing bacterial and fungal communities in two Pinus species: Pinus yunnanensis and Pinus armandii. Three diversity indices are shown: OTUs, Shannon, and Chao, with treatments CK, N10, N20, and N25. Statistical significance is indicated at the top of each chart.]

FIGURE 3
 Analysis of alpha diversity in soil bacterial and fungal communities. (1) Lower case letters indicate significant differences between nitrogen deposition treatments and uppercase letters indicate significant differences between forest types. (2) n.s. indicates p > 0.05, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. (3) CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. N, nitrogen deposition; F, forest types; N × F, nitrogen deposition and forest type interactions.


Principal coordinates analysis was conducted to evaluate the β-diversity of soil bacterial and fungal communities in P. yunnanensis Franch. and P. armandii Franch. forests under different nitrogen addition treatments (Figure 4). The results showed that nitrogen addition significantly altered the fungal community structure in P. yunnanensis Franch. forests (R: 0.299, P: 0.023), while the fungal community structure in P. armandii Franch. forests was also affected, though the changes were not statistically significant. Additionally, the bacterial community structure in both forest types showed no significant changes under nitrogen addition, indicating differing sensitivities among microbial communities. These results suggest that fungal communities are more sensitive to nitrogen addition, while bacterial communities may possess greater adaptability to environmental changes.

[image: Scatter plots showing principal component analysis (PCA) of bacteria and fungi for two pine species, Pinus yunnanensis and Pinus armandii. Each plot compares PC1 and PC2 axes. Treatment groups are distinguished by shapes: circles (CK), triangles (N10), squares (N20), and crosses (N25). The strength and significance of correlations are indicated: bacteria in Pinus yunnanensis (R: -0.210, P: 0.913), Pinus armandii (R: -0.059, P: 0.697), fungi in Pinus yunnanensis (R: 0.299, P: 0.023), and Pinus armandii (R: 0.173, P: 0.148).]

FIGURE 4
 Principal coordinate analysis (PCoA) was performed to analyze the bacterial and fungal communities in across different forest stands subjected to various nitrogen addition levels. CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1.




3.3 Effect of nitrogen addition on microbial community composition

Figure 5 shows the impact of nitrogen addition on microbial community composition at the phylum level. In the soil of P. yunnanensis Franch. forests, 11 bacterial phyla and 8 fungal phyla were identified, while in the soil samples of P. armandii Franch. forests, 14 bacterial phyla and 8 fungal phyla were identified. Notably, the dominant bacterial phyla in both P. yunnanensis Franch. and P. armandii Franch. forest soils were Acidobacteria and Proteobacteria, accounting for 45.44 to 67.92% of the total bacterial community (Figure 5A). Similarly, Basidiomycota and Ascomycota were the dominant fungal phyla, representing approximately 61.58 to 80.29% of the total fungal community (Figure 5B). The relative abundance of microbial taxa showed no significant differences between the two forest types.

[image: Bar charts showing the relative abundance of bacteria and fungi in different treatments. Chart A displays bacteria with categories like Acidobacteria, Proteobacteria, and others. Chart B displays fungi with categories like Basidiomycota and Ascomycota. Both charts measure relative abundance percentages across treatments CK, N10, N20, and N25.]

FIGURE 5
 The relative abundance of bacterial and fungal phyla in the two forest stands. Relative abundance of bacterial phyla (A); relative abundance of fungal phyla (B). CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1.


As shown in Supplementary Table S1, nitrogen addition did not significantly affect the overall relative abundance of bacterial phyla in P. yunnanensis Franch. soils. However, as nitrogen levels increased, the relative abundance of Proteobacteria, Verrucomicrobia, candidate_division_WPS-2, Candidatus_Saccharibacteria, and unclassified Bacteria first increased and then decreased, peaking at the N20 treatment. The relative abundance of Planctomycetes and Bacteroidetes gradually decreased. Basidiomycota abundance significantly increased 58.2% in the fungal community under high nitrogen levels (N25), while other fungal phyla displayed no significant changes. In contrast, Ascomycota abundance decreased progressively as nitrogen levels increased. Moreover, correlation analysis (Supplementary Table S2) indicated that SOM was positively associated with Verrucomicrobia but negatively associated with Bacteroidetes and Chytridiomycota. Soil pH showed a positive correlation with Basidiomycota. NO3−-N was negatively correlated with Chloroflexi and Mucoromycota but positively correlated with other microbial taxa.

In P. armandii Franch. forests, nitrogen addition significantly influenced the Gemmatimonadetes abundance in the soil bacterial community, which gradually decreased with increasing nitrogen levels, with a reduction ranging from 55.3 to 198.0% (Supplementary Table S3). Additionally, nitrogen addition decreased the Proteobacteria and unclassified Bacteria abundance while increasing Chloroflexi and Firmicutes, although no significant differences were observed between different nitrogen levels. In the soil fungal community, nitrogen addition significantly reduced the relative abundance of Basidiomycota by 17.9 to 105.9% compared to the CK, while the relative abundance of Ascomycota significantly increased by 12.0 to 91.9%. Furthermore, the relative abundance of Mortierellomycota and Rozellomycota increased, though these changes were not significant. Correlation analysis (Supplementary Table S4) showed that Gemmatimonadetes was positively correlated with pH and negatively correlated with NO3−-N and AP. Basidiomycota showed a significant positive link with pH, while Rozellomycota showed negative correlations with pH but positive correlations with NO3−-N and AP.



3.4 Soil microbial co-occurrence network

Microbial co-occurrence networks were constructed using Random Matrix Theory (RMT) to analyze bacterial and fungal community interaction changes under different nitrogen addition levels. As shown in Figure 6, compared to CK, the number of nodes in the co-occurrence networks of both P. yunnanensis Franch. and P. armandii Franch. forests did not exhibit significant differences compared to the control (CK). However, the number of connections (edges) in the bacterial co-occurrence network of P. armandii Franch. forest was 17.2% higher than that of P. yunnanensis Franch. forest, indicating a higher complexity in the bacterial species interactions in the P. armandii Franch. forest. In P. yunnanensis Franch. forest, bacterial co-occurrence network characteristics, including the number of nodes, connections, and average degree, increased with nitrogen addition. However, the modularity value decreased as nitrogen levels increased, while the ratio of positive correlation edges remained stable. In P. armandii Franch. forest, the bacterial co-occurrence network showed a declining trend in the number of nodes, connections, and average degree with increasing nitrogen addition, reaching the lowest values at the N20 treatment. The modularity value increased with nitrogen levels, and the ratio of positive correlation increased significantly. These results suggest that in the P. yunnanensis Franch. forest, the complexity of bacterial species interactions increased with nitrogen addition, peaking at the N20 treatment, while in the P. armandii Franch. forest, the complexity of bacterial species interactions decreased with increasing nitrogen levels.

[image: Image (A) shows network diagrams comparing the interactions of Pyrus yunnanensis and Pyrus armandii across four conditions: CK, N10, N20, and N25. Each diagram provides percentages of positive and negative interactions, with node and edge counts. Image (B) consists of bar charts displaying the number of nodes, edges, average degree, and modularity for the same conditions, highlighting differences between the two species.]

FIGURE 6
 Soil bacterial co-occurrence network-based OTU profile (A). Characterization of the properties of bacterial co-occurrence networks (B). CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. Node size indicates the connection size of the module, red connecting lines indicate cooperative relationships between species, and green connecting lines indicate competitive relationships.


Similarly, compared to CK (Figure 7), the fungal co-occurrence network in P. yunnanensis Franch. forest had significantly more nodes and edges compared to P. armandii Franch. forest, suggesting greater fungal species interaction complexity in the former. Forest. After nitrogen addition, the network characteristics of the fungal co-occurrence network in the P. yunnanensis Franch. forest, including the number of nodes, connections, and average degree, initially increased and then decreased, peaking at the N10 treatment. In P. armandii Franch. forest, the fungal co-occurrence network characteristics, including the number of nodes, connections, and average degree, all decreased with increasing nitrogen addition, while the modularity value gradually increased. These findings suggest that high nitrogen addition (N25) suppressed fungal network complexity and stability, while low nitrogen addition (N10) enhanced fungal species interactions in P. yunnanensis Franch. forest.

[image: (A) Displays network diagrams for Pinus yunnanensis and Pinus armandii under different conditions (CK, N10, N20, N25). Networks show nodes and edges with positive and negative interactions. (B) Bar charts show the number of nodes and edges, average degree, and modularity for each condition, comparing the two species.]

FIGURE 7
 Soil fungal co-occurrence network-based OTU profile (A). Characterization of the properties of fungal co-occurrence networks (B). CK, 0 g·N·m−2·a−1; N10, 10 g·N·m−2·a−1; N20, 20 g·N·m−2·a−1; and N25, 25 g·N·m−2·a−1. Node size indicates the connection size of the module, red connecting lines indicate cooperative relationships between species, and green connecting lines indicate competitive relationships.




3.5 Soil microbial co-occurrence network

Soil properties play a crucial role in shaping differences in bacterial and fungal community structures across forest types. Redundancy Analysis (RDA) demonstrated that environmental factors explained 72.31 and 63.78% of the variation in soil bacterial community structure in P. yunnanensis Franch. and P. armandii Franch. forests, respectively, and 79.38 and 74.69% of the variation in fungal community structure (Supplementary Figure S1). Additionally, Random Forest analysis identified key soil variables influencing microbial community structure, while SEM quantified the direct and indirect effects of these factors on microbial community composition. The Random Forest analysis revealed that K+, NO3−-N, and pH were the primary variables determining bacterial and fungal community composition and richness in P. yunnanensis Franch. forest, while NO3−-N and NH4+-N were the primary variables influencing microbial community structure in the P. armandii Franch. forest (Figure 8A). The Random Forest model was also used to investigate the impact of nitrogen addition on microbial diversity (Figure 8B). The model for the P. yunnanensis Franch. forest showed good data fit (χ2 = 3.471, df = 4, p = 0.482, RMSEA <0.001), as did the model for P. armandii Franch. forests (χ2 = 2.08, df = 2, p = 0.353, RMSEA = 0.058). In the P. yunnanensis Franch. forest model, soil NO3−-N had a significant negative effect on bacterial α-diversity, while K+ had a significant positive effect on bacterial α-diversity. Additionally, the model showed a significant positive interaction between bacteria and fungi. In the P. armandii Franch. forest model, NH4+-N negatively impacted bacterial α-diversity but positively affected fungal α-diversity. These findings suggest that nitrogen addition impacts microbial communities differently across forest types. Specifically, in the P. yunnanensis Franch. forest, soil NO3−-N and K+ are key drivers of bacterial α-diversity, whereas in the P. armandii Franch. forest, NH4+-N is the primary factor influencing both bacterial and fungal α-diversity.

[image: (A) Bar charts showing the increase in mean squared error (MSE) for bacterial and fungal communities related to soil properties under Pinus yunnanensis and Pinus armandii. Elements like K+ and NO3⁻-N have significant impacts. (B) Path diagrams illustrating the effects of nitrogen deposition on soil chemistry and microbial communities in both species, with significant paths highlighted. Statistical values and model fit indices are provided.]

FIGURE 8
 Soil properties are key drivers of variations in soil bacterial and fungal community structure and diversity. The importance of each variable was assessed using random forests (A). Structural equation modeling (SEM) was employed to analyze soil-microbial community interactions in response to nitrogen addition (B). * indicates p < 0.05, ** indicates p < 0.01; pH, pondus hydrogenii; SOM, soil organic matter; NH4+-N, soil ammonium N; NO3−-N, soil nitrate N; TN, total nitrogen; AP, available phosphorus; K+, available potassium; Red arrows indicate significant positive correlations (p < 0.05), green arrows indicate significant negative correlations (p < 0.05), and gray arrows indicate non-significant relationships (p > 0.05).





4 Discussion


4.1 Effects of nitrogen addition on soil microbial diversity and community structure

In our study, continuous nitrogen addition did not significantly reduce soil microbial diversity in both forest types, this is contrary to our hypothesis (1). However, differences in soil background properties caused by tree species led to a significant response of soil microbial diversity to nitrogen addition. Studies have confirmed that soil pH can lead to variations in soil resistance and stability (Tian and Niu, 2015), and tree species characteristics play an important role in influencing soil pH (Finzi et al., 1998). In this study, soil pH varied significantly between the two forest types (P. yunnanensis Franch. pH ranged from 4.62 to 4.86; P. armandii Franch. pH ranged from 5.04 to 4.46), reflecting distinct response mechanisms to nitrogen addition. Research has shown that the balance between basic cations (e.g., K+, Ca2+, Mg2+) and acidic cations (H+) governs soil pH changes (Berthrong et al., 2009; Lu et al., 2014). In P. yunnanensis Franch. forests, nitrogen addition increased soil pH, accompanied by fluctuating K+ levels, suggesting strong buffering capacity that neutralized H+ and mitigated acidification. In contrast, in the P. armandii Franch. forest, nitrogen addition led to a reduction in pH, and K+ content gradually decreased with increasing nitrogen addition, reflecting weaker buffering capacity and reduced resistance to acidification. This difference may be related to the initial soil conditions in the two forest types and their distinct response mechanisms to nitrogen addition. Additionally, the significant reduction in pH in the P. armandii Franch. forest may result from nitrogen addition enhancing nitrification. Typically, NH4+-N is the dominant form of inorganic nitrogen input, while NO3−-N is the primary form of nitrogen output (Rosenstock et al., 2019). During soil nitrogen cycling, the oxidation of NH4+ to NO3− through nitrification is a major acid-producing process. The significant decrease in NH4+-N and increase in NO3−-N in the P. armandii Franch. forest suggests active nitrification, generating large amounts of H+ and increasing soil acidity. Urea, used as the nitrogen source in this study, has a relatively low soil acidification potential (Wang Z. et al., 2023). During the wet season, urea hydrolysis consumes H+, reducing net H+ concentrations in both P. armandii Franch. and P. yunnanensis Franch. forests. In comparison, P. yunnanensis Franch. preferentially absorbs ammonium (NH4+), leading to significant uptake of NH₄+ by the dominant plant species (Kronzucker et al., 1997; Tian et al., 2020), significantly reducing the NH₄+ available for soil nitrification. Although some NH4+ in the P. yunnanensis Franch. Forest undergoes nitrification, and the limited availability of nitrification substrates reduces H+ production, lowering the potential for soil acidification. The observed increase in pH in the P. yunnanensis Franch. forest may be attributed to this phenomenon.

Previous studies have shown that nitrogen addition generally decreases the α-diversity of soil bacteria and fungi in forest ecosystems (Allison et al., 2007; Nie et al., 2018; Wang X. et al., 2023), primarily due to nitrogen-induced soil acidification, which leads to a decrease in root biomass and root exudation, as well as a reduction in soil microbial biomass (Yang et al., 2022). However, after 4 years of nitrogen addition, no significant impact on the α-diversity of soil bacteria and fungi was observed in our study (Figure 3). Short-term nitrogen addition does affect microbial communities, but these effects are transient and disappear after longer periods of nitrogen addition (>4 years) (Liu et al., 2013). The duration of nitrogen addition appears to be a key factor. Meanwhile, studies have suggested that water availability can directly affect soil microorganisms (Chen W. et al., 2024). Increased rainfall during the wet season enhances the positive effects of nitrogen addition on microbial communities, as water availability creates favorable conditions for microbial growth. The interaction between water availability and nitrogen addition provides favorable conditions for microbial growth, shifting the effects from negative to positive (Yang et al., 2024). The mitigating effects of the wet season offset the negative impacts of short-term nitrogen addition, which explains the absence of significant changes in soil bacterial and fungal diversity in the study. Forest type significantly influenced soil bacterial diversity, likely due to the indirect effects of dominant tree species and structural differences on microbial communities through variations in the quantity and quality of plant-derived carbon inputs (e.g., root exudates, litter) (Terrer et al., 2018). Previous studies have also highlighted the importance of vegetation type in shaping microbial communities (Cheng et al., 2020).

The β-diversity PCoA analysis revealed the bacterial community structure in both forest types showed a weak response to nitrogen addition, whereas the fungal community structure exhibited a stronger response, particularly in the P. yunnanensis Franch. forest, where the response to nitrogen addition was most pronounced (Figure 4). Generally, fungi demonstrate greater resilience to environmental fluctuations and higher tolerance to adverse conditions compared to bacteria (Jia et al., 2020; Liu et al., 2021). Soil fungi are less sensitive to changes in pH, and their diversity typically shows minimal response to nitrogen addition (Wang X. et al., 2023). However, the findings of this study contradict hypothesis (2), as the fungal community structure responded more significantly to nitrogen addition than the bacterial community structure. Similar results have been reported in other studies (Wang et al., 2021). This discrepancy may be attributed to differences in physiological structure and cellular characteristics between fungi and bacteria. We observed that nitrogen addition led to an increase in soil organic matter (SOM) content in P. yunnanensis Franch. forests. Studies have reported that, compared to soil bacteria, soil fungi are more sensitive to the decomposition of soil organic matter and the soil carbon cycle. Due to their thicker and interconnected chitinous cell walls, soil fungi are better adapted to a wider range of soil pH variations. This adaptability may result in higher microbial carbon assimilation efficiency under nitrogen addition, allowing soil fungi to utilize soil resources more effectively (Fang et al., 2018; Zhang et al., 2018; Yang et al., 2022). Furthermore, the pronounced wet and dry seasons in the subtropical regions of southern China lead to significant seasonal variations in soil microbial communities and abiotic properties (Zhou et al., 2011), making seasonal fluctuations an important factor that should not be overlooked. Previous studies have confirmed that fungal communities are more sensitive to nitrogen addition and moisture-rich conditions compared to bacterial communities, which is consistent with our findings. This difference may be attributed to significant physiological and cellular structural differences between fungi and bacteria. Fungi, being larger and primarily distributed in large soil pores, are more sensitive to fluctuations in moisture conditions (He et al., 2023). During the wet season, when rainfall and nitrogen addition are abundant, fungal communities are more likely to undergo structural adjustments due to changes in moisture and nutrient availability. Therefore, seasonal variations provide valuable insights into the response mechanisms of microbial communities across different seasons, helping us understand how microbial communities adaptively adjust to enhance their response efficiency to nitrogen inputs under varying environmental conditions. Moreover, increased nitrogen availability may alleviate nitrogen limitation on fungal growth, promoting community changes (Zhao et al., 2020). However, the underlying mechanisms require further investigation in subsequent studies.



4.2 Effects of nitrogen addition on the relative abundance and community composition of soil microorganisms

Our results indicated that nitrogen addition did not significantly alter the community composition of soil microorganisms in the P. yunnanensis Franch. and P. armandii Franch. forests but did significantly influence the relative abundance of specific phyla, contrasting with findings from previous studies. During the wet season, Acidobacteria and Proteobacteria remained the predominant bacterial phyla in the soil, consistent with our previous findings in the dry season (Hou et al., 2024). Although the bacterial and fungal community compositions in the two forest types were similar, their responses to nitrogen addition were different.

In the P. yunnanensis Franch. forest, most bacterial phyla demonstrated a strong buffering capacity to nitrogen addition, showing no significant changes in relative abundance. In contrast, Basidiomycota in the fungal community exhibited significant fluctuations, responding notably to nitrogen addition. This response may be linked to changes in litter biomass and substrate input induced by nitrogen addition (Cao et al., 2023). Nitrogen addition significantly increased SOM content in the P. yunnanensis Franch. forest. Basidiomycota, known for its strong lignin-degrading ability, likely utilized the complex organic compounds in SOM as a nutrient source, promoting its growth and reproduction. Additionally, a significant positive link was found between Basidiomycota abundance and soil pH, indicating that higher pH levels may further enhance its relative abundance. The increase in pH likely improved growth conditions for Basidiomycota, enabling greater activity in the soil and more efficient decomposition of organic matter.

In the P. armandii Franch. forest, Gemmatimonadetes, a bacterial phylum unique to the forest, showed a significant response to nitrogen addition. Although research on this group is limited, a significant positive correlation between Gemmatimonadetes abundance and pH was observed, with its relative abundance decreasing as pH declined. This trend likely reflects its preference for dry, neutral environments over moist, acidic conditions (DeBruyn et al., 2011). Among the fungal groups, nitrogen addition significantly increased the relative abundance of Ascomycota and Rozellomycota. Ascomycota, a nutrient-rich fungal group, may have benefited from nitrogen addition, which likely altered competitive dynamics among functional groups, favoring nitrogen-tolerant fungi and enhancing their competitive advantage (Morrison et al., 2016). Rozellomycota, a recently described fungal phylum, remains poorly understood ecologically, but its unicellular lifestyle and phagocytic nutrient acquisition enable survival in specialized ecological niches (Turner, 2011). Nitrogen addition led to a significant increase in the relative abundance of Rozellomycota, which was negatively correlated with pH and positively correlated with NH4+-N and NO3−-N. These findings suggest that pH and inorganic nitrogen are critical factors in shaping the growth of Rozellomycota, and different fungal groups display distinct preferences for specific soil conditions (Tedersoo et al., 2014). Rozellomycota thrives in acidic, nutrient-rich environments.

Microbial co-occurrence networks were constructed using RMT, revealing differences in network properties. In the CK treatment, the bacterial species relationships in the P. yunnanensis Franch. forest was less complex than in the P. armandii Franch. forest, while fungal species relationships were more complex in the P. yunnanensis Franch. forest. However, nitrogen addition increased the number of nodes, edges, and average degree in the bacterial co-occurrence network of the P. yunnanensis Franch. forest, reducing the modularity index and increasing network complexity. Nitrogen addition appeared to positively influence the soil bacterial community in the P. yunnanensis Franch. forest, possibly due to the increased abundance of key groups (e.g., Acidobacteria and Proteobacteria), which promote network complexity (Li et al., 2021). The stable ratio of positive correlations suggests that the microbial community in P. yunnanensis Franch. forest remains resilient, characterized by cooperative and co-occurring relationships among species. This stability indicates adaptation to specific environmental conditions, with limited sensitivity to external nutrient changes. Network properties in the P. yunnanensis Franch. forest peaked at the N20 treatment, suggesting that low nitrogen addition (N10) stimulated bacterial community growth, while higher nitrogen levels (N25) suppressed these positive effects. In contrast, nitrogen addition reduced the complexity of the soil bacterial network in the P. armandii Franch. forest, reflecting a negative impact on the bacterial community. This decline may result from the loss of oligotrophic groups (e.g., Acidobacteria), which typically obtain nutrients from complex recalcitrant substances (Naylor et al., 2020). Nitrogen input alters the soil carbon-nitrogen balance, stimulates plant growth, increases the supply of fresh carbon sources, and produces unstable, energy-rich carbon substrates (Mason et al., 2023). However, the increase in nutrient availability favors the rapid growth of eutrophic groups, intensifying competition among microorganisms. As eutrophic groups occupy more ecological niches, oligotrophic groups are gradually displaced, leading to their decline and eventual loss (Leff et al., 2015). Nitrogen addition also reduces microbial efficiency in utilizing recalcitrant carbon substrates, further diminishing the abundance of oligotrophic bacteria (Liu et al., 2020). Eutrophic microorganisms, being more competitive under these conditions, promote bacterial independence, weaken inter-microbial interactions, and reduce network connectivity, ultimately decreasing the complexity of the co-occurrence network (Huang et al., 2019). In both forest types, nitrogen addition increased the number of nodes, edges, and the average degree in the soil fungal co-occurrence network, with values peaking at the N10 treatment before declining. This pattern suggests that low nitrogen addition promotes fungal community growth and interaction, whereas high nitrogen addition suppresses these effects, destabilizing the fungal co-occurrence network and reducing its overall stability in both forest types.



4.3 Drivers of microbial community response to nitrogen addition

Consistent with hypothesis (3), nitrogen addition affected microbial communities by altering soil properties in both forest types (Shi et al., 2018; Wang et al., 2021). Using the Random Forest model, key factors influencing soil microbial communities were identified as K+, pH, NH₄+-N, and NO₃−-N. Structural equation modeling further revealed that nitrogen addition significantly influenced the α-diversity of bacteria and fungi by modifying soil chemical properties (NH4+-N, NO3−-N, K+). In the P. yunnanensis Franch. forest, NO3−-N and K+ were the main factors regulating soil microbial communities, while NH4+-N was the key factor in the P. armandii Franch. forest. In the P. yunnanensis Franch. forest, NO3−-N negatively affected bacterial community abundance, likely due to its role in stimulating the growth of specific bacterial groups (such as nitrifying and denitrifying bacteria) that utilize nitrate as a substrate. This stimulation intensifies interspecies competition, thereby reducing bacterial community diversity. As previously mentioned, we mentioned that soil pH is influenced by the balance of basic and acidic cations, and structural equation modeling results further exemplify the positive effect of N addition on pH and K+. In the P. yunnanensis Franch. forest, the increase in pH reduced K+ consumption, and nitrogen addition likely enhanced the release of basic cations from litter and roots (Dong et al., 2020). This process improved soil buffering capacity and nutrient availability, creating more favorable conditions for bacterial growth and potentially mitigating competition pressures induced by NO₃−-N. Moreover, additional nitrogen input weakened the competition between bacterial and fungal groups. Studies have shown that metabolites produced by the rapid growth and metabolism within different groups can promote energy and material exchange, thus enhancing inter-group interactions (Gralka et al., 2020). Consistently, bacteria were found to positively affect fungi in the P. yunnanensis Franch. forest. Whether interactions between microbial communities are cooperative or competitive depends greatly on environmental conditions, such as the rate of resource availability (Ratzke et al., 2020). NH4+-N had a negative effect on the bacterial community in the P. armandii Franch. forest, likely due to its role as a substrate for nitrification. This process enhances soil acidification by lowering pH, which inhibits bacterial growth more than fungal growth (Yang et al., 2024). Additionally, NH4+-N, preferred by eutrophic groups that utilize reduced nitrogen forms, intensifies interspecies competition (Merrick and Edwards, 1995; Sun et al., 2023). NH4+-N is a nitrogen source prioritized by many fungi (except for amino acids) (Peng et al., 2022). Fungi can effectively absorb and utilize NH4+-N, promoting fungal growth and community expansion, subsequently strengthening fungal community dynamics. Notably, the demand for NH4+-N by bacteria and fungi may exacerbate competition for resources between different communities, with nitrogen inputs reportedly leading to weakened microbial interactions by stimulating the expansion of nitrogen-loving species and competitive exclusion of other species (Zeng et al., 2016).

Differences in the key factors affecting microbial communities in the two stands reflect the species-specific nature of tree species, which not only determine the basic chemical properties of the soil but also, through the regulation of the soil chemical environment, may alter the nutrient sources, metabolic pathways of microorganisms, and their competitive relationships in the community. These findings emphasize that the effects of tree species on soil microbial communities are not limited to changes in physical and chemical environments but, more importantly, how tree species regulate nutrient cycling and microbial competition mechanisms through the inter-root microenvironment, thereby shaping the diversity and function of microbial community structure. This suggests that differences in the response of different tree species to nitrogen deposition may ultimately affect ecosystem function by influencing soil chemistry and microbial interactions.




5 Conclusion

Our study demonstrates that species differences drive variations in soil properties between the two forests, but soil microbial communities in both forest types did not exhibit consistent or strong responses to nitrogen addition. Specifically, nitrogen addition did not significantly affect the microbial diversity in the P. yunnanensis Franch. and P. armandii Franch. forests. However, species differences significantly influenced bacterial diversity. Furthermore, nitrogen addition did not significantly alter the soil microbial community composition in either forest, the fungal community structure in the P. yunnanensis Franch. forest underwent significant changes, indicating greater sensitivity of fungal communities to nitrogen deposition compared to bacterial communities. Nitrogen addition increased bacterial network complexity in the P. yunnanensis Franch. forest, but reduced network complexity in the P. armandii Franch. forest. NO3−-N and K+ played a central role in regulating bacterial and fungal communities in the P. yunnanensis Franch. forest, whereas NH4+-N was the main influencing factor in the P. armandii Franch. forest, suggesting that nitrogen addition regulates microbial diversity in both forest soils by modulating nitrogen availability. This study provides a theoretical basis for understanding the response of soil microbes in subtropical coniferous forest ecosystems to nitrogen deposition and highlights the relationship between soil microbial communities and soil properties. Future research should aim to elucidate the mechanisms driving changes in microbial diversity and abundance under nitrogen deposition and explore specific alterations in microbial community structure in response to these environmental shifts.
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Glyptostrobus pensilis is an endangered species belonging to the Cupressaceae family. The comprehensive examination of soil characteristics and rhizosphere microbial communities is vital for conservation efforts, as it provides insights into the necessary environmental conditions for safeguarding and ensuring the viability of rare and endangered species. In this study, the diversity and composition of bacterial and fungal communities were compared in the roots and rhizosphere soils of cultivated and wild G. pensilis in Guangxi, China. The results revealed that, at the phylum level, the rhizosphere of cultivated G. pensilis was significantly enriched with Verrucomicrobiota, Acidobacteriota, Glomeromycota, and Chloroflexi, while wild G. pensilis was significantly enriched with Planctomycetota, Basidiomycota, and Ascomycota. Symbiotic network analysis indicated that the bacterial network in the cultivated G. pensilis rhizosphere had higher edge values, average degree, clustering coefficient, and network density, while the fungal network in the wild G. pensilis rhizosphere had higher node values, edge values, average degree, and clustering coefficient. Moreover, functional prediction results suggested that bacteria in cultivated G. pensilis showed higher metabolic activity, with fungi primarily acted as saprotrophs and symbionts. In contrast, bacteria in wild G. pensilis displayed lower metabolic activity, with fungi predominantly functioning as saprotrophs. The analysis linking rhizospheric microbial diversity to soil environmental factors showed a closer association for the wild G. pensilis microbial community, suggesting a stronger influence of soil environmental factors. The Random Forest (RF) highlighted that the total phosphorus and total potassium levels were key influencing factors for rhizospheric microbes in cultivated G. pensilis, while available potassium levels were crucial for those in wild G. pensilis. These differences underscore the significant strategies for G. pensilis in adapting to different habitats, which may be intricately linked to land management practices and soil environmental factors. Among these, phosphorus and potassium are significantly associated with the rhizosphere microorganisms of G. pensilis. Therefore, continuous monitoring of nutrient availability and regular supplementation of phosphorus and potassium fertilizers in the rhizosphere are recommended during the cultivation and ex-situ conservation of G. pensilis.
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1 Introduction

The rhizosphere is the primary region of the interaction between plant roots and soil, which hosts a vast array of plant-associated microbial communities including bacteria and fungi (Park et al., 2023). Plant roots can selectively recruit specific rhizospheric microorganisms to alleviate abiotic stress, enhance plant resistance, and facilitate nutrient cycling and metabolism (Deng et al., 2024; Parasar et al., 2024; You et al., 2024). These microbial communities are influenced by root exudates and environmental factors, which shape soil elemental cycles and affect plant performance (Dhungana et al., 2023). For example, tomato (Solanum lycopersicum) roots secrete plant secondary metabolites (PSMs) to attract beneficial microorganisms that assist in nutrient availability and uptake (Nakayasu et al., 2023). Furthermore, under the influence of root exudates from sugar beet (Beta vulgaris), the diversity of rhizospheric microoranisms becomes more complex, promoting the accumulation of soil inorganic nitrogen (Liu S. L. et al., 2024). Therefore, it is of significance to investigate the correlations between microorganisms and plants.

Recently, studies have emphasized the significant role of rhizospheric microbial communities in influencing endangered plant nutrient uptake and environmental adaptation. Firstly, arbuscular mycorrhizal fungi (AMF) can promote the growth and nutrient acquisition of endangered plants. For example, Glomus constrictum and Glomus versiforme promote the growth, nutrient absorption, and accumulation of medicinal components in the endangered medicinal plant Fritillaria L. (Zhou et al., 2022). In the endangered tree species Heptacodium miconioides, inoculation with Rhizophagus intraradices can significantly alleviate the harmful effects of drought stress (Li et al., 2023). Additionally, inoculation with Glomus coronatum improves the survival of the endangered plant Kalappia celebica by accelerating its growth (Husna et al., 2021). Secondly, the presence or absence of specific microbial communities influences the adaptability of endangered plants to their environment. For instance, Udaeobacter spp. enhances the adaptability of Firmiana danxiaensis in soils characterized by a high nitrogen-to-phosphorus ratio and phosphorus deficiency (Li et al., 2025). Conversely, the absence of beneficial strains such as Suillus, Geomyces, and Gigaspora maycontributed to the slow growth and development of the endangered plant Ostrya rehderiana Chun (Tong et al., 2021). Furthermore, the composition of rhizosphere fungal communities can serve as an indicator of ecosystem health and play a crucial role in the restoration and conservation of habitats for endangered plants. For example, fungal communities such as Archaeorhizomyces, Dactylella, and Helotiales are recognized as important indicators of habitat health for the endangered plant Scutellaria tsinyunensis (Zuo et al., 2022b).

Glyptostrobus pensilis (Staunton ex D. Don) K. Koch, a relict species in the family Cupressaceae, is listed as critically endangered on the Red List of the International Union for Conservation of Nature (IUCN). Its wood is characterized by the lightweight and soft texture, coupled with a high resistance to decay. Extracts exhibit anti-inflammatory, antibacterial, and anticancer activities, with certain compounds potential for the treatment of chronic myeloid leukemia and COVID-19 (Xiong et al., 2020; Phong et al., 2022; Zhu et al., 2024), highlighting its economic and medicinal significance. Furthermore, G. pensilis possesses a well-developed root system that enables it to withstand heavy metal pollution, particularly from chromium (Cr) and nickel (Ni). This capability also contributes to its role in soil and water conservation and supports carbon neutrality (Ye et al., 2022). Fossil records suggest that G. pensilis was once widely distributed across the Northern Hemisphere; however, due to climate change and human activities, its current populations are restricted to central Vietnam, eastern Laos, and southern China (Tang et al., 2019; Zhang Y. Z. et al., 2024). In China, G. pensilis primarily thrives wetlands located in Fujian, Guangxi, and Guangdong, yet wild individuals remain exceedingly rare (Pueyo-Herrera et al., 2023).

Previous studies on G. pensilis have primarily concentrated on its physiological, biochemical, genetic, and embryological aspects (Huy Thai et al., 2023; Wu et al., 2020; Yuan et al., 2023). In the realm of microbiological research, Zhang C. et al. (2024) conducted the first analysis of seasonal variations in the rhizosphere microorganisms associated with G. pensilis, revealing that microbial diversity and carbon metabolism capacity peaked during the summer and significantly declined in winter. However, the differences in rhizosphere microorganisms of G. pensilis across various habitats remain unclear. This study aims to investigate the composition, diversity, and differences in rhizospheric microbial communities between wild and cultivated G. pensilis, elucidate their symbiotic networks and functional characteristics, and identify the influencing factors. The findings will provide a scientific foundation for understanding the microbiome of G. pensilisand offer valuable resources for habitat restoration and conservation efforts.



2 Materials and methods


2.1 Sample collection

According to our preliminary survey, only seven wild G. pensilis individuals remained in Guangxi, with one each being found in Qintang District, Cangwu County, Binyang County, Tiandeng County, Pingle County, and two in Yanshan District. Besides, a limited number of cultivated G. pensilis are primarily found in Tiandeng County and Pingle County. In July 2023, we collected samples from cultivated and wild G. pensilis across different regions in Guangxi, China. The cultivated samples were gathered at three sites from Tiangdeng and Pingle counties (Supplementary Table 1). At each site within the same habitat, three trees were randomly selected as replicate samples, ensuring a minimum distance of 5 m between individuals (Zuo et al., 2022a; Liu J. X. et al., 2024; Li F. R. et al., 2024). The wild samples were gathered at six sites from Tianteng County, Yanshan District, Cangwu County, Binyang County, Pingle County, and Qingtang District. Due to the solitary nature of wild G. pensilis, only one tree at each site except Yanshan were identified and sampled. Moreover, two trees were found at the Yanshan site, which were spaced less than five meters apart, and their roots or rhizosphere soil were combined to form a single sample. In total, 15 rhizosphere soil samples and 15 root samples were collected.

Our sampling methodology was executed as follows: initially, surface litter and fallen leaves were removed using a small shovel; next, roots were excavated from a depth of 0–20 cm around the plant. The loosely attached soil was shaken off, with portions reserved for enzyme activity analysis (kept at −20°C) and physicochemical property analysis (air-dried and stored at room temperature). In addition, rhizosphere soil within 1–10 mm of the root surface was collected, thoroughly mixed in sterile bags, and stored with root segments in sampling tubes. The collected samples were immediately flash-frozen in liquid nitrogen, transported to the laboratory on dry ice, and stored at −80°C for further analysis.



2.2 Soil physicochemical properties and enzyme activity determination

Soil physicochemical properties were determined following the methodology outlined by Bao (2000). Soil moisture content (SMC) was measured using the drying method, while pH was determined using the acidity titration method. Soil organic carbon (SOC) was measured using the potassium dichromate oxidation-oil bath heating method. Total nitrogen (TN) was analyzed using the semi-micro Kjeldahl method and total phosphorus (TP) was determined by the Mo-Sb colorimetric method. Total potassium (TK) was measured using the NaOH melt flame method. Soil ammonium nitrogen (AN) and nitrate nitrogen (NN) concentrations were determined by UV spectrophotometry. Available phosphorus (AP) was measured by the hydrochloric acid-sulfuric acid extraction method, and available potassium (AK) was assessed using the ammonium acetate method. Additionally, the activities of β-1,4-glucosidase (BG), β-D-glucosidase (CBH), β-1,4-N-acetylglucosaminidase (NAG), leucine aminopeptidase (LAP), and alkaline phosphatase (ALP) were measured using the microplate fluorometric method (Chen et al., 2021).



2.3 Rhizospheric microbial DNA extraction and high-throughput sequencing

The FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) was used to extract total DNA from rhizosphere soil and root-associated microorganisms. The purity, concentration, and quality of the DNA (A260/280 ratio) were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), and its integrity was assessed via 1% agarose gel electrophoresis. The V5-V7 region of the 16S rRNA gene and the ITS1 region of rhizosphere microbial DNA were amplified using the specific primers 799F (AACMGGATTAGATACCCKG)/1193R (ACGTCATCCCCACCTTCC) and ITS1F (CTTGGTCATTTAGAGGAAGTAA)/ITS2 (GCTGCGTTCTTCATCGATGC), respectively, following the methods described by Li et al. (2021) and He et al. (2022). After purifying the amplicons using standard protocols, paired-end sequencing was performed on an Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA).



2.4 Bioinformatics and statistical analyses

The sample data were demultiplexed based on barcode and PCR primer sequences. Paired-end reads were merged using FLASH (version 1.2.11), primer sequences were trimmed with Cutadapt, and data quality control was performed using FASTP (version 0.23.1). Chimeric sequences were removed using a reference database to obtain high-quality effective data. The resulting Effective Tags were denoised using the DADA2 module in QIIME2 (v202202) to generate the final ASVs (Amplicon Sequence Variants) and feature table.

To compare the differences between wild and cultivated G. pensilis, we made the following comparisons of their rhizospheric bacteria and fungi: wild rhizosphere soil vs. cultivated rhizosphere soil (WS vs. CS), and wild roots vs. cultivated roots (WR vs. CR). Meanwhile, to reduce the impact of the experimental specificity on the results, we performed correlation analysis between microorganisms and soil environmental factors for each habitat using single replicate samples, summarized the common patterns of each habitat, and made comparisons based on these. The specific analysis is as follows: a species-level phylogenetic tree was constructed using the top 100 abundant genera to compare the differences in microbial communities. In the LEfSe analysis, the Kruskal-Wallis test was used to determine the significance of differences, and LDA analysis was applied to assess the impact of these differences on sample grouping. Significant differential biomarkers with a classification score > 4.0 between groups were identified. Furthermore, the abundance and diversity indices (Chao1, Shannon, and Simpson) of each taxon were analyzed using MOTHUR (version 1.31.2). Afterwards, unweighted pair-group method with arithmetic means (UPGMA) clustering analysis was conducted on the basis of the Weighted Unifrac distance matrix to assess the similarity between community structures (beta diversity). To characterize the differences in soil microbial symbiotic patterns, the Spearman correlation matrix was calculated among the top 100 abundant species. Strong correlations with an average relative abundance greater than 0.00005 (R > 0.6, p < 0.05) were retained and visualized with Gephi (version 0.10.1), and the top five genera were determined as key taxa based on the intermediary centrality scores (Gao and Zhang, 2023).




3 Results


3.1 Rhizospheric bacterial and fungal community compositions

In bacterial communities, the wild G. pensilis root (WR), cultivated G. pensilis root (CR), wild G. pensilis soil (WS), and cultivated G. pensilis soil (CS) obtained totally 24,956, 22,685, 27,429, and 22,052 ASVs, respectively. These ASVs belong to 432, 412, 464, and 421 phyla and 812, 729, 790, and 719 genera. In fungal communities, WR, CR, WS, and CS obtained 2,777, 2,417, 5,317, and 4,821 ASVs, respectively. These ASVs belong to 231, 223, 317, and 306 phyla and 406, 383, 618, and 573 genera. The phylogenetic trees showed the top 100 abundant bacterial genus and top 100 abundant fungal genus, encompassing 15 bacterial phyla and nine fungal phyla (Figure 1).
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FIGURE 1
 The phylogenetic trees constructed for the top 100 bacterial (a) and fungal (b) genera. The colors of branches and sectors indicate their corresponding phyla. The stacked bar plots outside the sector ring depict the abundance distribution information of each genus in cultivated G. pensilis root (CR), wild G. pensilis root (WR), cultivated G. pensilis soil (CS) and wild G. pensilis soil (WS).


The majority of bacterial genera belonged to Proteobacteria (43 genera), Actinobacteriota (20 genera), Bacteroidota (8 genera), Acidobacteriota (5 genera), Myxococcota (4 genera), Desulfobacterota (4 genera), and Spirochaetota (4 genera), while the remaining belonged to Verrucomicrobiota, Cyanobacteria, Firmicutes, Nitrospirota, Chloroflexi, Gemmatimonadota, Planctomycetota, and Methylomirabilota (Figure 1a). Most of the fungal genera were in Ascomycota (65 genera), Basidiomycota (20 genera), Mortierellomycota (5 genera), and Glomeromycota (4 genera), whereas the rest belonged to Chytridiomycota, Rozellomycota, Mucoromycota, Kickxellomycota, and Calcarisporiellomycota (Figure 1b).

Notably, the top 7 bacterial genera included unidentified_Chloroplast, Escherichia-Shigella, Uliginosibacterium, Bacillus, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, unidentified_Subgroup_2, and Actinoallomurus, which collectively occupied around 30% of the bacterial communities (Figure 1a); the top 5 fungal genera were Marasmiellus, Conioscypha, Geastrum, Clitocybe, and Dactylonectria, accounting for approximately 22% of the fungal communities (Figure 1b).

Regarding bacterial microbiota, in cultivated G. pensilis root (CR) and wild G. pensilis root (WR), Paludibacterium, Elizabethkingia, Glycomyces, Mizugakiibacter, Myroides, and Methylovirgula were exclusively found in WR, while Thermosporothrix was exclusively detected in CR (Figure 1a). In cultivated G. pensilis soil (CS) and wild G. pensilis soil (WS), Actinoallomurus, Vibrio, Myroides, and Methyloferula were exclusively discovered in WS, while Catenulispora and Ancalomicrobium were exclusively detected in CS (Figure 1a). In terms of fungal microbiota, in CR and WR, seven genera were exclusively observed in CR, while 24 were exclusively detected in WR. In CS and WS, there were three genera exclusively observed in CS and 12 in WS, respectively (Figure 1b).



3.2 LEfSe analysis of rhizospheric microorganisms

LEfSe analysis was used for identifying the significantly different microbiota between the cultivated and wild G. pensilis. In the CR, WR, CS, and WS, 8, 1, 12, and 3 differential bacterial communities (Figures 2a,b) and 7, 6, 7, and 17 differential fungal communities (Figures 2c,d) were identified, respectively. The biomarker number of bacterial and fungal in CR and CS was higher than in WR and WS, except for the fungal in CS. At the phylum level, Chloroflexi and Glomeromycota were significantly enriched in CR; while Planctomycetota, Basidiomycota, and Ascomycota were significantly enriched in WS; in addition, Verrucomicrobiota, Acidobacteriota, and Glomeromycota were significantly enriched in CS (Figure 3). Acidobacteriae and Agaricales with linear discriminant analysis (LDA) scores >5.0 exhibited highly significant differences in the bacterial and fungal communities of CS and CR, respectively (Figures 3b,c).
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FIGURE 2
 The LDA effect size (LEfSe) of bacterial (a,b) and fungal (c,d) communities, with LDA scores >4.0 (p < 0.05). The radiating circles from the inside out refer to the classification hierarchy from phylum to genus (or species). Each small circle at varying classification levels represents a category at that level, with the diameter of the small circle being proportional to the relative abundance. Species exhibiting no significant differences are uniformly colored yellow, while differentially abundant species are colored in accordance with the biomarker-followed group.


[image: Four bar charts labeled (a) to (d) comparing microbial groups by LDA score. In each chart, red bars represent CR or CS groups, and green bars represent WR or WS groups. Scores are shown along the x-axis, with microbial names on the y-axis, highlighting different abundance levels in each group.]

FIGURE 3
 The LDA value distribution histograms of bacterial (a,b) and fungal (c,d) communities.




3.3 Diversity of rhizospheric microbial communities

Analysis of beta diversity indicated that, in terms of bacteria, WR and CR clustered together, and that WS and CS clustered together (Figure 4a); with regard to fungi, WR and WS clustered together, while CR and CS clustered together (Figure 4b).
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FIGURE 4
 The UPGMA clustering trees of bacteria (a) and fungi (b) constructed on the basis of the Weighted Unifrac distance.




3.4 Symbiotic networks of bacterial and fungal communities

Based on symbiotic network analysis of microbiota (both bacteria and fungi), the positive/negative (P/N) ratios of bacteria and fungi in WR and WS were higher than those in CR and CS, respectively (Figure 5). In the bacterial network, the values of edges, average degree, clustering coefficient, and network density in CR and CS were higher than those in WR and WS, respectively (Figure 5a). By contrast, the fungal network exhibited lower values for nodes, edges, average degree, and clustering coefficient in CR and CS than WR and WS, respectively (Figure 5b). Therefore, the bacterial network of wild G. pensilis is simpler than that of cultivated G. pensilis, whereas the fungal network is more complex.
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FIGURE 5
 The symbiotic networks of core bacterial (a) and fungal (b) microbiota. Different nodes indicate different genera, with the node size representing the average relative abundance of the genus. Nodes of the same phylum are colored the same, the thickness of the lines between nodes exhibits a positive relationship to the absolute value of the species interaction coefficient, and the line color is consistent with the positive or negative correlation (red for positive, and green for negative). The annotated numbers represent key genera in the network (top five based on the betweenness centrality scores).




3.5 Functional composition profiles of microbial communities

KEGG pathways (level 2) were selected to predict the metabolic potential of bacterial microbiota. Our results indicated that the majority of bacterial metabolic pathways were mainly associated with membrane transport, amino acid metabolism, and carbohydrate metabolism (Supplementary Figure 1a). In CR, significantly enriched pathways included poorly characterized, glycan biosynthesis and metabolism, enzyme families, biosynthesis of other secondary metabolites, and signaling molecules and interaction (Supplementary Figure 1c). In WR, the significantly enriched pathways were metabolism of terpenoids and polyketides pathway (Supplementary Figure 1c). A comparison of rhizosphere soil microbiota revealed 17 significantly different functional guilds between wild and cultivated G. pensilis, with 11 significantly enriched in CS and 6 significantly enriched in WS (Supplementary Figure 1d). Evidently, the bacteria in cultivated G. pensilis exhibited higher metabolic activity. Using FUNGuild, the functional composition of fungal communities in G. pensilis roots and rhizosphere soil was predicted, exhibiting nine nutritional types, primarily saprotroph, symbiotroph, pathotroph-saprotroph, and pathotroph (Supplementary Figure 1b). Saprotroph occupied the largest proportion in WS, reaching 39.28%, significantly higher than that in CS (Supplementary Figures 1b,e,f). The symbiotic type in CR and CS was significantly higher than in WR and WS (Supplementary Figures 1e,f). Obviously, the saprotroph-pathotroph-symbiotroph type was only observed in the cultivated G. pensilis. Clearly, the fungi of cultivated G. pensilis function mainly as symbionts and saprotrophs, while those of wild G. pensilis primarily act as saprotrophs.



3.6 Correlation between microbial communities and environmental factors

The control of biological processes in G. pensilis varies among different habitats. According to the bacterial community function prediction results and their comparisons with KEGG (level 1), it was found that the functions involved in metabolism, genetic information processing, unclassified, environmental information processing, cellular processes and organismal systems (Supplementary Figures 2a,b). Furthermore, the alpha diversity index of rhizosphere microorganisms is presented in Supplementary Table 3. Based on Mantel analysis of rhizospheric microbiota and its environmental factors, fungal microbiota in the cultivated G. pensilis was less impacted by the soil environment, while bacterial diversity and functional structure were significantly correlated with AP, pH, NN, BG, CBH, NAG, and SMC (Supplementary Figure 2a). The fungal function in the wild G. pensilis was significantly related to TP, TK, AP, AK, BG, CBH, NAG, and LAP, while fungal diversity was significantly associated with SOC, TN, TP, pH, LAP, ALP, and SMC. The bacterial function was significantly correlated with TP, pH, LAP, and SMC, while bacterial diversity was pH, LAP, and SMC (Supplementary Figure 2b). Among them, fungal function was highly significantly related to TP, AP, and AK (p < 0.01), while fungal diversity was highly significantly correlated with LAP and SMC.

The biological relationship between microbial diversity in G. pensilis and environmental factors was assessed using the multivariate regression models and RF analysis. It was indicated that TP and TK exerted the greatest effect on the abundance and functional structure of microbial communities in the cultivated G. pensilis, followed by SMC, AN, AK, AP, TN and SOC, which were all positively correlated with rhizosphere microbial diversity (Figure 6a). AK was one of the most vital factors influencing the abundance and functional structure of microbial communities in the wild G. pensilis, followed by LAP, NAG and AP (Figure 6b). AK and AP were negatively related to fungal diversity and positively correlated with bacterial diversity. LAP and NAG were positively associated with both fungal and bacterial diversity.
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FIGURE 6
 The potential contributions of environmental factors to the functional composition and Alpha diversity of microbial communities in the cultivated G. pensilis (a) and wild G. pensilis (b). The bar chart exhibits the degree of explanation for the microbial community. The size of the circles (RF) indicates the importance of variables. The depth of the color represents the relative strength of Spearman correlation.





4 Discussion

Differences exist in the composition and structure of plant rhizosphere microbial communities under different habitat conditions, which represent a crucial ecological strategy for environmental adaptation (Ni et al., 2023; Yuan et al., 2023). Research has demonstrated that forest management practices can affect the rhizosphere microorganisms of apple plants (Malus pumila) (Xie et al., 2022), Chinese fir (Cunninghamia lanceolata) (Lei et al., 2023), and Amomum villosum (Wang B. T. et al., 2023). Similarly, our study observed analogous phenomena.

In comparison to wild G. pensilis, the cultivated ones exhibited a significant enrichment of bacterial groups such as Chloroflexi, Actinospicaceae, and Acidobacteriales in their roots (Figure 3a), along with fungal groups including Glomeromycota, Omphalotaceae, and Agaricales (Figure 3c). Moreover, bacterial taxa including Verrucomicrobiota, Acidobacteriota, and Acidobacteriae (Figure 3b), as well as fungal groups like Glomeromycota, Melanconidaceae, and Melanconiella (Figure 3d), were notably enriched in the rhizosphere soil. Additionally, functional annotation T-test results revealed that endophytic bacteria in cultivated G. pensilis were remarkably enriched in pathways related to enzyme families, signaling molecules and interactions, and glycan biosynthesis and metabolism (Supplementary Figure 1c). In contrast, the rhizosphere soil bacteria were notably enriched in pathways associated with carbohydrate metabolism, enzyme families, transport and catabolism, and signaling processes (Supplementary Figure 1d). Furthermore, both the roots and rhizosphere soil showed a notable accumulation of symbiotrophic fungi (Supplementary Figures 1e,f). It has been established that Chloroflexi, Acidobacteriota, and Verrucomicrobiota can degrade complex carbon sources such as cellulose, hemicellulose, and lignin (Yao et al., 2024; Gonçalves et al., 2024; Rakitin et al., 2024), thereby promoting the release of available carbon (Li G. T. et al., 2024). Simultaneously, taxa associated with enzyme families accelerate organic matter mineralization by secreting degrading enzymes, thus increasing the availability of nitrogen and phosphorus (Liu D. L. et al., 2024; Zhang K. et al., 2024). Collectively, these mechanisms enhance the soil’s capacity to supply nutrients. Furthermore, Guo et al. (2020) and Narsing Rao et al. (2022) have noted that Glomeromycota and Actinospicaceae can facilitate nutrient uptake. The enrichment of symbiotic microorganisms contributes to the formation of stable networks, which optimize nutrient use efficiency (Guo et al., 2020). Such microbial interactions enhance the plant’s ability to acquire soil resources. Additionally, transport and catabolic pathways can boost microbial metabolic activity, while signaling molecules and interaction pathways can regulate microbial community structure through quorum sensing (QS) and phytohormone modulation (Kalia et al., 2021), thereby strengthening the plant’s adaptability to environmental stress. In summary, the microorganisms significantly enriched in cultivated G. pensilis play a critical role in soil nutrient supply, nutrient acquisition, and environmental adaptation. However, our study found that the overall soil nutrient content in cultivated G. pensilis under land management is lower than that in wild ones (Supplementary Table 2), a finding consistent with observations in Quercus palustris (Lei et al., 2023), Cunninghamia lanceolata (Zhou et al., 2020), and Eucalyptus (Mofini et al., 2022). Therefore, we hypothesize that the structure of the rhizosphere microbial community in cultivated G. pensilis represents an adaptive strategy to low-nutrient soil conditions.

The roots of wild G. pensilis were enriched with a specific bacterial group (Hyphomicrobiaceae) (Figure 3a) and multiple fungal groups (e.g., Nectriaceae, Aspergillus, and Oncopodiella) (Figure 3c). Notably, bacterial taxa such as TRA3_20, Planctomycetota, and Vicinimibacteria (Figure 3b), along with fungal taxa including Basidiomycota, Ascomycota, Tremellomycetes, Eurotiales, Trichosporonaceae, and Aspergillaceae (Figure 3d), were remarkably enriched in the rhizosphere soil. Moreover, both endophytic and rhizosphere soil bacteria of wild G. pensilis were significantly involved in terpenoid and polyketide metabolism. In addition, rhizosphere bacteria were enriched in processes such as membrane transport, translation, protein folding, sorting, and degradation (Supplementary Figures 1,c,d). It is noteworthy that saprotrophic fungi were notably abundant in the rhizosphere soil (Supplementary Figure 1f). Previous studies have claimed that Aspergillus, Planctomycetota, Basidiomycota, Ascomycota, Tremellomycetes, and microorganisms associated with terpenoid and polyketide metabolism can decompose plant and animal residues (Medina et al., 2020; Pfliegler et al., 2020; Chen et al., 2023; Tamang et al., 2023; Klimek et al., 2024; Manici et al., 2024), thereby enhancing soil nutrient availability, which may be a key factor contributing to the high nutrient content in wild G. pensilis. What’s more, Hyphomicrobiaceae is believed to enhance nitrogen fixation (Li et al., 2021), while saprophytic fungi such as Oncopodiella, Eurotiales, and Aspergillaceae accelerate carbon and nitrogen cycling (Wang and Bao, 2024; Du et al., 2024; Ma et al., 2024). The significant enrichment of these microorganisms may facilitate alleviate local nutrient limitations, enabling wild G. pensilis to efficiently acquire nutrients even without human intervention. Additionally, Song et al. (2023) pointed out that the enhancement of membrane transport pathways contributes to improving plant salt tolerance, while Xiao et al. (2021) suggested that the enrichment of folding, sorting, and degradation pathways is closely related to plant responses to environmental stress. We speculate that these metabolic pathways are crucial for the environmental adaptation of wild G. pensilis in harsh natural conditions.

Further observations reveal notable differences in the symbiotic networks of rhizosphere microbes across various habitats of G. pensilis. On one hand, cultivated G. pensilis roots and rhizosphere soil exhibit more complex bacterial networks, characterized by higher values in edge count, average degree, clustering coefficient, and network density when compared to wild ones (Figure 5a). Previous studies have emphasized the positive role of microbial network complexity in enhancing functional diversity (Chen et al., 2022). Interestingly, functional annotation results from this study show that the root and rhizosphere bacterial communities of cultivated G. pensilis are enriched with 5 and 11 metabolic pathways, respectively, which is significantly greater than the 1 and 6 pathways identified in wild ones (Supplementary Figures 1c,d). This suggests that the intricate bacterial networks in cultivated G. pensilis may contribute to its enhanced functional diversity. On the other hand, the fungal symbiotic networks in the roots and rhizosphere soil of wild G. pensilis display higher node count, edge count, average degree, and clustering coefficient, indicating a more complex overall structure (Figure 5b). Such complexity is known to accelerate litter decomposition and improve soil nutrient cycling efficiency (Raza et al., 2023; Cao et al., 2024; Ding et al., 2024). This may further elucidate the mechanism underlying the higher nutrient content observed in wild G. pensilis.

Land management practices can lead to soil disturbance, which diminishes the stability of microbial communities (Xu et al., 2019). Particularly, the high homogenization of plant habitats can render microbial communities occupying distinct ecological niches more sensitive and unstable in response to human cultivation and management activities (Schöps et al., 2018). Our findings further substantiated this observation. We discovered that biomarkers for rhizosphere bacteria, endophytic bacteria, and endophytic fungi were more abundant in cultivated G. pensilis compared to wild ones (Figure 3). To some extent, biomarkers serve as indicators of microbial sensitivity to external changes: the more biomarkers present, the higher the sensitivity (Chen et al., 2024). Agricultural practices, including tillage, fertilization, and management machinery, can disrupt the soil microbial environment (Mendes et al., 2015). Under environmental changes, the stability of soil microbial genomes may be threatened (Guo et al., 2018). Therefore, to enhance the stability of rhizosphere microbial communities in cultivated G. pensilis, it is essential to minimize habitat disturbances while promoting healthy plant growth. The study claimed that a higher P/N ratio can enhance nutrient use efficiency, but it may compromise ecological stability in extreme environments (Wang Y. et al., 2023). Furthermore, saprotrophic fungi are known to accumulate in decayed or diseased plants, thereby increasing the risk of plant diseases (Liu et al., 2021). In our research, both the P/N ratio in the rhizosphere microbial symbiotic network and the abundance of saprotrophic fungi were found to be greater in wild G. pensilis compared to cultivated ones. Besides, our field investigation revealed a relatively high incidence of disease among wild G. pensilis. These findings imply that an elevated P/N ratio and an increase in saprotrophic fungal abundance may indirectly influence the stability of G. pensilis.

Overall, cultivated G. pensilis enhances the degradation of organic matter and the release of nutrients by optimizing microbial functions. Simultaneously, it establishes a more complex bacterial symbiotic network, thereby improving resource utilization efficiency and ecological competitiveness. In contrast, wild G. pensilis relies on abundant saprotrophic fungi and a complex fungal symbiotic network to accelerate organic matter decomposition and nutrient acquisition, which enhances its environmental adaptability. Given the above information, our study emphasizes the importance of understanding plant-microbe interactions in the conservation of the endangered plant G. pensilis. Notably, researchers have utilized the plate streaking method to isolate and purify growth-promoting microorganisms for the conservation of endangered species such as Pulsatilla tongkangensis, Glycyrrhiza glabra, and Pinus chiapensis. Inoculating these microorganisms into seeds, seedling roots, or soil has significantly enhanced plant nutrient uptake efficiency, stress tolerance, and growth performance (Domínguez-Castillo et al., 2021; Dutta et al., 2021; Mousavi et al., 2022). Moreover, co-inoculation with symbiotic bacteria has optimized the rhizosphere symbiotic network, boosting microbial diversity and decrease disease risks (Lopes et al., 2021). Therefore, to more effectively G. pensilis, we can isolate and purify rhizosphere microorganisms with phosphorus-solubilizing, nitrogen-fixing, and IAA-producing capabilities, and co-inoculating them with symbiotic microbes into seedling roots to synergistically promote plant growth and health.

Plant growth is closely associated with rhizosphere microorganisms and the soil environment, and the physicochemical characteristics of the soil can influence the structure and function of rhizosphere microbial communities (Song et al., 2019; Islam et al., 2023). This relationship is also evident in the rhizosphere soil of G. pensilis. Our findings indicated that the rhizosphere microbial community of wild G. pensilis was closely associated with various soil environmental factors. The fungal microbial structure was significantly related to 15 soil environmental factors, while the bacterial microbial structure correlated with 7 factors (p < 0.05) (Supplementary Figures 2a,b). Notably, fungal functional abundance showed a strong correlation with TP, AP, and AK levels, whereas fungal alpha diversity was significantly correlated with LAP and SMC levels (p < 0.01). Similar results were observed in the rhizosphere of cultivated G. pensilis, where bacterial communities were significantly correlated with AP, pH, NN, BG, CBH, and NAG levels (p < 0.05). In contrast, fungal communities showed no significant correlation with soil-related indicators (p > 0.05) (Supplementary Figures 2a,b). These results suggested that, although the rhizosphere microbes of the cultivated G. pensilis were also closely related to soil environmental factors, similar to those of wild G. pensilis, the degree of association was lower, and fewer soil drivers were identified.

What’s more, when examining the correlation between all soil nutrients (including SOC, TN, TP, TK, AP, AK, AN, NN) and rhizosphere microorganisms, we discovered that phosphorus content was closely associated with the rhizosphere fungi of wild G. pensilis. Specifically, TP was significantly correlated with fungal function and diversity, while AP was significantly related to fungal function (p < 0.05). Previous studies have reported that the availability of phosphorus in the rhizosphere can influence plant-microbe symbiosis (Islam et al., 2023). In alkaline soils, where mineral phosphorus is not readily absorbed by plants, arbuscular mycorrhizal fungi can enhance phosphorus uptake in these plants (Begum et al., 2019; Etesami et al., 2021; Liu S. L. et al., 2024). This indicated that phosphorus cycling plays a specific role in the rhizosphere fungi of wild G. pensilis. These findings elucidate the mechanism by which wild G. pensilis depends on rhizosphere microbes to acquire nutrients and withstand external environmental factors.

Multivariate regression models and RF analysis further elucidated the effects of soil environmental factors on rhizosphere microbial communities (Figures 6a,b). Our results indicated that TP and TK levels significantly affected cultivated G. pensilis, with both factors being positively correlated with microbial diversity in the rhizosphere of cultivated G. pensilis. This suggested that the lower levels of TP and TK might have indirectly hindered the growth of cultivated G. pensilis. In contrast, the most important factor influencing the structure and function of rhizosphere microbes in wild G. pensilis was AK. In the soil environment of cultivated G. pensilis, macro-nutrients such as TK and TP are effectively supplemented due to human management interventions, which enhances the growth efficiency of cultivated G. pensilis. As one of the primary nutrients required for plant growth, potassium and phosphorus play a crucial role in the physiological metabolism and growth rate of plants (Wang et al., 2021). They influence the composition of root exudates, thereby providing specific carbon sources and energy for rhizosphere microorganisms. Consequently, the structure of the rhizosphere microbial community in cultivated G. pensilis is significantly regulated by the levels of TK and TP, and the supply of these nutrients promotes microbial diversity and activity, forming a rhizosphere microbial community more favorable for plant growth. In contrast, the wild G. pensilis grows in a natural soil environment with minimal human intervention, where nutrient levels are relatively limited. This leads them to develop symbiotic relationships with rhizosphere microorganisms to enhance nutrient acquisition efficiency. AK is the form of potassium that can be directly absorbed by plants and microorganisms, which is particularly significant for wild plants. In natural soils, wild plants rely on rhizosphere microorganisms to assist in obtaining essential nutrients like potassium (Soumare et al., 2023). Adequate potassium supply can significantly activate the metabolic activity of rhizosphere microorganisms; thus, variations in AK levels directly affect the function and diversity of rhizosphere microbes associated with wild G. pensilis. Overall, phosphorus and potassium were crucial for the growth of G. pensilis. Therefore, in practical cultivation, applying appropriate amounts of phosphorus and potassium fertilizers is vital for maintaining rhizosphere microbial diversity and enhancing plant adaptability.

Additionally, it has been reported that some pathogens are introduced into the soil through feces, water, and waste, subsequently colonizing plant roots and inhabiting various plant organs via the vascular system (Sobiczewski and Iakimova, 2022). Human pathogens have been identified in plant leaves and rhizospheres, and high levels of human disease-associated metabolic activities may increase the likelihood of plant diseases (Huang et al., 2019). In this study, metabolic pathways related to human diseases were negatively correlated with soil environmental factors in the cultivated G. pensilis, except for NN. This indicated that more fertile soil for cultivated G. pensilis is associated with a lower likelihood of disease. Conversely, an increase in NN in the soil could promote disease in the cultivated G. pensilis. In wild G. pensilis, bacteria related to human disease metabolism were positively correlated with potassium content in the rhizosphere soil (including TK and AK) but negatively correlated with soil enzyme activity, SOC, and SMC levels. Therefore, to mitigate the risk of plant diseases, it is crucial to minimize soil contamination within the G. pensilis ecosystem. Besides, the management of human-controlled soil nutrient availability should be prioritized, which included reducing nitrogen fertilizer application for cultivated G. pensilis and increasing SMC for wild G. pensilis, among other measures.



5 Conclusion

In conclusion, significant differences were observed in the composition, diversity, and function of rhizospheric soil microbial communities between wild and cultivated G. pensilis plants. Mantel analysis revealed a significant association between the fungal microbial structure and 15 soil environmental factors, while the bacterial microbial structure was highly correlated with 7 soil environmental factors. Notably, the rhizospheric bacterial communities of cultivated G. pensilis were significantly correlated only with AP, pH, NN, BG, CBH, NAG and SMC. RF analysis identified TP and TK as the vital influencing factors for rhizospheric microbes in cultivated G. pensilis, while AK was crucial for the wild G. pensilis microbes. Overall, these findings highlight the differences in rhizospheric microbes between wild and cultivated G. pensilis, which may be attributed to the differences in land use management practices and soil environmental factors. Moreover, the results of this study will provide valuable references for the sustainable growth and restoration of the rare and endangered plant G. pensilis.
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A major dimension of pattern and process in ecological systems is the way in which species interact. In the study of forest communities, the phenomenon of linkage among forest strata (e.g., overstory and herbaceous layer) has been well investigated and arises when forest strata interact in ways that lead to causal connections between them. Whereas trees alter the light regime of forest herb communities, the herb layer can direct survivorship among seedlings of overstory species. Less studied, however, is linkage between forest strata and forest soil microbiomes. This review examines ways in which forest vegetation and soil microbiomes exert reciprocating effects on each other that can lead to linkage, beginning with a brief literature review of several phenomena relevant to how these effects occur. Because of the coincidence of the ubiquity of soil microbes with their almost infinitely small size, their interactions—both above and belowground in nature—with forest vegetation are particularly intimate. Although the most direct link, and certainly one that likely first comes to mind, is through root/microbe interactions, foliar surfaces and internal foliar tissues can support a diverse microbiome. Following the overview of potential mechanisms, examples from two separate forest studies of how linkage was demonstrated will be summarized. In each of these studies, linkage was evident through significant correlations among axis scores generated by canonical correspondence run separately for forest vegetation and soil microbial communities.
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Introduction

The concept of pattern and process has been of central focus in the study of ecological systems since the early days of the field of ecology (Watt, 1947; Hutchinson, 1953), which Levin (1992) identified as a central problem in the study of ecology, uniting subdisciplines ranging from population ecology to ecosystem ecology, and spanning spatial scales from individuals up to landscapes (Turner, 1989; Murrell et al., 2001; Gilliam, 2022). At the community level, such as a forest, a major dimension of pattern and process in ecological systems is the way in which species—often seemingly unrelated—interact. Interactions in this context refer to mutual, synergistic effects that organisms have on each other.

In the study of forest communities, with their often numerous strata (i.e., layers) which are created and maintained by variation in life history and resource requirement, the phenomenon of linkage among forest strata (e.g., overstory and herbaceous layer) has been well investigated (Gilliam and Roberts, 2014). Linkage arises when forest strata interact in ways that lead to causal connections between them (Gilliam and Roberts, 2014). For example, whereas trees alter the light regime of forest herb communities (Neufeld and Young, 2014), the herb layer can, in turn, direct survivorship among seedlings of overstory species (George and Bazzaz, 2014). When this occurs, the strata are said to exhibit linkage.

These mechanisms to explain linkage between vegetation strata have been demonstrated in the literature for hardwood and conifer forests alike (Barbier et al., 2008; Chandy and Gibson, 2009; Chávez and Macdonald, 2010), with several emphasizing the importance of disturbance (Roberts and Gilliam, 2014) in altering overstory/herb layer interactions (Ellum et al., 2010; Belote et al., 2009; Fleming and Baldwin, 2008; Durak, 2012). Less studied, however, is linkage between forest strata and forest soil microbiomes.

Forest ecosystems have been described as comprising a paradox of biodiversity (Gilliam et al., 2023). The woody overstory that is their most apparent component is, by far, the least diverse with respect to numbers of species. By contrast, the herbaceous layer is the plant community of the most diminutive physical stature, but typically represents 80–90% of forest plant diversity (Gilliam, 2007, 2014). Even less apparent, however, is the biotic community of greatest diversity—the forest microbiome (Mishra et al., 2020; Uroz et al., 2016), most particularly that of forest soil (Ji et al., 2022). Van der Heijden et al. (2008) estimated that 1 g of soil can support 1010–1011 bacteria from between 6,000 and 50,000 species.

Because of the coincidence of the ubiquity of soil microbes with their almost infinitely small size, their interactions—both above and belowground in nature—with forest vegetation are particularly intimate. Thus, as will be examined herein, the potential is great for forest vegetation and soil microbial communities to establish and maintain causal linkages. Although the most direct link, and certainly one that likely first comes to mind, is through root/microbe interactions, foliar surfaces and internal foliar tissues also can support a diverse microbiome (Vorholt, 2012).

This review examines ways in which forest vegetation and soil microbiomes can exert reciprocating effects on each other in ways that can lead to linkage, beginning with a brief literature review of several phenomena relevant to how these effects occur. Although not exclusively so, emphasis will be placed on more recent literature on such processes.

After describing methodologies used to assess linkage in forest ecosystems, two published case studies that specifically examined linkage between forest plant communities and soil microbiomes are summarized. Although these two studies represent sharply contrasting forest types (and, indeed, different research questions), both found evidence of vegetation/microbiome linkage. Finally, directions for future research will be discussed.



Overstory/microbiome interactions


Phyllosphere microbial communities

Although feedback between the forest overstory and microbial communities is likely more often considered as part of complex belowground dynamics, and indeed that is the ultimate focus of this review, aboveground interactions—particularly involving foliar surfaces and tissues, the phyllosphere—are also important and relevant to this general topic (Bashir et al., 2022). Even though they are not as widely studied as their root-based counterparts, the phyllosphere microbiome is essential on a variety of scales, from individual plant health to ecosystem function (Duan et al., 2024). Vorholt (2012) reported that the total global leaf area is approximately twice that of the total land area (i.e., a global leaf area index of 2), which results in leaf epiphytic microbes numbering up to 1026 bacterial cells. Although the fungal component of the phyllosphere microbiome has not been estimated (and is indeed less studied than that of bacteria—Köhler et al., 2025), it is expected to be lower than that of bacteria (Lindow and Brandl, 2003). In sharp contrast with the rhizosphere (Han et al., 2022), the phyllosphere microbiome is typically dominated by a few bacterial phyla that exhibit specific adaptations and relationships with the host plants (Vorholt, 2012).

In an extensive review, Vandenkoornhuyse et al. (2015) developed the concept of the plant holobiont, observing that plants are capable of hosting a broad diversity of microbial organisms inside their tissues (the endosphere) and on their surfaces, especially foliar epidermis tissue (the ectosphere). These microbes contribute to essential functions of the plant, including plant nutrition, as well as resistance to biotic and abiotic stressors. The plant holobiont, then, comprises the plant itself along with the entire plant microbiome, with its effect on plant fitness via growth and survival. Vandenkoornhuyse et al. (2015) further defined the core microbiome by shared predictive functions.

Duan et al. (2024) reviewed several environmental influences on microbial communities of the phyllosphere, particularly those that vary with elevation. Part of their work emphasized comparisons of the core microbiomes of six ecologically important tree species in temperate forests of Europe sampled from two national parks, one in each of Germany and The Netherlands, with a specific focus on European beech (Fagus sylvatica) and Norway spruce (Picea abies). They found that bacterial communities were determined mostly by host species, although there was great variation within beech and spruce trees. They further discovered that there was a core microbiome characteristic of all species studied, although community composition varied with elevation, tree diameter, and leaf traits, such as chlorophyll and P content. Ultimately, and closely related to the context of linkage between vegetation strata and soil microbiomes, they clearly demonstrated the intimate association between the phyllosphere microbial communities in forests with host trees. Thus, as leaves senesce and are dropped to the forest floor, they provide what is essentially a species-specific inoculum of microbes to the O horizon and the mineral soil.

Another facet of microbiomes more commonly associated with soil dynamics—nitrification—has also been found to occur in the phyllosphere. Nitrification is carried out only by specialized taxa of bacteria and archaea, beginning with the oxidation of ammonium (NH4+) to nitrite (NO2−) and followed by further oxidation to nitrate (NO3−). This is an important component of nitrogen biogeochemistry in many forest ecosystems (Barbour et al., 1999). Recent work by Guerrieri et al. (2019, 2024) has demonstrated not only presence of nitrifier bacteria and archaea as a notable part of phyllosphere microbiomes, but has quantified the amount of nitrification that occurs in tree canopies. On a process level, they found that 80% of NO3− reaching the forest floor in throughfall was from net nitrification in the canopy (Guerrieri et al., 2024). They also identified phyllosphere bacterial taxa as particularly enriched in phyla from the Bacteroidetes and Actinobacteria, two groups closely associated with NH4+ oxidation (Guerrieri et al., 2019; Yue et al., 2024).

In addition to the phyllosphere microbiome involved in the N biogeochemistry of forest ecosystems, the phyllosphere is also host to methanotrophs, especially those of the genera Methylobacterium, Methylomonas, Methylosinus, and Methylocystis. Methylobacterium is the primary component of the phyllosphere, whereas Methylomonas, Methylosinus, and Methylocystis are also found in the rhizosphere, which further contributes to the linkage of above- and belowground processes (Iguchi et al., 2012).

It is clear that the phyllosphere of forests hosts a broad microbiome, one that, despite its minimal relative biomass, serves several functions essential to ecosystem structure and function. This also represents a conduit leading to functional linkage between the forest overstory and soil microbiomes essentially by serving as a source of inoculum as leaves senesce and drop to the floor on an annual basis. In the case of temperate deciduous forests, this input comprises the entirety of the phyllosphere during autumn leaf fall.



Rhizosphere/root exudates

In many ways, the rhizosphere is the belowground equivalent, or certainly analog, of the phyllosphere of forest ecosystems (Enea et al., 2025). Among the sharp contrasts between the phyllosphere and rhizosphere is that the fine roots that comprise the bulk of the rhizosphere continually produce exudates, a complex mixture of organic compounds and inorganic ions that microbes use in a variety of ways. It has been known for quite some time that root exudates represent an important component in the biogeochemistry of forest ecosystems. For example, Smith (1976) identified >15 amino acids/amides, four carbohydrates, eight organic acids, and numerous cations and anions in root exudates from ecologically important tree species of northern hardwood forests. He further found a notable degree of variation among species, suggesting that the biochemical character of root exudates was species specific. Especially regarding the organic compounds—which were the most abundant component, particularly organic acids—this last observation has important implications for linkage between forest vegetation and soil microbiomes.

Indeed, using natural abundance isotope analysis of individual microbial groups, Thacker and Quideau (2021) found a significantly higher proportion of fungi and a higher gram-negative to gram-positive bacteria ratio in the rhizosphere compared to bulk soil. Fungi and gram-negative bacteria biomarkers in the rhizosphere were depleted in 13C relative to bulk forest floor, suggesting that microbes assimilated more newly-photosynthesized carbon than did bulk forest floor microbes. More relevant to the question of linkage, they also found sharp species-specific differences in these patterns, with aspen trees influencing their rhizospheres more greatly than did spruce trees relative to microbial community composition and functional capacity. Furthermore, basal respiration was significantly higher in aspen versus spruce rhizospheres.

Other recent work has emphasized the connection between soil microbial activity in the rhizosphere and strategies for above-and belowground resource acquisition by plants. Han et al. (2022) investigated mixed evergreen broadleaf forest of subtropical China, focusing on a variety of soil microbial activities in the rhizosphere, along with soil properties. These activities were characterized primarily via determination of several extracellular catalytic enzymes associated with microbes. Further, they compared leaf and root traits of >20 woody species common in these forest stands and found a notable diversity in microbial activity, with species-specific variation associated with plant growth strategies (i.e., fast-versus slow-growing plants). In particular, soil microbes associated with the rhizosphere of fast-growing plant species exhibited higher metabolism than that of slow-growing plant species (Han et al., 2022). Again, the relevance of these patterns to linkage between forest vegetation and soil microbiomes is seen in their species-specific nature.

Guo et al. (2023) investigated the connection between soil microbial diversity and plant community composition in Masson pine (Pinus massoniana) forests of southeastern China (Zhejiang Province), distinguishing between bacterial and fungal functional groups. Masson pine is a prominent component of early successional forests throughout much of China (Lu et al., 2011), and they found sharp contrasts in the factors affecting bacteria versus fungi. Bacterial groups responded negatively to soil N and P as they metabolized root exudates including carbohydrates and amino acids, whereas fungal groups—both saprophytic and parasitic—were negatively correlated with woody species composition (Guo et al., 2023).

As it was with the phyllosphere, it is clear that rhizosphere dynamics, especially as related to root exudates, represent a functional mechanism to explain linkage between forest vegetation and soil microbiomes. Of particular importance in this context is the often species-specific nature of the biochemical composition of root exudates and the microbial groups that use them for their energetic and nutritional requirements.



Mycorrhizal relationships

Much has been written on the mutualistic relationship between certain fungal taxa and the roots of vascular plants known as mycorrhizae, with research and reviews focusing on multiple facets of mycorrhizal dynamics, including their significance on the ecosystem scale (Frey, 2019; Pries et al., 2022). Indeed, it is quite common among plant species. Wang and Qiu (2006) estimated that 80 and 92% of terrestrial plant species and families, respectively, are mycorrhizal. They also found that arbuscular mycorrhiza (AM) is the predominant and ancestral mycorrhizal type among terrestrial plants, suggesting that the origin of AM likely coincided with the origin of land plants. Finally, and more relevant to this discussion of linkage, is that the coevolution between plants and fungi of ectomycorrhizal partnerships likely contributed to diversification of both plant hosts and fungal symbionts (d’Entremont and Kivlin, 2023).

Although AM has been shown to exert profound effects on soil bacteria—especially those associated with N biogeochemistry (Zhang et al., 2022; He et al., 2023; McPherson et al., 2024)—and fungi (Fitch et al., 2023; Noguchi and Toju, 2024), of particular importance to this discussion of linkage between forest vegetation and soil microbiomes is the relationship between forest composition and mycorrhizae. In fact, numerous studies have quantified the causal connection between tree species composition/richness and mycorrhizal associations. Zheng et al. (2023) synthesized the results of >50 peer-reviewed studies to examine the influence of tree species mycorrhizal association on microbial-mediated enzyme activity and stoichiometry. They found sharp contrasts between type of association [arbuscular mycorrhiza (AM) versus ectomycorrhiza (ECM)] and tree phylogenetic group (conifer versus hardwood). Ma et al. (2024) assessed tree species richness and biomass as they vary among AM-and ECM-dominated forest stands of temperate and subtropical China. They found that stands dominated by either type of association supported lower tree species richness and biomass than stands with a relatively equal mixture of associations, concluding that mycorrhizal dominance influences tree species richness and the relationship between richness and biomass in forests of China.

d’Entremont and Kivlin (2023) reviewed hypotheses that have been proposed to explain plant host specificity involved in both AM and ECM associations, namely the Passenger, Driver, and Habitat Hypotheses. Whereas the Passenger Hypothesis posits that the fungal symbionts are somewhat passive in the relationship, being affected more by the host plant, the Driver Hypothesis views fungal symbionts as quite active in determining plant species characteristics, including species composition. By contrast, the Habitat Hypothesis considers neither plant nor fungi to be active, rather viewing environmental gradients as controlling covariation of these communities.

A distinct type of mycorrhizae—ericoid mycorrhizae (ErM)—exhibits characteristics particularly relevant to linkage, considering that it involves (1) fungi primarily of the Ascomycota (but also some Basidiomycota) and (2) roots of species of the Ericaceae; regrettably, ErM is also the least researched of mycorrhizal types (Vohník, 2020). This mutualism allows ericaceous species to occupy the typically highly acidic and infertile soils characteristic of the family. Fungal symbionts secrete organic acids that limit microbial activity, especially those involved with N cycling and including nitrifying bacteria (Straker, 1996), thus altering the composition of the herbaceous layer of forests, as well as the dynamics of tree regeneration (Gilliam et al., 2005). Working in boreal forest soils, Timonen et al. (2017) found that ErM mycospheres influence plant-specific bacterial communities, concluding that the occurrence of ericoid plants, by nature of their fungal symbionts, increases overall bacterial diversity. On the other hand, Adeoyo et al. (2019) demonstrated that some ErM fungi exhibit anti-bacterial properties. Thus, mycorrhizae can simultaneously affect the composition of plant species, as well as the communities of soil microbes.




Herbaceous layer/microbiome interactions

In addition to the overstory, forest herb communities can establish linkage with soil microbiomes. Indeed, virtually all of the phenomena described herein for overstory/microbial interactions—phyllosphere, rhizosphere, and mycorrhizae—are relevant for the herb layer (Helgason et al., 1999; Hewins et al., 2015).

It has been known for some time that some herbaceous species associated with forest herb communities, especially grasses, legumes, and members of the Convolvulaceae (morning glory family), establish a heritable endosymbiosis with fungi known as fungal endophytes (Clay, 1990). Furthermore, these fungal endophytes produce secondary metabolites that are bioactive (Quach et al., 2023). Among their many effects, endophytic secondary metabolites have been shown to directly influence soil microbes, especially those associated with soil N processing (Chen et al., 2022).

Recent research has stressed the interactive dynamics between forest herb communities and soil microbiomes. Working in numerous forest plantation sites in subtropical China, Yin et al. (2016) found evidence that the understory herb layer (as characterized by biomass and species richness) exerted strong controls on soil microbial communities, more so even than tree cover and several soil variables, such as organic C and pH. Chen et al. (2021) distinguished between the potential influence of herbs versus shrubs on soil microbial communities, concluding that roots of herbs affected bacteria communities, whereas roots of shrubs affected fungal communities.

Focusing on AM fungal abundance, Zubek et al. (2021) found notable variation in forest habitat (i.e., beech versus riparian forests of Poland) to drive the effects of herbs with contrasting traits on AM. Zubek et al. (2024) extended the scope of that investigation to include the influence of herbs on the spatial heterogeneity of forest soil via effects on fungal and bacterial diversity. They concluded that herbs affected the composition of AM fungi community in the beech forest, whereas they affected endophytes and plant pathogens in the riparian forest. These results were supported by further investigations that used a factorial field design to determine the impact of ecologically important species of forest and riparian herb communities on soil conditions and microbial communities (Stefanowicz et al., 2022, 2023), finding that forest herbs generally had positive effects on soil microbes by supporting microbial performance.



Case studies—evidence of linkage

Given the evidence presented here for numerous pathways of interchange between forest vegetation and soil microbial communities, it should not be surprising that there is evidence of linkage between the two. This final section synthesizes the findings of two published works to be used as case studies specifically for how linkage can be assessed. Other than their objective to describe forest vegetation/soil microbiome linkage being in common (along with identical analytical approaches to assess linkage), they represent fully independent investigations, asking different ecological questions, using different field and microbial analytical methodologies, and being carried out at sharply contrasting temperate forest sites—one in West Virginia (Gilliam et al., 2014), the other in Florida (Gilliam et al., 2023). These will be summarized and compared with brief descriptions of study sites, field sampling, data analysis, and findings. Readers are encouraged to access the original publications for more detailed information regarding site, sampling, and analyses.

The West Virginia study was on both sides of an upland ridge dominated by mixed hardwood stands, whereas the Florida study sampled within hardwood-versus longleaf pine-dominated stands. Thus, their central question regarding linkage was different, with the West Virginia study asking whether linkage varied with slope aspect and the Florida asking if linkage varied with stand type. Additionally, the West Virginia study included sampling the herbaceous layer, whereas the Florida did not. Finally, although the plot size and forest overstory sampling were identical between the two studies, the methodologies used to characterize the soil microbiome were fundamentally different. The West Virginia study used phospholipid fatty acid (PLFA) analysis to determine microbial functional groups, a method that was once more common but is still used in current research (e.g., Stefanowicz et al., 2023). The Florida study used high-throughput sequencing of DNA extracted from mineral soil to characterize bacterial composition.


Study sites

The West Virginia study was carried out at the Beech Fork Lake State Wildlife Area, located in Wayne County, West Virginia (38° 18′N, 82° 25′W), with sampling carried out on a ridge with slopes of roughly north/northeast (N) and south/southwest (S) aspects; elevation ranges of the areas sampled were approximately 178 m to 237 m above mean sea level. The Florida study was carried out in forested stands within the Campus Side Trails area of the University of West Florida, Pensacola, Florida (30° 33′8” N, 87° 13′29” W), focusing on two specific stand types—hardwood dominated versus longleaf pine dominated stands—with elevation 2–5 m above mean sea level.



Field sampling

Both studies sampled within circular 400-m2 plots. For the West Virginia study, these were located in a grid of four plots along each of four parallel transects extending from the N-to S-facing aspect of the ridge, yielding eight plots per aspect. For the Florida study, there were 12 plots in each of hardwood-and pine-dominated stands. All living trees ≥2.5 cm diameter at breast height (DBH) within each plot were identified to species and measured for DBH to the nearest 0.1 cm. In addition for the West Virginia study, the herbaceous layer was assessed by identifying all species of vascular plants ≤1.0 m in height within the entire plot. Abundance of each species was visually estimated using a modified Daubenmire cover scale (Barbour et al., 1999).

For both studies, mineral soil was taken to a 5-cm depth from within each plot and placed in two sterile polyethylene Whirl-Pac® bags, one bag for determination of soil microbial community structure (phospholipid fatty acid analysis for the West Virginia study, extractable DNA for the Florida study) and the other for nutrient analyses. Equipment used for sampling was sanitized between sample plots with a 70% ethanol solution.



Data analyses

To examine plant species, microbial functional groups, and environmental contrast, quantitative data for all groups were analyzed separately along with a variety of soil variables, including moisture, organic matter, and inorganic and mineralizable N, using canonical correspondence analysis (CCA) (Canoco for Windows 4.5). Linkage among plant and microbial communities was assessed by performing CCA on community/soil data for each slope aspect separately. Linkage was determined via correlation among CCA axis scores for overstory, herb layer (for the West Virginia study), and microbial communities (Zar, 2009).



Findings


West Virginia study

There were profound differences in most measured variables between N-versus S-facing slopes, including soil characteristics and biotic communities. The overstory was dominated by sugar maple (Acer saccharum) and sweet buckeye (Aesculus octandra) on N slopes, whereas white oak (Quercus alba) dominated on S slopes (Figure 1). The herb layer of the N slope was predominantly forb species; graminoids dominated the S slope (Figure 2). Prevalent microbial groups in N-facing soils were Gram-positive and Gram-negative bacteria, whereas S-facing soils were dominated by fungal groups and Gram-negative bacteria associated with environmental stress (Figure 3). In all, the S slope exhibited numerous characteristics typical of a site with weathered, infertile soils resulting from high solar radiation (Geiger et al., 2003).
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FIGURE 1
 Canonical correspondence analysis of overstory species at Beech Fork Lake State Wildlife Area, WV. Plot locations in ordination space are indicated by N (northeast slopes) and S (southwest). Environmental vectors are as follows: moisture (moist), organic matter (OM), water-extractable pH (pHw), KCl-extractable pH (pHs), extractable NH4 þ and NO3_ (NH4þ and NO3, respectively), and net N mineralization and nitrification (NminI and nitI, respectively). Overstory species codes are as follows: Aesculus octandra (AEOC), Acer saccharum (ACSA), Quercus rubra (QURU), Acer rubrum (ACRU), Cornus florida (COFL), Amelanchier arborea (AMAR), Castanea dentata (CADE), and Quercus alba (QUAL). Figure taken from Gilliam et al. (2014); used by permission.
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FIGURE 2
 Canonical correspondence analysis of herbaceous layer species at Beech Fork Lake State Wildlife Area, WV. Plot locations in ordination space are indicated by N (northeast slopes) and S (southwest). See Figure 1 for explanation of environmental vectors. Herbaceous layer species are as follows: Cunila origanoides (CUOR), Oxalis violacea (OXVI), Poa cuspidata (POCU), Krigia biflora (KRBI), Luzula multiflora (LUBU), Houstonia caerulea (HOCA), Potentilla canadensis (POCA), Carex wildenowii (CAWI), Prunus serotina (PRSE), Erigenia bulbosa (ERBU), Stellaria media (STME), Hydrophyllum macrophyllum (HYMA), Acer saccharum (ACSA), and Claytonia virginica (CLVI). Figure taken from Gilliam et al. (2014); used by permission.
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FIGURE 3
 Canonical correspondence analysis of microbial composition at Beech Fork Lake State Wildlife Area, WV. Plot locations in ordination space are indicated by N (northeast slopes) and S (southwest). See Figure 1 for explanation of environmental vectors. Figure taken from Gilliam et al. (2014); used by permission.


The microbial community exhibited linkages with forest strata that varied by stratum and slope aspect. For the N aspect, CCA1 of the microbial community was significantly correlated with CCA1 of the overstory (r = 0.73, p < 0.05; Figure 4). For the S aspect, CCA1 of the microbial community was significantly correlated with CCA1 of the herb layer (r = 0.90, p < 0.01; Figure 5), supporting the environmental gradient hypothesis (Gilliam, 2007). On the S aspect, both the overstory and soil microbiome were influenced primarily by pH. Thoms and Gleixner (2013) also found significant relationships between tree species and soil microbial communities driven largely by variation in soil pH, working in a temperate deciduous forest in Germany, findings consistent with conclusions of an extensive review on the influence of tree species on litter and soil microbes (Prescott and Grayston, 2013).
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FIGURE 4
 Axis I scores for CCA from the N slope of forest stands at Beech Fork Lake, WV, for tree versus microbial composition; r is the Spearman product–moment correlation coefficient for the relationship between axis scores.
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FIGURE 5
 Axis I scores for CCA from the S slope of forest stands at Beech Fork Lake, WV, for herb versus microbial composition; r is the Spearman product–moment correlation coefficient for the relationship between axis scores.


These findings suggest that tree species on the N slope exert top-down control on microbial communities, which respond sensitively to inputs of high-quality litter from dominant tree species. Furthermore, the more weathered soils of the S slope represent bottom-up control by microbial communities; greater acidity and lower fertility select for a distinctive microbial and herb community, resulting in the observed linkage between the herb layer and soil microbiome on the S-facing slope. Burke et al. (2009) found significant effects of herb communities on soil fungi in a mature beech-maple forest. Helgason et al. (1999) concluded that forest herbs can exert a strong influence on diversity of AM fungi.



Florida study

As with the slope aspect study, the differences between stand types—hardwood-versus longleaf pine-dominated—were profound for most measured variables, especially overstory composition and soil fertility. Hardwood stands were predominantly flowering magnolia (Magnolia grandiflora) and southern evergreen oaks, whereas pine stands were dominated by longleaf pine and live oak (Quercus virginiana). Although soils of both stand types were highly acidic, the hardwood soils were notably higher in fertility, especially for total and available N (Figure 6). By contrast, there were few differences in the microbiome related to stand type (Figure 7), which was surprising given the sharp differences in overstory composition and soil fertility (Figure 6). Results of the CCA involving soil microbiome revealed a strong pH gradient along the second axis (Figure 8).

[image: Biplot displaying principal component analysis (PCA) results. Green labels represent different data points or entities, while red vectors indicate various variables like nutrients (e.g., P, N, K, Mg) and soil properties (e.g., pH, CEC, OM). The plot shows the relationships among these elements, with arrows pointing towards the direction of variance.]

FIGURE 6
 Canonical correspondence analysis of overstory species in hardwood (H) and longleaf pine-dominated stands (P). For vectors, element symbols are extractable concentrations of stated elements, “CEC” is cation exchange capacity, “OM” is organic matter, “pH” is H2O-extractable soil pH, and “C” and “N” are total C and N, respectively. Species are indicated by four-letter codes: Carya glabra (CAGL), Fagus grandifolia (FAGR), Halesia carolina (HACA), Hamamelis virginiana (HAVI), Ilex opaca (ILOP), Ilex vomitoria (ILVO), Liquidambar styraciflua (LIST), Magnolia grandifolia (MAGR), Magnolia virginiana (MAVI), Morus rubra (MORU), Nyssa sylvatica (NYSY), Ostrya virginiana (OSVI), Oxydendrum arboreum (OXAR), Pinus palustris (PIPA), Pinus rigida (PIRI), Pinus serotina (PISE), Prunus caroliniana (PRSE), Quercus alba (QUAL), Quercus falcata (QUFA), Quercus laurifolia (QULA), Quercus marilandica (QUMA), Quercus nigra (QUNI), Quercus virginiana (QUVI), and Vaccinium arboretum (VAAR). Figure taken from Gilliam et al. (2023); used by permission.


[image: Scatter plot with a cluster of green, blue, and black labeled points along the axes from -0.4 to 1.0 horizontally and -0.8 to 0.8 vertically. Red arrows pointing from the origin, labeled with chemical symbols such as NH4, NO3, and Ca, indicate various directions.]

FIGURE 7
 Canonical correspondence analysis of soil microbiome in hardwood (H) and longleaf pine-dominated stands (P). For vectors, element symbols are extractable concentrations of stated elements, “CEC” is cation exchange capacity, “OM” is organic matter, “pH” is H2O-extractable soil pH, and “C” and “N” are total C and N, respectively. Taxa are indicated by four-letter codes: Alphaproteobacteria (ALPH), Rhodospirillaceae (RHOD), Isosphaeraceae (ISOS), Mycobacterium (MYCO), Bradyrhizobiaceae (BRAD), Actinomycetales (ACTI), Gemmataceae (GEMM), Deltaproteobacteria (DELT), Thermogemmatisporaceae (THER), and Syntrophobacteraceae (SYNT). Violet font indicates taxa significantly different between stand types. Figure taken from Gilliam et al. (2023); used by permission.


[image: Scatter plot showing a negative correlation between Tree Axis I scores and Microbe Axis I scores, with a correlation coefficient of r = 0.67. Data points are scattered around a downward-sloping trend line.]

FIGURE 8
 Axis I scores for CCA from hardwood stands at the University of West Florida Nature Trails for tree versus microbial composition; r is the Spearman product–moment correlation coefficient for the relationship between axis scores.


Consistent with the approach of the slope aspect study, variation of linkage with stand type in this study was assessed by running CCA for each stand type separately. Although these results demonstrate overstory/microbial linkage, they also suggest that linkage at this site is stand-specific, being evident only in hardwood-dominated stands, which supports initial expectations based on earlier work in these stands (Gilliam et al., 2023). That is, linkage in the hardwood stand appears to have arisen from responses to a gradient in mineral soil pH. This is consistent with findings of Tedersoo et al. (2020), who found strong effects of soil pH and soil microbial diversity in a regional-scale analysis of Northern Europe.





Synthesis and conclusions

Despite that these two studies addressed contrasting research questions (slope aspect versus stand type) carried out in broadly different forest types, they both sought to determine whether forest vegetation can exhibit linkage with soil microbiomes. A further distinction between them was that the slope aspect study included the forest herb community, whereas the stand type study did not. Both, however, demonstrated that linkage can exist and be demonstrated quantitatively, with the slope aspect study showing pronounced aspect-related variation in these patterns. Whereas linkage was evident for the overstory and microbiome on the N slope, it was evident for the herb layer and microbiome only on the S slope. For the stand type study, overstory/microbiome linkage was evident only for the hardwood-dominated stands. These studies also show that methodology developed and used for assessment of linkage among forest vegetation strata can be expanded to include the soil microbiome.

A principle application of these case study results to the previous review of mechanisms connecting forest vegetation and soil microbiomes would be the distinction between top-down and bottom-up interactions. For the West Virginia study, this was a clear distinction for overstory linkage in the N-facing stand (top down) versus herb layer linkage in the S-facing stand (bottom up). Top-down control is consistent with the phyllosphere microbiome as a major driver (Duan et al., 2024; Köhler et al., 2025), especially regarding soil N dynamics (Guerrieri et al., 2019, 2024). By contrast, bottom up control comprises belowground processes, including mycorrhizae (Zubek et al., 2024), rhizosphere microbial activity (Han et al., 2022), and even soil weathering (Lopez and Bacilio, 2020). The latter forms an important connection between the two case studies, as the Florida study displayed linkage driven by soil pH, which both decreases with weathering and sensitively affects soil bacterial communities (Guo et al., 2023), clearly another example of bottom up control.

As demonstrated herein, considerable current work has focused not only on the soil microbiome of forest soils, but also on the close, often causal, relationship between soil microbes and forest vegetation. This is reassuring from a scientific point of view, especially considering the sensitive nature of soil microbiomes to climate change, and more specifically to changes in the frequency or intensity of extreme climatic events (Knight et al., 2024). Climate change-related shifts in forest composition have long been predicted (Gilliam, 2016).

Climate change, however, is not the only threat to these close connections between forest vegetation and soil microbiomes. Some threats comprise disturbances of both anthropogenic and natural origin, such as logging and fire (Bowd et al., 2020), as well as biotic pressures, including diseases (Baldrian et al., 2023), herbivory (Segar et al., 2022), and invasive species (Burke et al., 2019; Duchesneau et al., 2021).

Although it has not been the focus of this review to synthesize what is known regarding the effects of disturbance on vegetation/soil microbiome interactions, such effects comprise an important facet in our understanding of the essential role of the soil microbiome in forest ecosystems. Among the more profound effects of disturbance is its influence on spatial heterogeneity, a response which itself is potentially quite complex. For example, some disturbances, such as excess N deposition, can decrease spatial heterogeneity (Gilliam et al., 2011), others, such as fire and harvesting, can increase spatial heterogeneity (Holden and Treseder, 2013). Whichever the outcome, both have potentially profound effects on the soil microbiome and its interaction with forest vegetation.

Moving forward, future research must also consider how both forest plant species and soil microbes will respond to ongoing changes in all of these threats, most of which are intimately interconnected. Such work will be essential in informing forest policy and management decisions. Consideration of linkages between forest strata and soil microbiomes should be part of that research.
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Tropical rainforests support critical biogeochemical cycles regulated by complex plant-soil microbial interactions but are threatened by global change. Much of the uniquely biodiverse and carbon rich forest on Borneo has been lost through extensive conversion to monoculture plantation, and a significant proportion of the remaining forest has been heavily modified by selective logging. Ecological restoration of tropical forest aims to return forests to a near pristine state, but restoration initiatives are hindered by limited understanding of the underpinning plant-soil feedbacks, and impacts on soil microbial communities are unresolved. We characterized soil properties and soil bacterial and fungal communities using amplicon sequencing across adjacent old-growth and selectively logged lowland dipterocarp forest in Borneo undergoing either natural regeneration or restoration by enrichment planting. While many soil properties were similar across forest types, we found contrasting responses of different soil microbial groups to active and passive restoration. Bacterial and fungal community composition were generally distinct in old-growth forest and more similar in logged forest. Bacterial alpha diversity and rate of spatial turnover appeared to recover toward old-growth forest with active restoration, while fungal alpha diversity showed slower signs of recovery. The composition and rate of spatial turnover in mycorrhizal communities was most different between old-growth and actively restored forest, possibly resulting from mycorrhizal associations of tree species planted during restoration. Surprisingly, old-growth forest shared fewer microbial taxa with actively restored forest than with naturally regenerating forest, suggesting current restoration practices (removal of lianas and understorey vegetation) may be selecting for different microbial communities. Taken together, our findings show that certain attributes of key soil microbial groups remain distinct from old-growth forest almost two decades after logging disturbance, and some may diverge with active restoration. Changes in enrichment planting practices to promote rehabilitation of belowground communities may be required for successful biodiversity conservation and recovery of vital ecosystem functions.
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1 Introduction

Old-growth forests are rapidly being replaced by human-modified secondary forest worldwide, with highest conversion rates in the tropics (Keenan et al., 2015), affecting the crucial role of tropical forests as global reservoirs of biodiversity and carbon (C) (Baccini et al., 2017; Myers et al., 2000; Pan et al., 2011; Powers and Jetz, 2019; Qie et al., 2017). The forests of Borneo are a hotspot of forest disturbance and loss, driven by timber extraction and conversion to oil palm plantation. A reduction of forest cover by more than 30% since the early 1970s means increasing pressure on the remaining forest to provide vital ecosystem services. However, almost half (16.8 Mha) of the remaining forest has been heavily modified through selective logging for the commercially valuable and canopy-dominant dipterocarp trees (Appanah and Turnbull, 1998; Gaveau et al., 2014; Gaveau et al., 2016). Their targeted removal and creation of landings and skid trails affects forest structure, plant and soil microbial communities, ecosystem C cycling and C sequestration (Asner et al., 2018; Both et al., 2019; Ellis et al., 2016; Marsh et al., 2025; Riutta et al., 2018; Robinson et al., 2020; 2024). This practice reflects regional and global trends, as selective logging is widespread across Southeast Asia (Stibig et al., 2014) and the primary driver of tropical forest modification, affecting more than half of tropical forest worldwide (Potapov et al., 2017; Potapov et al., 2008).

Forest disturbance can significantly affect soil physicochemical properties, often reducing soil C pools (Don et al., 2011; Wei et al., 2014), altering nutrient availability and overall fertility (Daljit Singh et al., 2013; Paul et al., 2010). Changes in soil properties can impact on soil microbial communities (Jesus et al., 2009; Tripathi et al., 2012) by determining availability of effective resources and creation of different ecological niches (Zhang et al., 2018). Soil microbial diversity may increase with a certain level of disturbance (Ferrenberg et al., 2013; Galand et al., 2016; Wilkinson, 1999; Zhang et al., 2011), while changes in community structure and function may directly relate to disturbance intensity (Berga et al., 2012). Soil fungal communities, particularly mycorrhizae, have been shown to be highly sensitive to logging disturbance, likely as dipterocarp trees are an ectomycorrhizal-associating species (Kerfahi et al., 2014; McGuire et al., 2015; Robinson et al., 2020; Robinson et al., 2024). Logging effects on soil bacterial communities are less clear; two studies in Malaysian Borneo found no impact of logging on either local bacterial alpha (Shannon) diversity or beta diversity (i.e., spatial heterogeneity in bacterial communities, evaluated using dispersion of community dissimilarities) (Lee-Cruz et al., 2013; Tripathi et al., 2016), while other studies revealed shifts in bacterial community composition between intact forest and selective logging gaps (Robinson et al., 2024) and effects of logging on change in bacterial community composition down the soil profile (Tin et al., 2018). This also highlights the importance of fine spatial resolution in assessment of soil bacterial communities which may vary at the meter- or even centimeter-scale (O’ Brien et al., 2016). Disturbance impacts on soil microbial communities may have consequences for biogeochemical cycling that is regulated by complex reciprocal feedbacks between plants and soil (Bever et al., 2010; Cortois et al., 2016; van der Heijden et al., 2008; van der Putten et al., 2013; Wardle et al., 2004). For example, a reduction in cycling rates of certain key soil nutrients has been associated with selective logging canopy gaps, with soil heterotrophic respiration negatively related to disturbance intensity (Robinson et al., 2024).

Although the preservation of primary forest is crucial for biodiversity conservation and the maintenance of ecosystem services (Gibson et al., 2011), natural and managed restoration of secondary tropical forest has great potential for the recovery of ecosystem functions including C storage (Chazdon, 2008; Melo et al., 2013; Pan et al., 2011; Philipson et al., 2020; Wright, 2010). Rehabilitation of disturbed tropical forest via planting programmes is now a widely used strategy to recover vegetation structure and diversity (Bonner et al., 2019; Celis and Jose, 2011; Shoo et al., 2016). Enrichment planting, the reintroduction of native tree species removed through human disturbance, has been adopted across Southeast Asia as a strategy to restore forest floristic composition toward that of old-growth forest (Axelsson et al., 2024; Banin et al., 2023; Perumal et al., 2016). This practice is often accompanied by liana and climber removal, liberation cutting and clearing of understorey vegetation along planting lines, to facilitate seedling establishment by reducing competition for resources. This approach is currently employed in large-scale restoration projects, for example over the 25,000 ha Ulu-Segama area in the Malaysian state of Sabah where forest degradation has been most extreme (Axelsson et al., 2024; Bartholomew et al., 2024; CIFOR-ICRAF, 2024; Face the Future, 2025; Gaveau et al., 2014; Hayward et al., 2021; Reynolds et al., 2011). However, success of tropical forest planting programmes is generally limited by lack of context-specific knowledge of the ecology of planted tree species, including plant-soil interactions (e.g., Rodrigues et al., 2009). Most enrichment planting studies in Southeast Asian tropical forest have focused on tree survival, growth and productivity, with less consideration of soil biodiversity and functioning (Banin et al., 2023; Perumal et al., 2016; Veryard et al., 2023). Following replanting of clear-felled forest, some studies observed increases in microbial biomass carbon (MBC) (Deng et al., 2010; Nurulita et al., 2016) and bacterial alpha diversity accompanied by bacterial community shifts that may indicate ecosystem recovery (Deng et al., 2010). The small number of studies undertaken in enrichment planted secondary Malaysian forest highlight increases in microbial biomass toward that of old-growth forest (Daisuke et al., 2013; Daljit Singh et al., 2013; Perumal et al., 2016). However, microbial indicators can be system-specific and depend on type, intensity and duration of disturbance (Banning et al., 2011). Understanding of the capacity to restore soil microbial diversity, physicochemical properties and biogeochemical cycling in hyper-diverse tropical forest is broadly limited (Bonner et al., 2019), reflecting a general lack of understanding of the patterns of microbial responses to ecosystem restoration (Banning et al., 2011; Strickland et al., 2017).

To address these knowledge gaps, we surveyed soil microbial community attributes, soil physicochemical properties and forest structural characteristics across old-growth and selectively logged forest undergoing either passive natural regeneration or active restoration by enrichment planting. We tested the following specific hypotheses:


	1.Soil microbial communities (composition and diversity) will differ across forest types, with greater similarity between old-growth and actively restored forest.

	2.Microbial biomass will increase with active restoration toward old-growth forest.

	3.Soil physicochemical properties, microclimate and forest structural characteristics will differ across forest types, corresponding to expected differences in soil microbial community attributes.






2 Materials and methods


2.1 Study sites

This study was conducted in the state of Sabah, northern Malaysian Borneo. The climate is moist tropical (annual precipitation 2,600–2,700 mm, average daily temperature 27°C) and generally non-seasonal, but may undergo irregular inter-annual dry periods averaging ∼1.4 months of the year (Kumagai and Porporato, 2012; Walsh and Newbery, 1999). Sampling was conducted in March 2018 at nine sites distributed across old-growth and naturally regenerating or actively restored selectively logged lowland dipterocarp rainforest (3 sampling sites in each) (Figure 1). Logged forest sites were situated within the Innoprise Face Foundation Rainforest Rehabilitation Project (INFAPRO) area (4.99°N, 117.86°E). This large-scale restoration initiative, in partnership with the Yayasan Sabah Foundation, aims to restore 25,000 ha within the Ulu-Segama forest management unit (Face the Future, 2025). All logged forest sites were situated within the same logging coupe that was selectively logged once in 1989. The actively restored forest has undergone rehabilitation by enrichment planting since 2000, with mixtures of dipterocarp species, non-dipterocarp canopy-forming species and various fruit tree species planted at 3 m intervals along 10 m spaced parallel transects. Planting lines were maintained by regular liana cutting and removal of competing understorey vegetation for the initial 3 years following enrichment planting (Bartholomew et al., 2024; CIFOR-ICRAF, 2024; Hayward et al., 2021; Moura Costa, 1996). Old-growth forest was located in the adjacent Danum Valley Conservation Area (DVCA) (4.95°N, 117.79°E), a 438 km2 rainforest reserve that has undergone little or no anthropogenic disturbance having been legally protected from commercial timer operations since 1976 (Marsh and Greer, 1992). Recent extensive tree community surveys across the Ulu-Segama Forest Reserve (including the coupe sampled in this study) and adjacent DVCA have shown persistent shifts in tree species composition and reduced basal area 23–35 years after logging disturbance, regardless of restoration method (Hayward et al., 2021), with corresponding negative impacts on recruitment and diversity of tree seedlings (Bartholomew et al., 2024).
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FIGURE 1
Map of sampling sites in northern Malaysian Borneo (a) in the state of Sabah (b), located within old-growth forest (Danum Valley Conservation Area), and adjacent naturally regenerating and actively restored selectively-logged forest (INFAPRO forest rehabilitation project) (c). At each site, soil was collected following a geospatial sampling design (d), at increasing distances along three transects radiating out from one central point. Dotted lines illustrate example distances between sampling points of different transects (here between transects 1 and 3) used to calculate distance decay indices for evaluation of spatial turnover of soil microbial taxa, in addition to distances along each respective transect.




2.2 Sampling design for soil, microclimate and forest structural characteristics

Nine sampling sites were distributed across a contiguous area of forest that had undergone contrasting logging disturbance and restoration. Three sampling sites were chosen in each of three forest types of old-growth, naturally regenerating and actively restored logged forest, situated between a minimum of 500 m and maximum of 5.7 km apart. At each site, a geospatial transect design was used for soil sampling and measurement of microclimate and forest structural characteristics. This comprised three transects radiating out from one center point positioned at 120° to one another, with the first transect oriented North (Figure 1d). Soil and microclimate sampling points were located at the center point, then at six points along each of the three transects at increasing distances of 10 cm, 30 cm, 90 cm, 2.7 m, 8.4 m and 24.3 m relative to the center. This resulted in nineteen soil samples per site, totaling 171 across all sites, which were analysed individually. Soil cores were collected at each sampling point a using a 3 cm diameter gouge auger to a depth of approximately 10 cm for analysis of soil microbial community attributes and physicochemical analysis. The organic soil layer was collected by separating from underlying mineral soil and sealing in a Ziploc bag, and was then transported to a laboratory. Multiple cores were taken at each sampling point to ensure enough material for biological and physicochemical analyses due to the shallow organic layer depth. Samples were hand-homogenized and ∼10 g subsamples taken for analysis of soil microbial community attributes. These were frozen at −20°C on the day of collection and transported on ice to the United Kingdom for analysis of soil microbial communities: 5 g was transported to the United Kingdom Centre for Ecology and Hydrology, Wallingford for amplicon sequencing and 5 g to Lancaster University for phospholipid fatty acid (PLFA) analysis. The remaining soil was transported to the Sabah Forest Research Centre, Sepilok for physicochemical analysis.

Microclimate variables were measured on the day of soil sample collection. Soil temperature (approximate depth 0–10 cm) and understory air temperature at the soil surface (5–15 cm) were measured with using a thermistor (Salter, United Kingdom). Understory photosynthetically active radiation (PAR) was measured using a light meter (PP Systems, United States) with the sensor held just above the soil surface.

Forest structure was evaluated by recording and measuring circumferences of all stems with diameter at breast height (DBH) >5 cm within a 2.5 m buffer of all transects, for calculation of stem density and basal area. This DBH was chosen to capture finer-scale variation in tree abundance. Stem density and basal area were calculated for each sampling location (n = 9).



2.3 Soil physicochemical analysis

pH in water was measured on fresh soils using a pH meter with a combination glass-calomel electrode (a ratio of 1:2.5 soil to deionized water) after shaking overnight at 100 rev min–1 on an orbital shaker and standing for 30 min (Landon, 1984). The remaining soils were air-dried at 40°C to constant weight and passed through a 2 mm sieve for homogenization and removal of roots and stones. Subsamples for total C and N analysis were dried at 65°C for 48 h and milled to a fine powder with a pestle and mortar. Total soil C and N contents were determined by dry combustion at 900°C using an Elementar Vario Max CN analyser (Elementar Analysensysteme, Hanau, Germany). For soil total P, samples were digested using sulphuric acid-hydrogen peroxide (Allen, 1989). Inorganic P was extracted using a Bray No. 1 extractant (Bray and Kurtz, 1945). P contents of extracts and digests were determined using the molybdenum-blue method (Anderson and Ingram, 1993), read at 880 nm on a spectrophotometer (HITACHI-UV-VIS, Japan).



2.4 Soil phospholipid fatty acid (PLFA) analysis

A subset of soil samples were analysed for PLFAs to provide indicators of total microbial biomass and relative abundances of bacteria and fungi across forest types. Due to the intensive extraction requirements, 36 of the 171 samples were analysed (four samples per sampling location). These corresponded in each site to the transect center point and 30 cm, 2.7 m and 24.3 m sampling points along the first transect arm. PLFAs were extracted from 1.8 g freeze dried soil after removal of coarse roots and stones using a modified Bligh and Dyer extraction method (White et al., 1979). Extracts were analysed using an Agilent 6890 Gas Chromatograph with Flame Ionization Detector (GC-FID; Agilent Technologies, Unites States) using an RTx-1 capillary column (60 m × 0.32 mm ID, 0.25 μm film thickness). PLFA peaks were identified using retention times calibrated against known standards. As indicators of Gram-positive bacterial biomass, the branched-chained fatty acids C15:0i, C15:0a, C16:0i, 7Me-C17:0, C17:0i and C17:0a were used (Haack et al., 1994; Lechevalier and Lechevalier, 1988; O’Leary and Wilkinson, 1988; Rinnan and Bååth, 2009; Whitaker et al., 2014; Zelles, 1999). For Gram-negative bacteria, the monounsaturated fatty acids C16:1ω7c, C16:1ω5, C18:1ω7c and cyclopropane fatty acids cyC17:0 and cyC19:0 were used (Rinnan and Bååth, 2009; Whitaker et al., 2014; Zelles, 1999). For fungi, the fatty acids C18:2ω6,9 and C18:1ω9 were used (Bååth and Anderson, 2003; de Deyn et al., 2011). Total bacterial biomass was calculated as the sum of Gram-positive and Gram-negative PLFAs and the fatty acid C15:0 (de Deyn et al., 2011). Fungal to bacterial ratio (F:B) was calculated as the proportion of total bacterial relative to total fungal PLFAs. Total microbial PLFAs were determined as the sum of all identified PLFAs, including those above and the additional fatty acids C14:0, C16:1, C16:0, C17:1ω8, C17:0br, C18:0br, C18:1ω5, C18:0 and C19:1. PLFA contents were expressed as μg g–1 dry soil. Four samples (two samples from old-growth and two from naturally regenerating logged forest, all from different sites) were omitted from analysis due to extraction error, resulting in a total of 32 PLFA samples.



2.5 Molecular analysis of soil microbial communities and data pre-processing

Molecular analyses and bioinformatics were conducted using all soil samples collected (n = 171; 57 per forest type) following methods described by Robinson et al. (2024; 2020). DNA was extracted from 0.2 g soil using the PowerSoil® DNA Isolation Kit and protocol (MoBio Laboratories). Amplicon libraries were constructed according to a dual indexing strategy with each primer consisting of the appropriate Illumina adapter, 8-nt index sequence, a 10-nt pad sequence, a 2-nt linker and the amplicon specific primer (Kozich et al., 2013). Bacteria were targeted using V3-V4 16S rRNA amplicon primers CCTACGGGAGGCAGCAG and GCTATTGGAGCTGGAATTAC (Kozich et al., 2019). For fungi, the ITS2 region was amplified using primers fITS7 GTGARTCATCGAATCTTTG (Ihrmark et al., 2012) and ITS4 TCCTCCGCTTATTGATATGC (White et al., 1990). Although the capability of detecting AM fungi using ITS primers is debated (Hart et al., 2015), recent studies have shown that patterns in diversity and community composition can be adequately identified within sample types such as soil (Berruti et al., 2017; Lekberg et al., 2018). Amplicons were generated using a high-fidelity DNA polymerase (Q5 Taq, New England Biolabs). After an initial denaturation at 95°C for 2 min, PCR conditions were as follows: Denaturation at 95°C for 15 s; annealing at 55°C (bacteria) 52°C (fungi); annealing times were 30 s with extension at 72°C for 30 s; cycle numbers were 25 for bacteria and fungi; a final extension of 10 min at 72°C was included. Amplicon sizes were determined using an Agilent 2200 TapeStation system, samples were normalized using SequalPrep Normalization Plate Kit (Thermo Fisher Scientific) and pooled. The pooled library was quantified using a Qubit dsDNA HS kit (Thermo Fisher Scientific) prior to sequencing with an Illumina MiSeq using V3 600 cycle reagents at a concentration of 8 pM with a 5% PhiX Illumina control library. Sequences were processed in R using DADA2 to quality filter, merge, de-noise and assign taxonomies (Callahan et al., 2016). Forward sequence reads were used for 16S (trimmed to 250 bases), while forward and reverse were used for ITS (trimmed to 225 and 160 bases, respectively). Filtering settings were maximum number of Ns (maxN) = 0, maximum number of expected errors (maxEE) = 1. Sequences were dereplicated and the DADA2 core sequence variant inference algorithm applied. mergePairs and remove BimeraDenovo functions were used at default settings to merge ITS forward and reverse reads and remove chimeric sequences. The amplicon sequence variants (ASVs) were subject to taxonomic assignment using assignTaxonomy with default bootstrapping (50) and the training database UNITE version 7.2 (Abarenkov et al., 2010).

Fungal functional guild classifications were assigned to ASVs using the FUNGuild annotation tool (Nguyen et al., 2016). Only ASVs with unambiguous (non-multiple) classifications of “probable” or “highly-probable” confidence rankings were considered for analysis. These were used for calculating relative abundances of fungal guilds and sub-setting saprotrophic, mycorrhizal, ectomycorrhizal and pathogenic fungal datasets for assessment of diversity and community dissimilarity.

Sequencing data were pre-processed and alpha diversity indices (ASV richness, Shannon index) and fungal guild relative abundances calculated in R (R Core Team, 2025) using the phyloseq package (McMurdie and Holmes, 2013). PCRs failed for three bacterial samples (two from different naturally regenerating logged forest sites, one from actively restored logged forest) as indicated by abnormally low read counts, and these samples were excluded from all subsequent analyses. Only ASVs assigned to the kingdoms of Bacteria or Fungi were retained for downstream analysis, and all singleton ASVs were removed. Sub-setting by fungal guilds was conducted on the full unrarefied dataset to maximize the number of ASV reads available for analysis of functional groups. Sample sequencing depth was normalized for each group by rarefying to the minimum read counts per sample for bacterial (3,778 reads), and total fungal (3,868), saprotrophic (472), mycorrhizal (20), ectomycorrhizal (6) and pathogenic (69) fungal groups.



2.6 Statistical analyses

All statistical analyses were conducted in R (R Core Team, 2025), and significance of all tests was considered at the p ≤ 0.05 level. To test the differences in univariate soil microbial community attributes (alpha diversity metrics and fungal guild relative abundances) and soil, microclimate and forest structural characteristics between forest types, linear mixed effects regression models (LMMs) were constructed in the lme4 R package (Bates et al., 2015) with site ID included as a random intercept term to control for within-site pseudoreplication. Pairwise comparisons between forest types were conducted with the emmeans R package with Bonferroni correction (Lenth et al., 2019). Normality of model residuals were evaluated using Shapiro-Wilk tests and Q-Q plots, and variables were log-, square root- or exp- transformed where necessary to improve model fit.

Soil microbial community data were Hellinger-transformed prior to analysis (Legendre and Borcard, 2018) to control for the effect of rare taxa and merged at the site level (n = 9) to control for spatial pseudoreplication. Soil microbial community compositions across forest types were visualized with PCoA using Bray-Curtis dissimilarities. Differences in soil microbial community composition between forest types were tested with PERMANOVA in vegan (Oksanen et al., 2019) and homogeneity of multivariate dispersion between forest types was evaluated. All permutational tests were run with 9,999 permutations. Pairwise comparisons of soil microbial community dissimilarities between forest types could not be carried out due to the low number of true replicates, restricting the number of possible permutations for calculating significance level. UPGMA (unweighted pair-group method with mathematic average) hierarchical cluster analysis was performed using the hclust R function (R Core Team, 2025) to identify groups of more (dis)similar sites across forest types.

We employed a distance-decay approach to assess the response of microbial beta diversity to forest management, a biogeographical method widely used to study spatial turnover in macro-organism communities that is now being applied to soil microbes due to advances in molecular techniques (Green et al., 2004; Martiny et al., 2006; Morlon et al., 2008; Nekola and White, 1999). Distance-decay relationships can be derived using geographic distances from centimeters to kilometers simultaneously (e.g., Barreto et al., 2014). This allowed us to evaluate microbial community turnover with environmental heterogeneity across scales not previously studied in old-growth and disturbed tropical forest, and to address unresolved disturbance effects on soil microbial diversity that may be spatially dependent. Pairwise Bray-Curtis community dissimilarities for soil microbial groups and corresponding geographic distances were calculated between the 19 sampling points in each sampling location. This provided a total of 171 pairs per location, with geographic distances ranging from 10 cm to 42.09 m. Linear regression was used to obtain the coefficient of the distance decay relationship (Y), i.e., rate of spatial turnover in soil microbial taxa, between log-transformed Bray-Curtis dissimilarities and log-transformed geographic distances for each location and soil microbial group (Barreto et al., 2014; Nekola and White, 1999). ANOVA with Tukey HSD post hoc tests were used to test differences in Y-values between forest types (n = 9).

Numbers of shared and distinct soil microbial ASVs between forest types were visualized with Venn diagrams using the RAM R package (Chen et al., 2018). Indicator analysis was conducted to identify specific soil microbial taxa uniquely associated with different forest types using the mulitpatt function in the indicspecies R package (de Cáceres and Legendre, 2009). This provided an index of association (Indicator Value) between forest type and soil microbial ASVs and p-values denoting significant indicator taxa.




3 Results


3.1 Soil microbial diversity, community composition and biomass across old-growth, naturally regenerating and actively restored logged forest

In total, 37,379 bacterial ASVs (representing 44 identified phyla; 749 genera) and 21,298 fungal ASVs (12 phyla; 611 genera) were detected across all forest types (Figure 2 and Supplementary Figures 1, 2). In all soil microbial groups, a greater number of ASVs were only found in old-growth forest (14,000 bacterial, 7,695 fungal ASVs) compared to naturally regenerating (9,479 bacterial, 5,247 fungal) and actively restored logged forest (8,321 bacterial, 5,323 fungal), and generally more ASVs were shared between old-growth and naturally regenerating forest than between old-growth and actively restored forest (Supplementary Figure 3). Differences in alpha diversity indices or rate of spatial turnover of taxa (or both) were detected between forest types for all microbial groups studied (Figure 3). Mean bacterial Shannon alpha diversity was significantly higher in naturally regenerating forest relative to old-growth, while actively restored forest was similar to both (Figure 3g and Tables 1, 2). Total fungal richness and Shannon alpha diversity were significantly higher in old-growth relative to naturally regenerating and actively restored forest, while total fungal Shannon alpha diversity was higher in actively restored relative to naturally regenerating forest (Figures 3b, h). Saprotrophic fungal richness and Shannon alpha diversity were significantly higher in old-growth compared to both logged forest types (Figures 3c, i). Pathogenic fungal richness was higher in old-growth compared to naturally regenerating forest, while actively restored forest was similar to both (Figure 3f). Rates of spatial turnover of bacterial, total mycorrhizal fungal and ectomycorrhizal fungal taxa (distance decay index) differed by forest type. For bacteria, significantly lower Y-values (indicating slower spatial turnover) were found in naturally regenerating logged forest compared to old-growth and actively restored forest, which were similar (Figure 3m). Slower spatial turnover of both total mycorrhizal and ectomycorrhizal fungi was found in actively restored forest relative to old-growth forest. In naturally regenerating forest, spatial turnover of total mycorrhizal fungal taxa was similar to both other forest types, while spatial turnover of ectomycorrhizal fungal taxa was slower than old-growth and similar to actively restored forest (Figures 3p, q).
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FIGURE 2
Relative abundances of bacterial (a) and fungal (b) phyla as percentages of total amplicon sequence variants (ASVs) across old-growth forest (OG), naturally regenerating logged forest (NR) and actively restored logged forest (AR) (n = 168 and n = 171 for bacterial and fungal phyla, respectively). Phyla with <1% relative abundance (rel. ab.) across all forest types are represented as one group.



[image: A series of bar charts compares different microbial communities across three forest types: OG (old-growth), NR (national reserve), and AR (artificial reserve). Panels (a) to (f) show no. of observed amplicon sequence variants per 10 reads, with variation among forest types for bacterial, total fungal, saprotrophic, mycorrhizal, ectomycorrhizal, and pathogenic fungal. Panels (g) to (l) depict Shannon alpha diversity index for these communities. Panels (m) to (r) illustrate the γ diversity index. Data points are marked with error bars and letters indicating statistical groups.]
FIGURE 3
Indices of soil microbial alpha diversity [richness as no. observed ASVs per 10 reads (a–f), and Shannon index (g–l)) and rate of spatial turnover of taxa (distance decay index; Y (m–r)] derived from amplicon sequence variants (ASVs) across old-growth forest (OG; black), naturally regenerating logged forest (NR; orange) and actively restored logged forest (AR; blue). Values are means ± 1 standard error. Lower case letters indicate statistically different or similar groups at the p < 0.05 level identified in post hoc tests after linear mixed model analysis. Sample numbers analysed were n = 168 for bacterial richness and Shannon diversity, n = 171 for fungal richness, Shannon diversity and fungal guild relative abundances, and n = 9 for both bacterial and fungal distance decay indices. See Table 2 for a summary of statistical test results.



TABLE 1 Soil microbial community attributes in old-growth forest, naturally regenerating logged forest and actively restored logged forest (means ± 1 standard deviation). Superscript letters indicate statistically different or similar groups at the p < 0.05 level identified in post hoc tests after linear mixed model or Kruskal-Wallis analysis. Sample numbers analysed were n = 32 for Total PLFAs and Fungal: bacterial ratios, n = 168 for bacterial richness and Shannon diversity, n = 171 for fungal richness, Shannon diversity and fungal guild relative abundances, and n = 9 for both bacterial and fungal distance decay indices.


	Parameter
	Soil microbial group
	Forest type



	
	
	Old-growth
	Naturally regenerating
	Actively restored





	Total PLFAs (μg g–1 dry soil)
	Total microbial
	51.27 ± 21.85
	52.85 ± 17.58
	59.13 ± 14.91



	Bacterial
	26.56 ± 11.88
	27.05 ± 8.90
	30.19 ± 7.55



	Fungal
	2.50 ± 0.64
	3.42 ± 1.25
	3.51 ± 1.11



	Fungal: bacterial ratio
	-
	0.11 ± 0.04
	0.13 ± 0.04
	0.12 ± 0.02



	Richness (no. observed ASVs 10 reads–1)
	Bacteria
	1.72 ± 0.43
	1.80 ± 0.58
	1.69 ± 0.49



	Total fungi
	0.94 ± 0.18a
	0.75 ± 0.17b
	0.80 ± 0.14b



	Saprotrophic fungi
	1.46 ± 0.37a
	1.04 ± 0.29b
	0.93 ± 0.23b



	Mycorrhizal fungi
	2.39 ± 1.29
	2.63 ± 1.29
	3.14 ± 1.36



	Ectomycorrhizal fungi
	4.59 ± 1.97
	4.12 ± 1.73
	5.20 ± 2.02



	Pathogenic fungi
	2.17 ± 0.54a
	1.54 ± 0.58b
	1.67 ± 0.42ab



	Shannon alpha diversity index
	Bacteria
	5.41 ± 0.45b
	5.88 ± 0.38a
	5.79 ± 0.33ab



	Total fungi
	4.62 ± 0.36a
	4.10 ± 0.45c
	4.31 ± 0.37b



	Saprotrophic fungi
	3.30 ± 0.57a
	2.84 ± 0.56b
	2.63 ± 0.63b



	Mycorrhizal fungi
	1.13 ± 0.54
	1.24 ± 0.57
	1.39 ± 0.58



	Ectomycorrhizal fungi
	0.82 ± 0.49
	0.72 ± 0.44
	0.94 ± 0.47



	Pathogenic fungi
	2.16 ± 0.37
	1.63 ± 0.61
	1.91 ± 0.41



	Distance decay index (rate of spatial turnover of taxa)
	Bacteria
	0.033 ± 0.002a
	0.012 ± 0.003b
	0.027 ± 0.003a



	Total fungi
	0.053 ± 0.004
	0.049 ± 0.013
	0.052 ± 0.003



	Saprotrophic fungi
	0.037 ± 0.008
	0.053 ± 0.014
	0.056 ± 0.018



	Mycorrhizal fungi
	0.194 ± 0.026a
	0.099 ± 0.076ab
	0.069 ± 0.023b



	Ectomycorrhizal fungi
	0.222 ± 0.049a
	0.087 ± 0.065b
	0.060 ± 0.004b



	Pathogenic fungi
	0.078 ± 0.050
	0.028 ± 0.026
	0.057 ± 0.017



	Fungal guild relative abundance
 (% total fungal ASV reads)
	Saprotrophic fungi
	44.73 ± 16.13
	54.05 ± 24.82
	42.72 ± 21.30



	Total mycorrhizal fungi
	30.96 ± 18.21
	31.70 ± 25.59
	47.24 ± 24.97



	EcM fungi
	30.21 ± 18.39
	29.95 ± 26.62
	45.98 ± 25.58



	AM fungi
	0.66 ± 1.28
	1.63 ± 2.41
	1.11 ± 1.12



	Ericoid mycorrhizal fungi
	0.09 ± 0.41
	0.10 ± 0.19
	0.14 ± 0.31



	Orchid mycorrhizal fungi
	0.00 ± 0.01
	0.01 ± 0.10
	0.00 ± 0.02



	Total pathogenic fungi
	17.22 ± 8.17a
	11.51 ± 6.89a
	7.27 ± 4.18b



	Plant pathogenic fungi
	10.93 ± 6.06a
	4.56 ± 5.06b
	4.21 ± 3.42b



	Animal pathogenic fungi
	6.29 ± 4.71ab
	6.95 ± 4.84a
	3.06 ± 2.55b



	Parasitic fungi
	5.68 ± 3.59
	2.37 ± 2.87
	2.59 ± 3.62



	Endophytic fungi
	0.22 ± 0.50
	0.47 ± 1.13
	0.14 ± 0.59



	Lichenised fungi
	1.45 ± 1.23a
	0.17 ± 0.28ab
	0.05 ± 0.10b



	Epiphytic fungi
	0.14 ± 0.81
	0.05 ± 0.23
	0.04 ± 0.15







TABLE 2 Linear model or Kruskal-Wallis* test statistics for significant differences in soil microbial alpha diversity metrics (richness and Shannon index), spatial turnover of taxa (distance decay index) and fungal guild relative abundances across old-growth forest (OG), naturally regenerating logged forest (NR) and actively restored logged forest (AR). Summaries are given for overall models and post hoc comparisons between forest types. p-values for pairwise tests for LMM and Kruskal-Wallis analyses were adjusted using the Tukey and Bonferroni methods, respectively. Significant p-values (> 0.05) are highlighted in bold. Sample numbers analysed were n = 168 for bacterial richness and Shannon diversity, n = 171 for fungal richness, Shannon diversity and fungal guild relative abundances, and n = 9 for both bacterial and fungal distance decay indices.


	Metric
	Soil microbial group
	Overall model
	Pairwise tests



	
	
	
	OG - NR
	OG - AR
	NR - AR



	
	
	R2
	F/χ2*
	p
	t-ratio/Z*
	p
	t-ratio/Z*
	p
	t-ratio/Z*
	p





	Richness
	Total fungi
	0.21
	22.03
	<0.001
	6.37
	<0.001
	4.79
	<0.001
	−1.59
	0.255



	Saprotrophic fungi
	0.36
	31.10
	0.001
	5.91
	0.003
	7.48
	0.001
	1.57
	0.329



	Pathogenic fungi
	0.21
	7.58
	0.023
	3.69
	0.024
	2.93
	0.060
	−0.76
	0.739



	Shannon diversity index
	Bacteria
	0.21
	8.71
	0.017
	−4.05
	0.016
	−2.89
	0.063
	1.16
	0.514



	Total fungi
	0.26
	29.87
	<0.001
	7.56
	<0.001
	5.16
	<0.001
	−2.41
	0.045



	Saprotrophic fungi
	0.20
	21.84
	<0.001
	−4.55
	<0.001
	−6.43
	<0.001
	−1.87
	0.150



	Distance decay index (rate of spatial turnover of taxa)
	Bacteria
	0.94
	45.45
	<0.001
	9.23
	<0.001
	2.53
	0.098
	−6.70
	0.001



	Mycorrhizal fungi
	0.65
	5.48
	0.044
	2.41
	0.115
	3.17
	0.044
	0.77
	0.735



	Ectomycorrhizal fungi
	0.77
	10.15
	0.012
	3.51
	0.029
	4.20
	0.013
	0.69
	0.777



	Fungal guild relative abundance
	Total pathogenic
	0.28
	12.64
	0.007
	2.44
	0.110
	5.03
	0.006
	2.59
	0.091



	Plant pathogenic
	0.30
	14.06
	0.005
	4.63
	0.009
	4.55
	0.009
	−0.08
	0.996



	Animal pathogenic
	0.18
	5.75
	0.040
	−0.60
	0.824
	2.59
	0.091
	3.19
	0.043



	Lichenized fungal*
	-
	7.20
	0.027
	1.34
	0.539
	2.68
	0.022
	−1.34
	0.539






Bray-Curtis community dissimilarities were significantly affected by forest type for all soil microbial groups, with the exception of ectomycorrhizal fungi, which was marginally non-significant (Figure 4 and Table 3). Community dissimilarity dispersions were homogenous between all land-use types for all fungal groups (p > 0.05). UPGMA hierarchical clustering analysis (Supplementary Figure 4) identified communities in old-growth sites to be most dissimilar to logged forest sites across all microbial groups, with the exception of ectomycorrhizal fungi (bacteria: 86.52% dissimilarity; overall fungi: 89.84%; saprotrophic fungi: 87.46%; mycorrhizal fungi: 97.27%; pathogenic fungi: 78.91%). For ectomycorrhizal fungi, the greatest dissimilarity was found between OG-1 and all other sites (98.44%), followed by dissimilarity between OG-2 and OG-3 sites and all others (97.59% dissimilarity). Logged forest sites were generally more similar, with naturally regenerating and actively restored sites clustering together for all soil microbial groups.


[image: Six scatter plots compare microbial communities across three forest types: old-growth, naturally regenerating, and actively restored. Each graph illustrates a different community type: bacterial, total fungal, saprotrophic fungal, mycorrhizal fungal, ectomycorrhizal fungal, and pathogenic fungal. Axes vary, showing Axis 1 and Axis 2 percentages. P-values indicate statistical significance of differences among forest types.]
FIGURE 4
Principal coordinates analysis (PCoA) ordinations of Bray-Curtis dissimilarities for soil bacterial (a) and fungal (b–f) communities studied across old-growth forest (black), naturally regenerating logged forest (orange) and actively restored logged forest (blue) using data merged at the site level (n = 9). p-values denote significance of differences in community composition across forest types in PERMANOVA tests. See Table 3 for a full summary of statistical test results.



TABLE 3 PERMANOVA test statistics for the effect of forest type on soil microbial community Bray-Curtis dissimilarities using data merged at the site level (n = 9). Significant p-values (< 0.05) are highlighted in bold.


	Soil microbial group
	R2
	F
	p





	Bacteria
	0.49
	2.89
	0.007



	Total fungi
	0.38
	1.85
	0.004



	Saprotrophic fungi
	0.36
	1.71
	0.004



	Mycorrhizal fungi
	0.29
	1.25
	0.006



	Ectomycorrhizal fungi
	0.28
	1.14
	0.074



	Pathogenic fungi
	0.37
	1.74
	0.007






Fungal guild relative abundances for total pathogens, plant pathogens, animal pathogens and lichens significantly differed by forest type (Figure 5 and Tables 1, 2). Total pathogenic and lichenized fungal relative abundances were significantly higher in old-growth relative to actively restored forest (naturally regenerating forest was similar to both old-growth and actively restored forest types for both fungal guilds), while plant pathogenic fungal relative abundance was significantly higher in old-growth relative to both logged forest types. Animal pathogenic fungal relative abundance was higher in naturally regenerating forest relative to actively restored forest (old-growth was similar to both logged forest types). PLFA analysis indicated no differences in total microbial, fungal or bacterial biomass or F:B between forest types (p > 0.05 in overall and pairwise tests).


[image: Bar chart showing relative abundance of fungal guilds by forest type: old-growth (black), naturally regenerating (yellow), and actively restored (blue). Saprotrophic and total mycorrhizal fungi have the highest abundance, particularly in naturally regenerating and actively restored forests. Plant and animal pathogenic fungi show significant differences, with old-growth having the highest abundance. Significant differences are indicated by asterisks and letters above bars.]
FIGURE 5
Relative abundances of fungal guilds (means ± 1 standard error) across old-growth forest (black), naturally regenerating logged forest (orange) and actively restored logged forest (blue) (n = 171). Horizontal bars and asterisks indicate significant overall effects of forest type on relative abundances of fungal guilds identified by linear mixed model or Kruskal-Wallis analysis, **p < 0.01, *p < 0.05. Lower case letters indicate statistically different or similar groups by forest type within fungal guilds at the p < 0.05 level identified in post hoc tests. See Table 2 for a summary of statistical test results. Means ± 1 standard error for fungal guilds with low relative abundances in old-growth forest (OG), naturally regenerating logged forest (NR) and actively restored logged forest (AR) are as follows: ericoid mycorrhizal fungi – OG: 0.09 ± 0.05, NR: 0.10 ± 0.03, AR: 0.14 ± 0.04; endophytic fungi - OG: 0.22 ± 0.07, NR: 0.47 ± 0.15, AR: 0.14 ± 0.08; epiphytic fungi - OG: 0.14 ± 0.11, NR: 0.05 ± 0.03, AR: 0.04 ± 0.02; lichenized fungi - OG: 1.45 ± 0.16, NR: 0.17 ± 0.04, AR: 0.05 ± 0.01.




3.2 Microbial indicators of forest types

Indicator analysis of bacterial taxa identified 566 significant indicator ASVs for old-growth forest, 99 for naturally regenerating forest and 139 for actively restored forest (Supplementary Data Sheet 2, see also for indicator ASV taxonomic classifications). At the phylum level, a larger proportion of indicator ASVs unique to old-growth appeared to belong to the Firmicutes in comparison to both logged forest types (Supplementary Figure 5a). Only two significant bacterial indicator ASVs were shared by old-growth and actively restored logged forest, both belonging to the phylum Firmicutes, class Bacilli (Alicyclobacillus sp. and Bacillus foraminis). 205 significant fungal indicator ASVs were identified for old-growth forest, 45 for naturally regenerating forest and 94 for actively restored forest. Notable differences in composition of fungal indicator taxa phyla was Mortierellomycota appearing to occur mostly only in old-growth forest, and Mucoromycota mostly only in actively restored forest (Supplementary Figure 5b). Four significant indicator ASVs were shared between old-growth and actively restored forest from the two phyla Ascomycota and Basidiomycota, and two classes Sordariomycetes and Tremellomycetes (Trichoderma deliquescens, Clonostachys rosea, Castanediella sp. and Saitozyma podzolica).



3.3 Soil physicochemical properties, microclimate and forest structural characteristics across old-growth, naturally regenerating and actively restored logged forest

Of all the soil physicochemical properties, microclimate and forest structural characteristics measured, only soil pH significantly differed between forest types (Table 4; overall model: R2 = 0.83, F = 50.56, p < 0.001). Post hoc tests identified significantly higher soil pH in old-growth forest relative to both logged forest types (p < 0.001), which did not significantly differ between themselves (p > 0.05). Mean understorey PAR was highest in naturally regenerating logged forest, although not significantly different due to high heterogeneity in this forest type.


TABLE 4 Soil physicochemical properties, microclimate and vegetation characteristics in old-growth forest, naturally regenerating logged forest and actively restored logged forest (means ± 1 standard deviation). Superscript letters indicate statistically different or similar groups at the p < 0.05 level identified in post hoc tests after linear mixed model analysis. Sample numbers analysed were n = 171 for soil and microclimate variables and n = 9 for forest structural characteristics (i.e., one value per site).


	Group
	Parameter
	Forest type



	
	
	Old-growth
	Naturally regenerating
	Actively restored





	Soil
	pH
	5.57 ± 0.42a
	4.02 ± 0.30b
	3.89 ± 0.19b



	C (%)
	5.87 ± 2.13
	5.31 ± 1.67
	4.25 ± 1.41



	N (%)
	0.44 ± 0.14
	0.40 ± 0.11
	0.31 ± 0.07



	C: N ratio
	13.23 ± 1.49
	13.26 ± 1.23
	13.52 ± 1.92



	Total P (μg g–1)
	478.42 ± 142.44
	253.39 ± 43.43
	348.49 ± 89.32



	Inorganic P (μg g–1)
	11.65 ± 7.63
	14.55 ± 5.22
	8.79 ± 4.23



	Microclimate
	Understory PAR (μmol m–2 s–1)
	60.75 ± 83.99
	144.37 ± 345.82
	82.77 ± 194.71



	Soil temperature (°C)
	26.29 ± 1.10
	24.88 ± 0.66
	26.37 ± 0.82



	Understory air temperature (°C)
	26.20 ± 0.69
	24.95 ± 0.44
	25.86 ± 0.49



	Forest structural
	Basal area (m–2 ha–1)
	93.55 ± 42.99
	117.92 ± 25.11
	141.36 ± 18.00



	Stem density (no. stems DBH ≥ 5 cm ha–1)
	896.97 ± 98.93
	1,336.99 ± 146.88
	1,091.60 ± 235.66



	Mean stem diameter (cm)
	26.23 ± 4.35
	28.61 ± 1.73
	27.21 ± 0.19









4 Discussion

We evaluated responses in soil microbial community attributes, soil physicochemical properties, microclimate and forest structural characteristics to active and passive restoration of logged Bornean lowland dipterocarp rainforest relative to old-growth forest across different spatial scales. Bacterial community attributes differed by forest type, including community composition (Figure 4a), alpha diversity metrics and rate of spatial turnover of taxa (Figures 3a, g, m), broadly supporting our first hypothesis. Specifically, results showed higher bacterial alpha diversity and lower rates of spatial turnover of taxa in naturally regenerating forest, in agreement with the observation that forest disturbance increases local bacterial diversity while homogenizing communities over larger spatial scales (Rodrigues et al., 2013). Although tropical forest disturbance is often accompanied by declines in both alpha and beta diversity of aboveground organisms (Bierregaard et al., 2001; Sodhi et al., 2009), this is not necessarily the case for belowground microbial communities where the opposite trend may be seen in local diversity patterns (Petersen et al., 2019). As discussed by Rodrigues et al. (2013), this “decoupling” of alpha and beta diversity with disturbance may depend on the relative effects of disturbance on ecosystem productivity. For example, alpha diversity in aboveground communities has been shown to increase with disturbance when productivity rates are higher in resulting ecosystems (Smart et al., 2006). In microbial terms, old-growth rainforests may be characterized by relatively low belowground productivity compared to adjacent open ecosystems created through anthropogenic disturbance (Cenciani et al., 2009; Cerri et al., 2004). In the current study system, increased bacterial alpha diversity with SL may potentially result from changes in vegetation characteristics, e.g., changes in tree community composition, or increasing understorey vegetation through creation of canopy gaps (Denslow, 1995) affecting the quality and quantity of plant inputs to the soil, improving effective resource availability (Cenciani et al., 2009; Cerri et al., 2004) and creating different ecological niches for bacterial communities (Zhang et al., 2018). This observation is congruent with the intermediate disturbance hypothesis, which predicts increases in diversity with a certain level of disturbance (Ferrenberg et al., 2013; Galand et al., 2016; Wilkinson, 1999; Zhang et al., 2011). While the measured soil properties were largely similar between forest types, soil pH, an important determinant of bacterial communities in Southeast Asian tropical forests (Tripathi et al., 2012), was significantly greater in old-growth forest sites (Table 4). The observed differences in soil bacterial community attributes disagree with some previous work in the same region of Borneo that found bacterial communities and diversity to be broadly resilient to selective logging (Lee-Cruz et al., 2013; Tripathi et al., 2016). This is likely due to the coarse spatial sampling resolution used in these studies to evaluate alpha and beta diversity (composite samples comprising soil collected up to 200 m apart). As bacterial community structure can vary considerably over meter-and centimeter-scales (O’ Brien et al., 2016), sampling resolution of previous surveys may be inappropriate for evaluating bacterial diversity and biogeographical patterns in response to forest ecosystem disturbance. The findings of the present study highlight the need for landscape studies of soil microbial diversity to incorporate fine spatial scale approaches to identify impacts and implications for biogeochemical cycling. Although clear differences in bacterial alpha diversity and spatial turnover of taxa were detected in naturally regenerating forest, findings suggest that restoration of selectively forest by enrichment planting can recover these metrics to levels comparable to old-growth forest. Bacterial alpha diversity may have potential as an indicator of rehabilitation of selectively logged forest, with lower values representing ecosystem recovery. This is opposite to trends in bacterial alpha diversity used to monitor progress of forest rehabilitation after total clearance, which can increase with replanting (Nurulita et al., 2016). This emphasizes the importance of disturbance history in identifying appropriate context-specific recovery indicators. Indicator analysis revealed old-growth forest bacterial communities harbor a large number of unique taxa that are not found in nearby logged forest, also evident for soil fungi (Supplementary Figure 5a, b), suggesting some aspects of ecosystem complexity are lost through disturbance and not recovered after almost two decades of active restoration or natural regeneration. A large proportion of unique bacterial taxa in old-growth forest belonged to the Firmicutes, a phylum associated with high soil C availability and resilience to environmental (microclimatic) perturbations (Battistuzzi and Hedges, 2009; Rodrigues et al., 2013), that were largely absent in unique taxa of both logged forests. While we found no differences in total soil carbon between forest types, greater abundance of unique taxa in this phylum may result from changes in the quality of plant-derived carbon inputs to the soil, e.g., logging disturbance has been linked to increased recalcitrance of tree litter carbon and reduced functional breadth of microbial decomposer communities relative to old-growth forest in the same area (Elias et al., 2020).

Some fungal community attributes also differed by forest type. While results broadly agree with observed logging disturbance effects of fungal communities (Kerfahi et al., 2014; McGuire et al., 2015; Robinson et al., 2020; Robinson et al., 2024), our results did not corroborate our prediction that overall fungal community composition would be more similar between old-growth and actively restored forest. Total, saprotrophic, and mycorrhizal fungal communities significantly differed by forest type, with old-growth forest communities appearing distinct from naturally regenerating and actively restored forest which were generally more similar (Figures 4b–f). Differences observed in the composition and rate of spatial turnover of mycorrhizal communities across forest types is consistent with studies showing high sensitivity of mycorrhizae to logging disturbance, likely due to the targeted extraction of ectomycorrhizal-associating dipterocarp trees (Kerfahi et al., 2014; Robinson et al., 2020; Robinson et al., 2024). The composition of mycorrhizal and ectomycorrhizal fungal communities in actively restored forest appeared even more distant to old-growth forest than naturally regenerating forest (Figures 4d, e), possibly reflecting differences in the mycorrhizal associations of tree species selected for planting during active restoration and those removed during timber extraction. Similarly, the rate of spatial turnover of mycorrhizal taxa was most different between old-growth and actively restored forest (the latter approximately three times lower), with rates in naturally regenerating forest similar to both (Figure 3p). Mean overall mycorrhizal and ectomycorrhizal richness, Shannon alpha diversity and relative abundances were also highest in actively restored forest, but did not significantly differ due to high variability (and likely resulting from low number of true spatial replicates in each forest type). There were surprisingly few fungal taxa shared between old-growth and actively restored forest (420 ASVs; Supplementary Figure 3b) relative to those shared between the two logged forest types (1,334 ASVs), or even old-growth and naturally regenerating forest (659 ASVs) – a pattern also evident in bacteria (384 shared between old-growth and actively restored forest; 2,843 between logged forest types; 1,047 between old-growth and naturally regenerating forest; Supplementary Figure 3a). This suggests that some taxa may be lost due to current restoration practices that are otherwise present in both old-growth and naturally regenerating forest. This is reflected in the lower total fungal alpha diversity in actively restored forest relative to old-growth (Figures 3b, h), which is likely driven by lower saprotrophic fungal alpha diversity (Figures 3c, i) as this guild represented the largest proportion of total fungal reads (47.17%). These findings may be potentially related to long-term control of liana species which have their own soil microbial associations (McGuire et al., 2008; Schnitzer et al., 2005), and removal of understorey vegetation which is practiced in these study sites. Vegetation removal may alter plant litter inputs, which in turn can affecting resulting microbial decomposer communities (Shi et al., 2019). Further study of the effects of liana and understorey vegetation removal through controlled field experiments (i.e., enrichment planting with and without additional vegetation clearance) is required to unpick the underlying drivers of these observations, and possible role in the impediment of fungal community recovery toward characteristics of old-growth forest.

No differences were found in indicators of overall microbial biomass between forest types, refuting our second hypothesis and contrasting with previous studies observing clear reductions in MBC in degraded forest relative to old-growth (Deng et al., 2010; Nurulita et al., 2016), or higher MBC in restored versus unrestored forest (Daljit Singh et al., 2013). In the present study, it is possible either microbial biomass was unaffected by logging in these forests, or returned to comparable levels with old-growth in both logged forest types with natural or managed regeneration during time since disturbance. The small number of samples used for analysis (n = 32) may also have contributed to lack of differences found due to a large amount of within- forest type (and site) variation.

Of all the soil physicochemical properties, microclimate and forest structural characteristics measured, only soil pH was affected by forest type (third hypothesis) with more acidic soils found in both logged forest types relative to old-growth (Table 4). Interestingly, bacterial alpha diversity was found to be higher in unrestored forest soils relative to old-growth despite lower pH, contrasting with studies across multiple biomes (including Malaysia) which found bacterial alpha diversity to increase with soil neutrality over land-use gradients (Lauber et al., 2009; Tripathi et al., 2012). Bacterial alpha diversity may therefore be influenced more strongly by altered litter inputs while soil microbial successional processes are still underway, rather than soil pH which may govern attributes of climax bacterial communities (also see Robinson et al., 2024).



5 Conclusion

In conclusion, while many soil properties and soil microbial attributes were similar across forest types, our results demonstrate contrasting responses of different soil microbial groups to active and passive restoration of selectively logged forest. Bacterial and fungal community composition remained generally more similar between logged forest types and more distinct in old-growth forest following 18 years of natural regeneration or enrichment planting. Bacterial alpha diversity and spatial turnover of bacterial taxa may recover toward old-growth forest levels with active restoration, while fungal alpha diversity showed slower signs of recovery largely due to saprotrophic fungal alpha diversity remaining lower in both logged forest types relative to old-growth forest. The composition and rate of spatial turnover in mycorrhizal communities was most different between old-growth forest and actively restored forest, possibly resulting from discrepancies in respective mycorrhizal associations of tree species planted during restoration and those removed during timber harvest. Few fungal taxa were shared between old-growth and actively restored forest, indicating recovery of soil microbial communities may be impeded by current management practices, with implications for carbon cycling. Further study into the effects of liana and understorey vegetation removal through controlled experimentation is required to test underlying mechanisms. Taken together our findings emphasize the importance of evaluating belowground microbial communities during forest restoration, particularly at fine spatial (cm to m) scales, to evaluate and predict recovery of biodiversity and ecosystem functions in human modified tropical forest.



Data availability statement

The molecular datasets generated for this study are available through the National Center for Biotechnology Information Sequence Read Archive (NCBI-SRA), Project no.: PRJNA1218937 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1218937). The datasets of soil microbial community attributes (including ASV abundance tables, associated taxonomic and functional classifications, diversity indices, relative abundances of fungal guilds), soil properties, forest structural and microclimate parameters are available through the UKCEH Environmental Information Data Centre (EIDC) as part of the NERC Environmental Data Service (Robinson et al., 2025; https://doi.org/10.5285/08bfe302-d33f-490d-97be-27bb83a0f38d).



Author contributions

SR: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review and editing. DE: Conceptualization, Investigation, Methodology, Writing – original draft, Writing – review and editing. TG: Data curation, Methodology, Writing – original draft, Writing – review and editing. NiM: Conceptualization, Supervision, Writing – original draft, Writing – review and editing. RG: Supervision, Writing – original draft, Writing – review and editing, Methodology. NoM: Conceptualization, Supervision, Writing – original draft, Writing – review and editing. YW: Conceptualization, Supervision, Writing – original draft, Writing – review and editing. NO: Conceptualization, Supervision, Writing – original draft, Writing – review and editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded through the UK Natural Environment Research Council (NERC) Human Modified Tropical Forests Programme. This publication is a contribution from the NERC Biodiversity and Land-use Impacts on Tropical Ecosystem Function (BALI) consortium [NE/K016253/1]. SR received additional funding from the NERC ENVISION: Developing next generation leaders in environmental science Doctoral Training Scheme [NE/L002604/1]. SR, DE and NM were also supported by NERC as part of the NC International Programme [NE/X006247/1] delivering National Capability.



Acknowledgments

We express our gratitude to the Sabah Biodiversity Council (SaBC), Yayasan Sabah (Sabah Foundation), Glen Reynolds and the South East Asia Rainforest Research Partnership (SEARRP) for support and granting permission to access field sites [SaBC Access License no. JKM/MBS.1000-2/2 JLD.6 (16)]. We thank Asni Bin Bulot at INFAPRO for his assistance in the field. We are extremely grateful to Laura Kruitbos and Unding Jami for project support and all research assistants in Sabah, without whom this study would not have been possible. We thank James Guy for assistance in soil PLFA analysis.



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.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



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.2025.1570294/full#supplementary-material




References

	Abarenkov, K., Nilsson, R. H., Larsson, K.-H., Alexander, I. J., Eberhardt, U., Erland, S., et al. (2010). The UNITE database for molecular identification of fungi – recent updates and future perspectives. New Phytol. 186, 281–285. doi: 10.1111/j.1469-8137.2009.03160.x

	Allen, S. E. (1989). Chemical analysis of ecological materials, 2nd Edn. Oxford: Blackwell Scientific.

	Anderson, J. M. and Ingram, J. S. I. (1993). Tropical soil biology and fertility: a handbook of methods. 2nd Edn. Wallingford: CAB International.

	Appanah, S., and Turnbull, J. M. (1998). A Review of Dipterocarps: Taxonomy, Ecology and Silviculture. Available online at: http://www.cifor.org/publications/pdf_files/Books/Dipterocarps.pdf (accessed July 23, 2025).

	Asner, G. P., Brodrick, P. G., Philipson, C., Vaughn, N. R., Martin, R. E., Knapp, D. E., et al. (2018). Mapped aboveground carbon stocks to advance forest conservation and recovery in Malaysian Borneo. Biol. Conserv. 217, 289–310. doi: 10.1016/j.biocon.2017.10.020

	Axelsson, E. P., Grady, K. C., Alloysius, D., Falck, J., Lussetti, D., Vairappan, C. S., et al. (2024). Lessons learned from 25 years of operational large-scale restoration: The Sow-A-Seed project, Sabah, Borneo. Ecol. Eng. 206:107282. doi: 10.1016/j.ecoleng.2024.107282

	Bååth, E., and Anderson, T. H. (2003). Comparison of soil fungal/bacterial ratios in a pH gradient using physiological and PLFA-based techniques. Soil Biol. Biochem. 35, 955–963. doi: 10.1016/S0038-0717(03)00154-8

	Baccini, A., Walker, W., Carvalho, L., Farina, M., Sulla-Menashe, D., and Houghton, R. A. (2017). Tropical forests are a net carbon source based on aboveground measurements of gain and loss. Science 358:230. doi: 10.1126/science.aam5962

	Banin, L. F., Raine, E. H., Rowland, L. M., Chazdon, R. L., Smith, S. W., Rahman, N. E. B., et al. (2023). The road to recovery: A synthesis of outcomes from ecosystem restoration in tropical and sub-tropical Asian forests. Philos. Trans. R. Soc. B Biol. Sci. 378:20210090. doi: 10.1098/rstb.2021.0090

	Banning, N. C., Gleeson, D. B., Grigg, A. H., Grant, C. D., Andersen, G. L., Brodie, E. L., et al. (2011). Soil microbial community successional patterns during forest ecosystem restoration. Appl. Environ. Microbiol. 77:6158. doi: 10.1128/AEM.00764-11

	Barreto, D. P., Conrad, R., Klose, M., Claus, P., and Enrich-Prast, A. (2014). Distance-decay and taxa-area relationships for bacteria, archaea and methanogenic archaea in a tropical lake sediment. PLoS One 9:e110128. doi: 10.1371/journal.pone.0110128

	Bartholomew, D. C., Hayward, R., Burslem, D. F. R. P., Bittencourt, P. R. L., Chapman, D., Bin Suis, M. A. F., et al. (2024). Bornean tropical forests recovering from logging at risk of regeneration failure. Glob. Change Biol. 30:e17209. doi: 10.1111/gcb.17209

	Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.v067.i01

	Battistuzzi, F. U., and Hedges, S. B. (2009). A major clade of prokaryotes with ancient adaptations to life on land. Mol. Biol. Evol. 26, 335–343. doi: 10.1093/molbev/msn247

	Berga, M., Székely, A. J., and Langenheder, S. (2012). Effects of disturbance intensity and frequency on bacterial community composition and function. PLoS One 7:e36959. doi: 10.1371/journal.pone.0036959

	Berruti, A., Desirò, A., Visentin, S., Zecca, O., and Bonfante, P. (2017). ITS fungal barcoding primers versus 18S AMF-specific primers reveal similar AMF-based diversity patterns in roots and soils of three mountain vineyards. Environ. Microbiol. Rep. 9, 658–667. doi: 10.1111/1758-2229.12574

	Bever, J. D., Dickie, I. A., Facelli, E., Facelli, J. M., Klironomos, J., Moora, M., et al. (2010). Rooting theories of plant community ecology in microbial interactions. Trends Ecol. Evol. 25, 468–478. doi: 10.1016/j.tree.2010.05.004

	Bierregaard, R. O. Jr., Gascon, C., Lovejoy, T. E., and Mesquita, R. (2001). Lessons from Amazonia: The ecology and conservation of a fragmented forest. New Haven, CT: Yale University Press.

	Bonner, M. T. L., Allen, D. E., Brackin, R., Smith, T. E., Lewis, T., Shoo, L. P., et al. (2019). Tropical rainforest restoration plantations are slow to restore the soil biological and organic carbon characteristics of old growth rainforest. Microb. Ecol. 79, 432–442. doi: 10.1007/s00248-019-01414-7

	Both, S., Riutta, T., Paine, C. E. T., Elias, D. M. O., Cruz, R. S., Jain, A., et al. (2019). Logging and soil nutrients independently explain plant trait expression in tropical forests. New Phytol. 221, 1853–1865. doi: 10.1111/nph.15444

	Bray, R. H. and Kurtz, L. T. (1945). Determination of total, organic, and available forms of phosphorus in soils. Soil Sci. 59, 39–46. doi: 10.1097/00010694-194501000-00006

	Callahan, B. J., Mcmurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

	Celis, G., and Jose, S. (2011). Restoring abandoned pasture land with native tree species in Costa Rica: Effects of exotic grass competition and light. Forest Ecol. Manag. 261, 1598–1604. doi: 10.1016/j.foreco.2010.10.005

	Cenciani, K., Lambais, M. R., Cerri, C. C., Azevedo, L. C. B. D., and Feigl, B. J. (2009). Bacteria diversity and microbial biomass in forest, pasture and fallow soils in the Southwestern Amazon basin. Rev. Bras. Ciênc. Solo 33, 907–916. doi: 10.1590/s0100-06832009000400015

	Cerri, C. E. P., Paustian, K., Bernoux, M., Victoria, R. L., Melillo, J. M., and Cerri, C. C. (2004). Modeling changes in soil organic matter in Amazon forest to pasture conversion with the Century model. Glob. Change Biol. 10, 815–832. doi: 10.1111/j.1365-2486.2004.00759.x

	Chazdon, R. L. (2008). Beyond deforestation: Restoring forests and ecosystem services on degraded lands. Science 320, 1458–1460. doi: 10.1126/science.1155365

	Chen, W., Simpson, J., and Levesque, C. A. (2018). RAM: R for Amplicon-Sequencing-Based Microbial-Ecology. Available online at: https://CRAN.R-project.org/package=RAM (accessed April 27, 2022).

	CIFOR-ICRAF. (2024). INFAPRO Rehabilitation of Logged-over Dipterocarp Forest in Sabah, Malaysia. Available online at: https://www.reddprojectsdatabase.org/558-infapro-rehabilitation-of-logged-over-dipterocarp-forest-in-sabah-malaysia/ (accessed July 23, 2025).

	Cortois, R., Schröder-Georgi, T., Weigelt, A., van der Putten, W. H., and de Deyn, G. B. (2016). Plant–soil feedbacks: Role of plant functional group and plant traits. J. Ecol. 104, 1608–1617. doi: 10.1111/1365-2745.12643

	Daisuke, H., Tanaka, K., Joseph Jawa, K., Ikuo, N., and Katsutoshi, S. (2013). Rehabilitation of degraded tropical rainforest using dipterocarp trees in Sarawak, Malaysia. Int. J. For. Res. 2013:683017. doi: 10.1155/2013/683017

	Daljit Singh, K. S., Arifin, A., Radziah, O., Shamshuddin, J., Hazandy, A. H., Majid, N. M., et al. (2013). Status of soil microbial population, enzymatic activity and biomass of selected natural, secondary and rehabilitated forests. Am. J. Environ. Sci. 9, 301–309. doi: 10.3844/ajessp.2013.301.309

	de Cáceres, M., and Legendre, P. (2009). Associations between species and groups of sites: Indices and statistical inference. Ecology 90, 3566–3574. doi: 10.1890/08-1823.1

	de Deyn, G. B., Shiel, R. S., Ostle, N. J., McNamara, N. P., Oakley, S., Young, I., et al. (2011). Additional carbon sequestration benefits of grassland diversity restoration. J. Appl. Ecol. 48, 600–608. doi: 10.1111/j.1365-2664.2010.01925.x

	Deng, H., Zhang, B., Yin, R., Wang, H.-l, Mitchell, S., Griffiths, B., et al. (2010). Long-term effect of re-vegetation on the microbial community of a severely eroded soil in sub-tropical China. Plant Soil 328, 447–458. doi: 10.1007/s11104-009-0124-9

	Denslow, J. S. (1995). Disturbance and diversity in tropical rain forests: The density effect. Ecol. Appl. 5, 962–968. doi: 10.2307/2269347

	Don, A., Schumacher, J., and Freibauer, A. (2011). Impact of tropical land-use change on soil organic carbon stocks - A meta-analysis. Glob. Change Biol. 17, 1658–1670. doi: 10.1111/j.1365-2486.2010.02336.x

	Elias, D. M. O., Robinson, S., Both, S., Goodall, T., Majalap-Lee, N., Ostle, N. J., et al. (2020). Soil microbial community and litter quality controls on decomposition across a tropical forest disturbance gradient. Front. For. Glob. Change 3:81. doi: 10.3389/ffgc.2020.00081

	Ellis, P., Griscom, B., Walker, W., Gonçalves, F., and Cormier, T. (2016). Mapping selective logging impacts in Borneo with GPS and airborne lidar. For. Ecol. Manage. 365, 184–196. doi: 10.1016/j.foreco.2016.01.020

	Face the Future. (2025). INFAPRO Restoration of Tropical Rainforest: Sabah, Malaysia. Available online at: https://facethefuture.com/projects/sabah-maleisie-bosherstel-en-bescherming (accessed July 23, 2025).

	Ferrenberg, S., O’Neill, S., Knelman, J. E., Todd, B., Duggan, S., Bradley, D., et al. (2013). Changes in assembly processes in soil bacterial communities following a wildfire disturbance. ISME J. 7, 1102–1111. doi: 10.1038/ismej.2013.11

	Galand, P. E., Lucas, S., Fagervold, S. K., Peru, E., Pruski, A. M., Vétion, G., et al. (2016). Disturbance increases microbial community diversity and production in marine sediments. Front. Microbiol. 7:1950. doi: 10.3389/fmicb.2016.01950

	Gaveau, D. L. A., Sheil, D., Husnayaen, Salim, M. A., Arjasakusuma, S., Ancrenaz, M., et al. (2016). Rapid conversions and avoided deforestation: Examining four decades of industrial plantation expansion in Borneo. Sci. Rep. 6:32017. doi: 10.1038/srep32017

	Gaveau, D. L. A., Sloan, S., Molidena, E., Yaen, H., Sheil, D., Abram, N. K., et al. (2014). Four decades of forest persistence, clearance and logging on Borneo. PLoS One 9:e101654. doi: 10.1371/journal.pone.0101654

	Gibson, L., Lee, T. M., Koh, L. P., Brook, B. W., Gardner, T. A., Barlow, J., et al. (2011). Primary forests are irreplaceable for sustaining tropical biodiversity. Nature 478:378. doi: 10.1038/nature10425

	Green, J. L., Holmes, A. J., Westoby, M., Oliver, I., Briscoe, D., Dangerfield, M., et al. (2004). Spatial scaling of microbial eukaryote diversity. Nature 432:747. doi: 10.1038/nature03034

	Haack, S. K., Garchow, H., Odelson, D. A., Forney, L. J., and Klug, M. J. (1994). Accuracy, reproducibility, and interpretation of fatty acid methyl ester profiles of model bacterial communities. Appl. Environ. Microbiol. 60:2483. doi: 10.1128/aem.60.7.2483-2493.1994

	Hart, M. M., Aleklett, K., Chagnon, P. L., Egan, C., Ghignone, S., Helgason, T., et al. (2015). Navigating the labyrinth: A guide to sequence-based, community ecology of arbuscular mycorrhizal fungi. New Phytol. 207, 235–247. doi: 10.1111/nph.13340

	Hayward, R. M., Banin, L. F., Burslem, D. F. R. P., Chapman, D. S., Philipson, C. D., Cutler, M. E. J., et al. (2021). Three decades of post-logging tree community recovery in naturally regenerating and actively restored dipterocarp forest in Borneo. For. Ecol. Manage. 488:119036. doi: 10.1016/j.foreco.2021.119036

	Ihrmark, K., Bödeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J., et al. (2012). New primers to amplify the fungal ITS 2 region – Evaluation by 454-sequencing of artificial and natural communities. FEMS Microbiol. Ecol. 82, 666–677. doi: 10.1111/j.1574-6941.2012.01437.x

	Jesus, E. D. C., Marsh, T. L., Tiedje, J. M., and Moreira, F. M. D. S. (2009). Changes in land use alter the structure of bacterial communities in Western Amazon soils. ISME J. 3, 1004–1011. doi: 10.1038/ismej.2009.47

	Keenan, R. J., Reams, G. A., Achard, F., De Freitas, J. V., Grainger, A. and Lindquist, E. (2015). Dynamics of global forest area: Results from the FAO Global Forest Resources Assessment 2015. For. Ecol. Manage. 352, 9–20. doi: 10.1016/j.foreco.2015.06.014

	Kerfahi, D., Tripathi, B. M., Lee, J., Edwards, D. P., and Adams, J. M. (2014). The impact of selective-logging and forest clearance for oil palm on fungal communities in Borneo. PLoS One 9:e111525. doi: 10.1371/journal.pone.0111525

	Kozich, J., Schloss, P., Baxter, N., Jenior, M., Koumpouras, C., and Bishop, L. (2019). 16S rRNA Sequencing with the Illumina MiSeq: Library Generation, QC, & Sequencing - Version 6.0. Available online at: https://github.com/SchlossLab/MiSeq_WetLab_SOP/blob/master/MiSeq_WetLab_SOP.md (accessd Auguest 8, 2019).

	Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D. (2013). Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 79:5112. doi: 10.1128/AEM.01043-13

	Kumagai, T. O., and Porporato, A. (2012). Drought-induced mortality of a Bornean tropical rain forest amplified by climate change. J. Geophys. Res. 117:G02032. doi: 10.1029/2011JG001835

	Landon, J. R. (1984). Booker tropical soil manual: A handbook for soil survey and agricultural land evaluation in the tropics and subtropics. London: Booker Agriculture International.

	Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial community structure at the continental scale. Appl. Environ. Microbiol. 75:5111. doi: 10.1128/AEM.00335-09

	Lechevalier, H., and Lechevalier, M. P. (1988). “Chemotaxonomic use of lipids - An overview,” in Microbial Lipids, eds C. Ratledge and S. G. Wilkinson (Cambridge, MA: Academic Press), 869–902.

	Lee-Cruz, L., Edwards, D. P., Tripathi, B. M., and Adams, J. M. (2013). Impact of logging and forest conversion to oil palm plantations on soil bacterial communities in Borneo. Appl. Environ. Microbiol. 79:7290. doi: 10.1128/AEM.02541-13

	Legendre, P., and Borcard, D. (2018). Box-Cox-chord transformations for community composition data prior to beta diversity analysis. Ecography 41, 1820–1824. doi: 10.1111/ecog.03498

	Lekberg, Y., Vasar, M., Bullington, L. S., Sepp, S. K., Antunes, P. M., Bunn, R., et al. (2018). More bang for the buck? Can arbuscular mycorrhizal fungal communities be characterized adequately alongside other fungi using general fungal primers? New Phytol. 220, 971–976. doi: 10.1111/nph.15035

	Lenth, R. S., Henrik, S., Love, J., Buerkner, P., and Herve, M. (2019). Estimated Marginal Means, aka Least-Squares Means. Available online at: https://CRAN.R-project.org/package=emmeans (accessed July 11, 2025).

	Marsh, C. J., Turner, E. C., Wong Blonder, B., Bongalov, B., Both, S., Cruz, R. S., et al. (2025). Tropical forest clearance impacts biodiversity and function, whereas logging changes structure. Science 387, 171–175. doi: 10.1126/science.adf9856

	Marsh, C. W., and Greer, A. G. (1992). Forest land-use in Sabah, Malaysia: An introduction to Danum Valley. Philos. Trans. R. Soc. B Biol. Sci. 335, 331–339. doi: 10.1098/rstb.1992.0025

	Martiny, J. B. H., Bohannan, B. J. M., Brown, J. H., Colwell, R. K., Fuhrman, J. A., Green, J. L., et al. (2006). Microbial biogeography: Putting microorganisms on the map. Nat. Rev. Microbiol. 4, 102–112. doi: 10.1038/nrmicro1341

	McGuire, K., D’Angelo, H., Brearley, F., Gedallovich, S., Babar, N., Yang, N., et al. (2015). Responses of soil fungi to logging and oil palm agriculture in Southeast Asian tropical forests. Microb. Ecol. 69, 733–747. doi: 10.1007/s00248-014-0468-4

	McGuire, K., Henkel, T., Granzow de la Cerda, I., Villa, G., Edmund, F., and Andrew, C. (2008). Dual mycorrhizal colonization of forest-dominating tropical trees and the mycorrhizal status of non-dominant tree and liana species. Mycorrhiza 18, 217–222. doi: 10.1007/s00572-008-0170-9

	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. doi: 10.1371/journal.pone.0061217

	Melo, F. P. L., Arroyo-Rodríguez, V., Fahrig, L., Martínez-Ramos, M., and Tabarelli, M. (2013). On the hope for biodiversity-friendly tropical landscapes. Trends Ecol. Evol. 28, 462–468. doi: 10.1016/j.tree.2013.01.001

	Morlon, H., Chuyong, G., Condit, R., Hubbell, S., Kenfack, D., Thomas, D., et al. (2008). A general framework for the distance–decay of similarity in ecological communities. Ecol. Lett. 11, 904–917. doi: 10.1111/j.1461-0248.2008.01202.x

	Moura Costa, P. (1996). Tropical forestry practices for carbon sequestration: A review and case study from Southeast Asia. Ambio 25, 279–283.

	Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A., and Kent, J. (2000). Biodiversity hotspots for conservation priorities. Nature 403:853. doi: 10.1038/35002501

	Nekola, J. C., and White, P. S. (1999). The distance decay of similarity in biogeography and ecology. J. Biogeogr. 26, 867–878. doi: 10.1046/j.1365-2699.1999.00305.x

	Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al. (2016). FUNGuild: An open annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 20, 241–248. doi: 10.1016/j.funeco.2015.06.006

	Nurulita, Y., Adetutu, E. M., Gunawan, H., Zul, D., and Ball, A. S. (2016). Restoration of tropical peat soils: The application of soil microbiology for monitoring the success of the restoration process. Agricult. Ecosyst. Environ. 216, 293–303. doi: 10.1016/j.agee.2015.09.031

	O’ Brien, S. L., Gibbons, S. M., Owens, S. M., Hampton-Marcell, J., Johnston, E. R., Jastrow, J. D., et al. (2016). Spatial scale drives patterns in soil bacterial diversity. Environ. Microbiol. 18, 2039–2051. doi: 10.1111/1462-2920.13231

	Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., O’Hara, R. B., Simpson, G. L., et al. (2019). Vegan: Community Ecology Package. Available online at: https://cran.r-project.org/package=vegan (accessed May 6, 2025).

	O’Leary, W. M., and Wilkinson, S. G. (1988). “Gram-positive bacteria,” in Microbial lipids, eds C. Ratledge and S. G. Wilkinson (Cambridge, MA: Academic Press), 117–201.

	Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., et al. (2011). A large and persistent carbon sink in the world’s forests. Science 333, 988–993. doi: 10.1126/science.1201609

	Paul, M., Catterall, C. P., Pollard, P. C., and Kanowski, J. (2010). Recovery of soil properties and functions in different rainforest restoration pathways. For. Ecol. Manage. 259, 2083–2092. doi: 10.1016/j.foreco.2010.02.019

	Perumal, M., Wasli, M. E., and Lat, J. (2016). “Effects of enrichment planting on the soil physicochemical properties at reforestation sites planted with Shorea macrophylla de Vriese in Sampadi Forest Reserve, Sarawak, Malaysia,” in Proceedings of the symposium “Frontier in tropical forest research: Progress in joint projects between the Forest Department Sarawak and the Japan Research Consortium for Tropical Forests in Sarawak”, (Kuching).

	Petersen, I. A. B., Meyer, K. M., and Bohannan, B. J. M. (2019). Meta-analysis reveals consistent bacterial responses to land use change across the tropics. Front. Ecol. Evol. 7:391. doi: 10.3389/fevo.2019.00391

	Philipson, C. D., Cutler, M. E. J., Brodrick, P. G., Asner, G. P., Boyd, D. S., Moura Costa, P., et al. (2020). Active restoration accelerates the carbon recovery of human-modified tropical forests. Science 369, 838–841. doi: 10.1126/science.aay4490

	Potapov, P., Hansen, M. C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C., et al. (2017). The last frontiers of wilderness: Tracking loss of intact forest landscapes from 2000 to 2013. Sci. Adv. 3:e1600821. doi: 10.1126/sciadv.1600821

	Potapov, P., Yaroshenko, A., Turubanova, S., Dubinin, M., Laestadius, L., Thies, C., et al. (2008). Mapping the world’s intact forest landscapes by remote sensing. Ecol. Soc. 13:51. doi: 10.5751/ES-02670-130251

	Powers, R. P., and Jetz, W. (2019). Global habitat loss and extinction risk of terrestrial vertebrates under future land-use-change scenarios. Nat. Clim. Change 9, 323–329. doi: 10.1038/s41558-019-0406-z

	Qie, L., Lewis, S., Sullivan, M., Lopez-Gonzalez, G., Pickavance, G., Sunderland, T., et al. (2017). Long-term carbon sink in Borneo’s forests halted by drought and vulnerable to edge effects. Nat. Commun. 8, 1966–1966. doi: 10.1038/s41467-017-01997-0

	R Core Team. (2025). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

	Reynolds, G., Payne, J., Sinun, W., Mosigil, G., and Walsh, R. P. D. (2011). Changes in forest land use and management in Sabah, Malaysian Borneo, 1990–2010, with a focus on the Danum Valley region. Philos. Trans. R. Soc. B 366, 3168–3176. doi: 10.1098/rstb.2011.0154

	Rinnan, R., and Bååth, E. (2009). Differential utilization of carbon substrates by bacteria and fungi in tundra soil. Appl. Environ. Microbiol. 75:3611. doi: 10.1128/AEM.02865-08

	Riutta, T., Malhi, Y., Kho, L. K., Marthews, T. R., Huaraca Huasco, W., Khoo, M., et al. (2018). Logging disturbance shifts net primary productivity and its allocation in Bornean tropical forests. Glob. Change Biol. 24, 2913–2928. doi: 10.1111/gcb.14068

	Robinson, S. J. B., Elias, D., Johnson, D., Both, S., Riutta, T., Goodall, T., et al. (2020). Soil fungal community characteristics and mycelial production across a disturbance gradient in lowland dipterocarp rainforest in Borneo. Front. For. Glob. Change 3:64. doi: 10.3389/ffgc.2020.00064

	Robinson, S. J. B., Elias, D. M. O., Goodall, T., McNamara, N., Griffiths, R., Majalap, N., et al. (2025). Soil microbial communities, soil, environmental and forest structural properties across old-growth forest and naturally regenerating or actively restored selectively logged tropical forest in Sabah, Borneo, March 2018 v2. Lancaster: NERC EDS Environmental Data Centre. doi: 10.5285/08bfe302-d33f-490d-97be-27bb83a0f38d

	Robinson, S. J. B., Elias, D. M. O., Goodall, T., Nottingham, A. T., McNamara, N. P., Griffiths, R., et al. (2024). Selective logging impacts on soil microbial communities and functioning in Bornean tropical forest. Front. Microbiol. 15:1447999. doi: 10.3389/fmicb.2024.1447999

	Rodrigues, J. L. M., Pellizari, V. H., Mueller, R., Baek, K., Jesus, E. D. C., Paula, F. S., et al. (2013). Conversion of the Amazon rainforest to agriculture results in biotic homogenization of soil bacterial communities. Proc. Natl. Acad. Sci. U. S. A. 110, 988–993. doi: 10.1073/pnas.1220608110

	Rodrigues, R., Lima, R., Gandolfi, S., and Nave, A. (2009). On the restoration of high diversity forests: 30 years of experience in the Brazilian Atlantic Forest. Biol. Conserv. 142, 1242–1251. doi: 10.1016/j.biocon.2008.12.008

	Schnitzer, S. A., Kuzee, M. E., and Bongers, F. (2005). Disentangling above- and below-ground competition between lianas and trees in a tropical forest. J. Ecol. 93, 1115–1125. doi: 10.1111/j.1365-2745.2005.01056.x

	Shi, L., Dossa, G. G. O., Paudel, E., Zang, H., Xu, J., and Harrison, R. D. (2019). Changes in fungal communities across a forest disturbance gradient. Appl. Environ. Microbiol. 85:e00080-19. doi: 10.1128/AEM.00080-19

	Shoo, L. P., Freebody, K., Kanowski, J., and Catterall, C. P. (2016). Slow recovery of tropical old-field rainforest regrowth and the value and limitations of active restoration. Conserv. Biol. 30, 121–132. doi: 10.1111/cobi.12606

	Smart, S. M., Thompson, K., Marrs, R. H., Le Duc, M. G., Maskell, L. C., and Firbank, L. G. (2006). Biotic homogenization and changes in species diversity across human-modified ecosystems. Proc. R. Soc. B Biol. Sci. 273, 2659–2665. doi: 10.1098/rspb.2006.3630

	Sodhi, N. S., Lee, T. M., Koh, L. P., and Brook, B. W. (2009). A meta-analysis of the impact of anthropogenic forest disturbance on Southeast Asia’s biotas. Biotropica 41, 103–109. doi: 10.1111/j.1744-7429.2008.00460.x

	Stibig, H. J., Achard, F., Carboni, S., Raši, R., and Miettinen, J. (2014). Change in tropical forest cover of Southeast Asia from 1990 to 2010. Biogeosciences 11, 247–258. doi: 10.5194/bg-11-247-2014

	Strickland, M. S., Callaham, M. A., Gardiner, E. S., Stanturf, J. A., Leff, J. W., Fierer, N., et al. (2017). Response of soil microbial community composition and function to a bottomland forest restoration intensity gradient. Appl. Soil Ecol. 119, 317–326. doi: 10.1016/j.apsoil.2017.07.008

	Tin, H. S., Palaniveloo, K., Anilik, J., Vickneswaran, M., Tashiro, Y., Vairappan, C. S., et al. (2018). Impact of land-use change on vertical soil bacterial communities in Sabah. Microb. Ecol. 75, 459–467. doi: 10.1007/s00248-017-1043-6

	Tripathi, B., Kim, M., Singh, D., Lee-Cruz, L., Lai-Hoe, A., Ainuddin, A., et al. (2012). Tropical soil bacterial communities in Malaysia: pH dominates in the equatorial tropics too. Microb. Ecol. 64, 474–484. doi: 10.1007/s00248-012-0028-8

	Tripathi, B. M., Edwards, D. P., Mendes, L. W., Kim, M., Dong, K., Kim, H., et al. (2016). The impact of tropical forest logging and oil palm agriculture on the soil microbiome. Mol. Ecol. 25, 2244–2257. doi: 10.1111/mec.13620

	van der Heijden, M. G. A., Bardgett, R. D., and van Straalen, N. M. (2008). The unseen majority: Soil microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol. Lett. 11, 296–310. doi: 10.1111/j.1461-0248.2007.01139.x

	van der Putten, W., Bardgett, R. D., Bever, J. D., Bezemer, T. M., Casper, B., Fukami, T., et al. (2013). Plant-soil feedbacks: The past, the present and future challenges. J. Ecol. 101, 265–276. doi: 10.1111/1365-2745.12054

	Veryard, R., Wu, J., O’Brien, M. J., Anthony, R., Both, S., Burslem, D. F. R. P., et al. (2023). Positive effects of tree diversity on tropical forest restoration in a field-scale experiment. Sci. Adv. 9:eadf0938. doi: 10.1126/sciadv.adf0938

	Walsh, R. P. D., and Newbery, D. M. (1999). The ecoclimatology of Danum, Sabah, in the context of the world’s rainforest regions, with particular reference to dry periods and their impact. Philos. Trans. R. Soc. B Biol. Sci. 354, 1869–1883. doi: 10.1098/rstb.1999.0528

	Wardle, D., Bardgett, R. D., Klironomos, J., Setala, H., van der Putten, W., and Wall, D. (2004). Ecological linkages between aboveground and belowground biota. Science 304, 1629–1633. doi: 10.1126/science.1094875

	Wei, X., Shao, M., Gale, W., and Li, L. (2014). Global pattern of soil carbon losses due to the conversion of forests to agricultural land. Sci. Rep. 4:4062. doi: 10.1038/srep04062

	Whitaker, J., Ostle, N., McNamara, N. P., Nottingham, A. T., Stott, A. W., Bardgett, R. D., et al. (2014). Microbial carbon mineralization in tropical lowland and montane forest soils of Peru. Front. Microbiol. 5:720. doi: 10.3389/fmicb.2014.00720

	White, D., Davis, W., Nickels, J., King, J., and Bobbie, R. (1979). Determination of the sedimentary microbial biomass by extractible lipid phosphate. Oecologia 40, 51–62. doi: 10.1007/BF00388810

	White, T. J., Bruns, T., Lee, S., and Taylor, J. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics,” in PCR Protocols: A Guide to Methods and Applications, eds M. A. Innis, D. H. Gelfland, J. J. Sninsky, and T. J. White (San Diego, CA: Academic Press), 315–322.

	Wilkinson, D. M. (1999). The disturbing history of intermediate disturbance. Oikos 84, 145–147. doi: 10.2307/3546874

	Wright, S. J. (2010). The future of tropical forests. Ann. N. Y. Acad. Sci. 11951, 1–27. doi: 10.1111/j.1749-6632.2010.05455.x

	Zelles, L. (1999). Fatty acid patterns of phospholipids and lipopolysaccharides in the characterisation of microbial communities in soil: A review. Biology and Fertility of Soils 29, 111–129. doi: 10.1007/s003740050533

	Zhang, X., Johnston, E. R., Barberán, A., Ren, Y., Wang, Z., and Han, X. (2018). Effect of intermediate disturbance on soil microbial functional diversity depends on the amount of effective resources. Environ. Microbiol. 20, 3862–3875. doi: 10.1111/1462-2920.14407

	Zhang, X., Liu, W. E. I., Bai, Y., Zhang, G., and Han, X. (2011). Nitrogen deposition mediates the effects and importance of chance in changing biodiversity. Mol. Ecol. 20, 429–438. doi: 10.1111/j.1365-294X.2010.04933.x




Copyright
 © 2025 Robinson, Elias, Goodall, McNamara, Griffiths, Majalap, Sau Wai and Ostle. 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.



[image: Frontiers in Microbiology promotional graphic with a teal background. Text highlights the journal's role in understanding microbial life's impact on global challenges like healthcare and climate change. Includes journal contact information and a link to discover research topics. Features an image of a gloved hand handling petri dishes.]


OPS/images/fmicb-15-1464271/fmicb-15-1464271-t001.jpg
Planting
patterns

PP

MPE

MPD

Species
composition

Parashorea chinensis
Parashorea chinensis x
(Eucalyptus grandis x E.
urophylla)

Parashorea chinensis x

Dalbergia odorifera

Diameter
EIEERS
height
(cm)

Management Tree
density height

Average
crown
width (m)

(plants-ha) (m)

Parashorea chinensis/mixed species

1,597 91 60 41
1,232/411 931196 6.1/157 39/43
904/706 90175 59178 3236

Stand
Altitude
canopy o
density
(5 1712
06 1789
06 176.1

Aspect of
slope

Southeast

Southeast

Southeast

Position of
slope

Middle

Middle

Middle

Slope (°)

20





OPS/images/fmicb-15-1464271/fmicb-15-1464271-t002.jpg
Planting = Species ™ TP (gkg™) TK(gkg™) AN NN AK

patterns  composition (g-kg™) g-kg™)  (mg-kg™) (mg-kg™)

PP Parashorea chinensis 0.54 032 425 129 3.99 0.66 45.18
Parashorea chinensis x

MPE (Eucalyptus grandis x E. 059 027 420 1.34 331 0.63 4173
urophylla)
Parashorea chinensis x

MPD 06 031 4.62 1.26 411 0.62 4388
Dalbergia odorifera

Samples for the data sources in the table were collected from bulk soils from 0 to 20 cm depth. Collected and measured in 2012, each planting patiern contains three replicate samples. TN,
total nitrogen; TP, total phosphorus; TK, total potassium; AN, ammonium nitrogen; NN, nitrate nitrogen; AP, available phosphorus; AK, available potassium.
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Planting patterns PP MPE MPD

Soil collection location Rhizosphere = Bulk soil (0— Bulk soil Rhizospher e  Bulk soil (0— Bulk soil Rhizosphere  Bulk soil (0— Bulk soil

soil 20cm) (20-40cm) soil 20cm) (20-40cm) soil 20cm)
Electrical conductivity, EC (pscm™) 3870cd 4893b 4264bc 64672 3333de 37.58¢d 37.15¢d 2807 ef 2008
Water content, WC (%) 9.47f 13.02¢d 13.19¢d 15.07 be 17.113b 1753a 10,09 ef 1290d 1180 de
pH 349ab 327b 360a 361a 354a 347ab 347ab 354a 360a
Soil organic carbon, SOC (g-kg™) 1606 ¢ s541g 432g 321 1877d 1n.24f 2771c 17.86d 3170b
Total nitrogen, TN (gkg™) 243 abe 150cd 104d 3172 269ab 1.66¢d 327a 205be 262ab
Total phosphorus, TP (gkg™) 0892 053b 0471 032¢ 032¢ 022¢ 053b 034c 032¢
Total potassium, TK (g 670abe 748 abe 369 be 6.58abe 931ab 1031a 6.54abc 12592 166c
Nitrate nitrogen, NN (mgkg™') 13.16¢ 851 762¢ 13.58 be 11.28¢d 9.96 de 20442 1576b 13.07¢
Ammonium nitrogen, AN (mgkg™') 643bc 7.66b 1162 540cd 4.37de 360de 474cde 330e 372de
Available nitrogen, ANN (mgkg™")

1959b 1617 bed 18.77 be 18.98 be 1565cd 1355d 25180 19.05 be 1679 bed
(Equation 1))
Available phosphorus, AP (mgkg™") 5106 106d 0.66d 5.15b 430be 340¢ 7382 441be 1264
Available potassium, AK (mgkg™') 7576 37.34e 374de 7576¢ 3768¢ 3sile 10878 b 6415d 35430
Exchangeable iron, Fe (mgkg™) 14895 ¢ 48508 3112g 30012 335068 26553 ¢ 189.37d 11528 197.05d
Exchangeable aluminum, Al (mg-kg™) 79877 ¢ 729.00¢ 70850 ¢ 1,244.05 b 667.59¢d 359.74d 663.51cd 145140 91718 be
Bioavailability of nitrogen, BN

082b Li1b 192a 060b 058b 082b 077b 093b 0.67b
((Bquation 5)
Bioavailability of phosphorus, BP

058d 021e 0lde 1.60ab 135bc 180a 140 be 128¢ 0.40de
(Equation 6)
Bioavailability of potassium, BK

117be 053¢ 135be L1sbe 042¢ 039¢ 169b 0s1c 3002

(Equation 7)

Different lowercase leters indicate significant differences (p<0.05) between soil types in the three planting patterns. Data are means (SD) (=3). PP, pure Parashorea chinensis (Pc) plantations; MPE, Pc rees in the mixed plantations of Pc and Eucalyptus grandis x E.
urophyllas MPD, P trees in the mixed plantations of Pc and Dalbergia odorifera. The results of the three-way ANOVA showed that the three variable factors (planting pattern, soiltype, and soil layer) had a ignificant effect on the majority of the environmental
indicators, with a main effect, and their two-by-two interaction was also significant (p<0.01), the results of which are presented in Supplementary Table S1.
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Tree Hum

species

J nigra 1976a 6662 160 184 | 0l6a 1188
Q rubra 175%  s81b L4 Lib | 01b 1074
DB 1908 686 142 16ab | Oldab 1132

Mean values fllowed by different letters are significantly different at the p <0.05 level.
BD, non-plant soil; Hum, Humidity; TOC, Total organic carbon; TC, otal carbon; TN, total
nitrogen; and C:N, carbon and nitrogen ratio.
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Kingdom  Tree Edges  Nodes  Clustering  Avg.path  Density Mean  Avg. number

species coefficient length degree neighbors
Bacteria/archaea . nigra 9218 464 051 244 0085 0315 3956

Q rubra 7,324 551 041 264 0048 0382 2657

DB 16,252 551 055 239 0.094 0.245 5493
Fungi J. nigra 7 4 021 428 0023 0560 200

Q rubra 58 55 015 503 0028 0746 163

DB 375 74 024 198 0.083 0275 7.81
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Edges

Microbes PR otavone. " Medes | postie  Negate AereSS Modularity  Density
Rhizosphere soil 66 7 9857 143 2121 0852 0033
PP Bulk soil (0-20cm) 163 371 100.00 0.00 4.552 0.881 0.028
Bulk soil (20-40cm) 254 964 99.59 041 7.591 0.834 0.030
Rhizosphere soil 96 393 98.98 1.02 8.188 0.681 0.086
Fungi MPE Bulk soil (0-20cm) 188 496 100.00 0.00 5277 0.875 0.028
Bulk soil (20-40cm) 301 1,508 99.73 027 10.020 0.795 0.033
Rhizosphere soil 83 92 97.83 217 2217 0904 0027
MPD Bulk soil (0-20cm) 173 985 99.70 030 11.387 0.364 0.066
Bulk soil (20-40cm) 167 335 99.40 0.60 4.012 0.883 0.024
Rhizosphere soil 282 242 64.88 3512 2378 0977 0.006
PP Bulk soil (0-20cm) 348 351 7236 27.64 2017 0974 0.006
Bulk soil (20-40cm) 342 333 71.77 28.23 1.947 0.965 0.006
Rhizosphere soil 31 327 78.29 2171 2103 0967 0.007
Bacteria MPE Bulk soil (0-20cm) 383 448 87.50 1250 2339 0973 0.006
Bulk soil (20-40cm) 333 369 87.26 12.74 2216 0.953 0.007
Rhizosphere soil 257 250 84.80 15.20 1.946 0.967 0.008
MPD Bulk soil (0-20cm) 281 219 71.23 28.77 1.559 0976 0.006
Bulk soil (20-40cm) 303 288 77.78 2222 1.901 0.965 0.006

Average clustering coefficient: Local connectivity of microbial connections. Average path length: Average distance between microbial connections. A smaller value means all the nodes in the
network are closer. Modularity: Degree of nodes tending to differentiate into different network modules. Densiy: It represents the level of interconnectedness among microbial species. It s
calculated s the ratio of the actual number of connections to the maximum possible connections in the network. The meanings expressed by PP, MPE, and MPD are the same as in the caption
of Table 1
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Samples Good's coverage ~ Observed species Pielou Shannon

(%)
Control wood (Ctrl.W) 98.1 2242545342 24126422 082003 629043
Fed wood (Fed.W) 98.1 126841894 166342437 066004 4574039
Ips acuminatus Larvae 985 806309 179241359 0.60£0.03 3800.15
(IAC Larvae)
Ips acuminatus Pupae 975 116423083 178645258 054004 365046
(IAC.Pupac)
Ips acuminatus Adult 96.4 157.4£23.48 2514245188 051£008 3734066
(IAC.Adult)
Ips acuminatus 983 89.4213.07 12357£19.99 048003 3124028
collected Adult (IAC.
WL Adult)
Ips acuminatus Control 95 144254589 14686542 084001 604£0.11
wood (IAC.Ctrl. W)
Ips acuminatus Fed wood 948 20149689 33640+ 184.63 064003 4716059
(IACFed W)
Ips sexdentatus Larvae 916 269448103 396910178 0614014 499£132
(ISX Larvae)
Ips sexdentatus Pupae 974 9822494 18137£56.39 0524004 3304016
(ISX.Pupac)
Ips sexdentatus Adult 92 4584454 633241232 043007 2342038
(ISX.Adult)
Ips sexdentatus Wild- 982 7824701 138874 12,60 043010 2704062
collected Adult (ISX.
WL Adult)
Ips sexdentatus Control 983 111£1465 16133430.83 067003 4482016
wood (ISX.Ctrl. W)
Ips sexdentatus Fed wood 982 n7:822 15262£17.41 061000 4204006

(ISX Fed. W)

The data represented the mean value +SE for fve biological replicates across different ife stages of two pine-feeding beetles and four biological replicatesfor the associated wood samples
(SE-Standard Error).
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Significantly different present

bacterial genera (p < 0.05)

ISX.Larvae vs. ISX.Adult Pseudomonas, Serratia, Pantoea, Lactococcus

ISX.Adult vs. IS Pupac Pseudomonas, Sphingomonas, Pantoca,
Stenotrophomonas

ISX Larvae vs. 15X Pupac Pseudomonas, Serratia, Lactococcus,

Taibaiella, Acinetobacter

IAC.Adult vs. IAC Larvae Pseudomonas, Rickettsia, Curtobacterium,
Arachidicoccus, Dyella

TAC.Pupae vs. IAC.Adult Arachidicoccus, Dyella

IAC Larvae vs. IAC Pupae Pseudomonas, Burkholderia-Caballeronia-
Paraburkholderia

TAC.Adult vs. ISX. Adult Pseudomonas, Serratia, Pantoea,

Pseudoxanthomonas, Dyella,
Curtobacterium, Arachidicoccus

IACPupac vs. ISX.Pupae Pseudomonas, Curtobacterium,
Diaphorobacter, Serratia, Dyella,
Burkholderia-Caballeronia-
Paraburkholderia, Stenotrophomonas

ISX Larvae vs. IACLarvae Pseudomonas, Pseudoxanthomonas,

Taibaiella, Dyella, Curtobacterium,

Lactococcus
ISX.Adult vs. ISX. WL Adult Rickettsia, Pseudomonas, Pantoea, Rahnella
IAC.Adult vs. IAC.WL.Adult Serratia, Lactococcus, Arachidicoccus,

Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium, Burkholderia-
Caballeronia-Paraburkholderia,
Carnimonas, Sphingobacterium
The FDR test evaluates the significance of observed abundance differences among the
samples (ISX.Larvae-Ips sexdentatus larvae; ISX.Pupae-I. sexdentatus pupae; ISX.Adult-1.
sexdendatus adult; ISX. WL Adult- sexdentatus wild collected adults; IAC Larvae-Ips

acuminatus larvae; IAC.Pupac-1. acuminatus pupacs IAC.AdultI. acuminatus adult IAC.
WL.Adult-T acuminatus wild collected adults).
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BN = (Ammonium nitrogen + nitrate nitrogen)/ (TN *1000) ¥100% ~(5)
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BP = AP /(TP *1000) ¥100% (6)
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BK = AK / (TK *1000) * 100%(?)
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ANN = Ammonium nitrogen + nitrate nitrogen

(1)
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MBP = Ept/ Kp

(4)
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Asymptomatic

Species

Relative
abundance

Weighted
in-degree

Weighted-out
degree

Weighted
degree

1 ASV1171 Ascomycota Onygenales Currahomyces indicus 0.01 13 17 30
2 ASV1667 Ascomycota Chaetothyriales Chaetothyriales sp. 0.04 14 16 30
3 ASV2099 Ascomycota Helotiales Kendrickiella phycomyces 0.03 15 15 30
4 ASV2713 Basidiomycota Agaricostilbales Ruinenia pyrrosiae 0.02 16 14 30
5 ASV2828 Basidiomycota Agaricales Stropharia sp. 0.01 17 15 30
6 ASV2963 Basidiomycota Agaricales Xanthagaricus necopinatus 0.01 18 12 30
7 ASV3934 Ascomycota Pleosporales Byssosphaeria sp. 0.04 19 11 30
8 ASV4003 Ascomycota Ascomycota sp. 0.01 20 10 30
Symptomatic

1 ASV1934 Ascomycota Capnodiales Eriosporella bambusicola 0.02 22 37
2 ASV1916 Ascomycota Mycosphaerellales Teratosphaeria sp. 0.07 21 37
3 ASV1908 Ascomycota Capnodiales Capnodiales sp. 0.02 20 37
4 ASV1877 Ascomycota Capnodiales Capnodiales sp. 0.01 19 37
5 ASV1876 Ascomycota Capnodiales Capnodiales sp.

6 ASV1839 Ascomycota Capnodiales Capnodiales sp. 0.03 17 37
7 ASV1804 Ascomycota Capnodiales Capnodiales sp. 0.01 16 37
8 ASV1750 Ascomycota Lecanorales Bacidia neosquamulosa 0.01 14 37
9 ASV1754 Ascomycota Lecanorales Bacidia neosquamulosa 0.02 15 37
10 ASV1671 Ascomycota Chaetothyriales Brycekendrickomyces acaciae 0.06 13 37
11 ASV1640 Ascomycota Chaetothyriales Cyphellophora sp. 0.03 12 37
12 ASV1632 Ascomycota Chaetothyriales Cyphellophora livistonae 0.03 11 37
13 ASV1561 Ascomycota Phaeomoniellales Celotheliaceae sp. 0.02 10 37
14 ASV2716 Basidiomycota Agaricostilbales Ruinenia pyrrosiae 0.03 27 37
15 ASV2715 Basidiomycota Agaricostilbales Ruinenia pyrrosiae 0.05 26 37
16 ASV2714 Basidiomycota Agaricostilbales Ruinenia pyrrosiae 0.05 25 37
17 ASV2638 Ascomycota Helotiales Helotiales sp. 0.02 24 37
18 ASV2269 Ascomycota Diaporthales Chiangraiomyces bauhiniae 0.03 23 37
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Network Asymptomatic | Symptomatic ORLA

topological

parameters

Network diameter 9.0 7.0 1.0 1.0 1.0 1.0 1.0 1.0
Average path length 22 1.8 1.0 1.0 1.0 1.0 1.0 1.0
Average weighted degree 4.19 6.47 791 30.44 17.38 13.12 14.15 10.54
Average clustering 0.32 0.37 0.44 0.5 0.49 0.44 0.47 0.46
coefficient

Modularity 0.85 0.87 0.60 0.67 0.66 0.38 0.76 0.80
Connected components 56 47 74 16 14 39 91 58

Sample types: Asymptomatic, symptomatic; Groups: ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic Root
samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore symptomatic soil samples.
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Sample ID Replicate Group Source Location

Oleaf.4A OLA ORLA Leaf Asymptomatic Okomu/Edo 6°40" 11.2" N 5° 49’ 28.8"E
OLeaf 5A OLA ORLA Leaf Asymptomatic Okomu/Edo 6°40" 11.2" N 5° 49’ 28.8"E
OLeaf.6A OLA ORLA Leaf Asymptomatic Okomu/Edo 6°40’ 11.2” N 5° 49’ 28.8"E
OLeaf.1S OLS ORLS Leaf Symptomatic Okomu/Edo 6°40' 17.12" N 5° 49/ 21.7"E
OLeaf.2S OLS ORLS Leaf Symptomatic Okomu/Edo 6°40" 17.12" N 5° 49' 21.7"E
OLeaf.3S OLS ORLS Leaf Symptomatic Okomu/Edo 6°41' 26.5" N 5° 47' 55.6"E
ORoot.4A ORA ORRA Root Asymptomatic Okomu/Edo 6°40’ 11.2" N 5° 49’ 28.8"E
ORoot.5A ORA ORRA Root Asymptomatic Okomu/Edo 6°40" 11.2" N 5° 49’ 28.8"E
ORoot.6A ORA ORRA Root Asymptomatic Okomu/Edo 6°40" 11.2" N 5° 49’ 28.8"E
ORoot.1S ORS ORRS Root Symptomatic Okomu/Edo 6°40" 17.12" N 5° 49' 21.7"E
ORoot.2S ORS ORRS Root Symptomatic Okomu/Edo 6°40’ 17.12"” N 5° 49' 21.7"E
ORoot.3S ORS ORRS Root Symptomatic Okomu/Edo 6°40" 17.12" N 5° 49' 21.7"E
OSoil 4A OSA ORSA Soil Asymptomatic Okomu/Edo 6°40' 11.2" N '5° 49/ 28.8"E
OSoil.5A OSA ORSA Soil Asymptomatic Okomu/Edo 6°40’ 11.2” N 5° 49’ 28.8"E
OSoil.6A OSA ORSA Soil Asymptomatic Okomu/Edo 6°40’ 11.2” N 5° 49’ 28.8"E
OSoil.18 0SS ORSS Soil Symptomatic Okomu/Edo 6°40" 17.12" N 5° 49' 21.7"E
OSoil.28 0SS ORSS Soil Symptomatic Okomu/Edo 6°40" 17.12" N 5° 49' 21.7"E
0Soil.38 0SS ORSS Soil Symptomatic Okomu/Edo 6°40' 17.12" N 5° 49/ 21.7"E
RLeaf.1A RLA ORLA Leaf Asymptomatic Ore/Ondo 6°44' 41.5” N 4° 52’ 21.3"E
RLeaf4A RLA ORLA Leaf Asymptomatic Ore/Ondo 6°44' 41.5” N 4° 52/ 21.3"E
RLeaf.2S RLS ORLS Leaf Symptomatic Ore/Ondo 6°44' 01.5” N 4° 53’ 01.7"E
RLeaf.58 RLS ORLS Leaf Symptomatic Ore/Ondo 6°44' 01.5” N 4° 53’ 01.7E
RRoot.1A RRA ORRA Root Asymptomatic Ore/Ondo 6°44' 41.5” N 4° 52 21.3"E
RRoot.4A RRA ORRA Root Asymptomatic Ore/Ondo 6°44' 41.5” N 4° 52' 21.3"E
RRoot.28 RRS ORRS Root Symptomatic Ore/Ondo 6°44' 01.5” N 4° 53/ 01.7"E
RRoot.58 RRS ORRS Root Symptomatic Ore/Ondo 6°44' 01.5” N 4° 53’ 01.7”E
RSoil.1A RSA ORSA Soil Asymptomatic Ore/Ondo 6°44' 41.5” N 4° 52 21.3"E
RSoil 28 RSA ORSS Soil Symptomatic Ore/Ondo 6°44' 01.5” N 4° 53’ 01.7"E
RSoil 4A RSA ORSA Soil Asymptomatic Ore/Ondo 6°44' 41.5” N 4° 52’ 21.3"E
Rsoil.58 RSS ORSS Soil Symptomatic Ore/Ondo 6°44' 01.5” N 4° 53’ 01.7”E

OLA, Okomu asymptomatic leaf samples; OLS, Okomu symptomatic leaf samples; ORA, Okomu asymptomatic root samples; ORS, Okomu symptomatic root samples; OSA, Okomu
asymptomatic soil samples; OSS, Okomu symptomatic soil samples; RLA, Ore asymptomatic leaf samples; RLS, Ore symptomatic leaf samples; RRA, Ore asymptomatic root samples;
RRS, Ore symptomatic root samples; RSA, Ore asymptomatic soil samples; RSS, Ore symptomatic soil samples; ORLA, Okomu/Ore asymptomatic leaf samples; ORLS, Okomu/Ore
symptomatic leaf samples; ORRA, Okomu/Ore asymptomatic root samples; ORRS, Okomu/Ore symptomatic root samples; ORSA, Okomu/Ore asymptomatic soil samples; ORSS, Okomu/Ore

symptomatic soil samples.
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TC (mg/qg)

TP (mg/g) TK (mg/g)

Biological factors (mean = SE)

C/N

Cellulose (mg/q)

Hemicellulose (mg/q)

Lignin (mg/g)

GluN (rg/g)

876.15 £ 4.48¢

GalN (png/g)

19.00 £ 0.04bc

GL 429.23 £ 2.26¢ 16.74 £ 0.16a 3.01£0.04a ‘ 3.78 +0.04a 25.65+0.11d 391.15+ 891a ‘ 263.33 + 7.48ab 165.25 £ 1.72a

WL 432.68 £ 1.23bc 570 £0.13d 276 £0.07b ‘ 3.28+0.03b 76.07 = 1.94a 38290 £ 5.3a ‘ 262.05 £ 1.85b 165.99 £ 2.42a 724.51 & 5.66e 13.44 £0.53d
FLI 456.44 £ 2.03a 7.62£0.19¢ 1.74 £0.01c ‘ 2.64%£0.10c 59.97 £ 1.39b 389.34 £6.45a ‘ 258.84 £4.55b 164.36 £ 3.252 822.84 £6.78d 19.25 £0.25b
FLII 454.32 £ 1.52a 8.28 & 0.03b 1.60 £ 0.02d ‘ 262 £0.0lcd 54.90 & 0.36¢ 386.73 £6.22a ‘ 280.73 £ 4.95a 169.02 £ 4.91a 930.95 £ 7.62b 17.48 £ 1.10bc
FLIIT 444.60 = 1.31b 8.19 % 0.08b 0.59 +0.01e ‘ 244 %+ 0.05d 54.31 % 0.40¢ 380.33 £9.84a ‘ 274.05 & 8.05ab 139.74 £ 6.46b 1,158.77 £ 4.21a 55.05 % 0.362

TC, Total Carbon; TN, Total Nitrogen; TP, Total Phosphorus; TK, Total Potassium; C/N, The ratio of C to N; GluN, Glucosamine; GalN, Galactosamine.
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Number of isolates per sample type

Taxonomic Mature adults Teneral adults Larvae Female oral

assignment secretions

Actinomycetia 4 3] 7
Microbacterium azadirachtae 1 1
Microbacterium flavum 1 1 2
Microbacterium sp. 1 1 2
Micrococcus yunnanensis 1 1
Streptomyces anthocyanicus 1 1
Bacilli 3 22 3 28
Bacillus cereus 1 1
Brevibacillus agri 1 1
Lactococcus cremoris 2 2
Lactococcus lactis 3 3
Lactococcus sp. 1 1
Paenibacillus sp. 1 13 14
Paenibacillus typhae 1 1
Paenibacillus xylanilyticus 5 5
Sphingobacteriia 3 il 4
Sphingobacterium sp. 1 1
Sphingobacterium detergens 2 2
Sphingobacterium multivorum 1 1
y-Proteobacteria 14 10 15 Ll 50
Erwinia sp. 4 4
Erwinia sp. 3 3
Erwinia typographi 10 3 8 5 26
Pseudoxanthomonas sp. 4 4
Pseudoxanthomonas spadix 3 1 4
Rahnella aquatilis 1 1
Rahnella sp. 2 2
Rahnella variigena 3 3
Rahnella woolbedingensis 1 1
Rouxiella silvae 1 1
Stenotrophomonas maltophilia 1 1
a-Proteobacteria 1 1
Ochrobactrum sp. 1 1
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ASVs Correlation value Region

Scoliciosporum umbrinum —0.81818 Lower stem
Hypogymnia physodes —0.87397 Upper stem
Fuscidea pusilla —0.86293 Upper stem
Lecidea nylanderi —0.78521 Upper stem
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Anatomic Species

regions
Upper stems Actinomycetales bacterium 0.024
Acidobacteria bacterium CU2 0.013
Needles Cyphellophora sessilis 0.004
Fellomyces horovitziae 0.043
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Treatments Bacteria Fungi

Chaol Shannon Coverage Shannon Coverage
Topsoil Spruce 407276 + 230.97b 10.66:+0.11b 99.06+0.18 37513+ 12.01b, 3564025 9997+ 0.01
Pine 3903.34 % 268.13b 1046 +0.12b 99.040.13 26329+ 9.78¢ 421£022 9999000
Katsura 5067.91+ 280,140 1L12£015 9850016 608.98 + 36,242 644017 9997 0.01
NR 5007.3295 + 62928 1L15£0.17 98592007 40051 £ 16.33b, 56340.04b 9999 0.00
Subsoil Spruce 3267.44 + 39.18ab* 9.6+ 0.11a% 99.57+0.27 23833 4 56.94b 43903500 99.99+0.00
Pine 1812.38 + 654.52b% 945+ 052% 99.08 0,05 5754+ 13.05¢% 316+0.63b 99.99.+0.00
Katsura 403238 £ 176.40* 1047 £ 0.11a* 98.7+0.06 3805+ 44.1a* 505+ 0.140* 99.99 £ 0.00
NR 376223 + 663.19 1037+ 041a 99.01£0.29 180,65 + 37bc* 397+ 0.24ab* 100.00 £ 0.00

Values followed by the same letter are not significantly different between reforestation approaches at p < 0.05. *Asterisk represents values significantly lower than the corresponding values in
topsoil in the same reforestation approach (p < 0.05).
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Reforestation approach Soil layer Reforestation approach * Soil

layer
F P F P

Soil characteristics

soc 43.022 <0.001 536522 <0.001 24299 <0.001
™ 2245 <0.001 24747 <0.001 10360 <0.001
DOC 9.371 0.001 47.372 <0.001 12.568 <0.001
DON 2509 0.09 40.549 <0.001 3.309 0.047
AP 29.085 <0.001 158.757 <0.001 30.325 <0.001
MBC 0392 0760 317.882 <0.001 1293 0311
MBN 2244 0.123 31.520 <0.001 0424 0.739
pH 8635 0.001 13519 <0.001 0.360 0.783
Root trait

SRL. 5447 0.009 8.886 0.009 7.033 0.003
SRA 5335 0.010 4.862 0.042 3.920 0.028
RTD 7.275 0.003 0.360 0.557 0444 0.725
AD 0754 0.536 2436 0.138 0.278 0.840

Bacterial characteristics

Chaot 8621 0.001 24176 <0.001 1134 0365
Shannon 6119 0.006 25.093 <0.001 0302 0823
Proteobacteria 6791 0.004 28620 <0.001 16496 <0.001
Actinobacteria 8747 0.001 23370 <0.001 0,69 0571
Acidobacteria 9.154 0.001 0.461 0507 1009 0415
Chloroflexi 8918 0.001 40069 <0.001 13.064 <0.001
Verrucomicrobia 3430 0.042 13.064 <0.001 13.064 <0.001
Rokubacteria 0556 0,651 81590 <0.001 0876 0474
Gemmatimonadetes 11262 <0.001 0599 0.450 3201 0052
Firmicutes 6414 0.005 12,106 0.003 3144 0054
Planctomycetes 0.144 0932 1253 0279 1804 0.187
Bacteroidetes 6354 0.005 13.671 0.002 3844 0.030
Fungal characteristics

Chaol 35.480 <0.001 73192 <0.001 0813 0505
Shannon 18.467 <0.001 14426 0.002 6781 0.004
Basidiomycota 21978 <0.001 4502 0.050 21090 <0.001
Ascomycota 15.689 <0.001 16.928 0.001 16.299 <0.001
Mortierellomycota 5440 0.009 13.825 0.002 2479 0.098

p values <0.05 are highlighted in bold.
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Nitrogen pH SOC SOM DOC TN NH4*-N NOz~-N TP AP
addition (g/kg) (g/kg) (mg/kg) (9/kg) (mg/kg) | (mg/kg) (9/kg) (mg/kg)
levels

CK 4.26+0.08A 38.57 + 1.60B 66.50 + 2.76B 23.09+3.86AB| 1.93+0.13B 18.36 £ 1.36A 237 +£0.32A 0.54 4+ 0.03A 1.25+0.28A
11 4.29 +0.04A 40.27 £1.84AB| 6943 +3.17AB| 27.81 £5.35A 1.89 £ 0.21B 14.03 +£2.89A 2.18+0.37A 0.454+0.05BC| 1.18+0.30A
III 4.21 +0.05A 41.36 £2.18AB| 71.30+3.77AB| 21.41+3.34AB| 1.9440.20B 16.60 + 3.43A 3.09 £ 0.30A 0.50 = 0.02AB| 1.40 + 0.44A
v 4.08 £ 0.08B 42.15+1.78A 72.67 £ 3.08A 20.06 £+ 2.57B 2.314+0.22A 18.34 + 3.69A 296 £0.93A 0.42 +0.03C 0.93+0.19A

Different capital case letters in the same column indicate significant differences (P < 0.05). Data in table are mean = standard deviation.
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Relevance of common
mycorrhizal networks

Key points on CMNs

Karst et al. (2023) challenges the
ubiquity of CMNs and their ecological
significance

Implications for sugar maple-AM fungi

interactions and potential research questions

AM fungi form associations with sugar maple roots, but do they form
CMNSs (if they exist) in mixed forests? If so, are there important
conmycorrhizal plant partners for maple in this dynamic? Are arbuscular
CMN:s present in sugar maple-dominated forests? Are roots connected
by the same genet? If yes, how prevalent are they?

Nutrient and resource
sharing/partitioning

The extent of resource transfer through
CMNSs between plants is debated

Do sugar maples receive or give resources through AM fungal networks,
especially in mixed-species forests? How do mixed stands with differing
mycorrhizal types vary in productivity when compared to sugar maple
dominant stands? What is the relevance of the CMN, root, and soil
transfer pathways for nutrient exchange in sugar maple tree
communities? How do AM-sugar maple interactions influence nutrient
uptake under competition or stresses?

Impact on plant communities

CMNSs may influence seedling
establishment, species coexistence, and
competition, but evidence is mixed

Do AM fungal interactions affect sugar maple seedling establishment and
survival beyond its current range? Do mature maples facilitate or stymie
the regeneration of seedlings, and how do AM fungal interactions
influence this? Do sugar maple seedling growth or performance improve
in the environment where CMNs have the potential to form or in the
environments where roots are interacting? Can associations with AM
fungi improve sugar maple adaptation in a changing climate?

Impact of climate change

CMNS role in buffering or exacerbating
the effects of climate change on forests

AM fungal interactions may help sugar maples adapt to or mitigate
climate change effects (e.g., drought, temperature fluctuations). Does
climate change alter AM associations, thereby affecting sugar maple
distribution?

Network stability and
disruption

The stability of mycorrhizal networks is
questioned, especially when ecosystems
are disturbed (e.g., logging, fire, land use
change). Also, the relative stability of
AM vs. EM fungal networks requires
further investigation.

Investigating how disturbances affect sugar maple-AM networks may
provide insight into the adaptation of sugar maples to the changing
environment. How resilient are sugar maple-AM networks to biotic,
abiotic, and/or anthropogenic changes?

Role in carbon sequestration

The role of mycorrhizal networks in
carbon cycling and sequestration. For
example, evidence from a few studies
suggest that mycorrhizal fungi can
influence soil carbon storage and
decomposition processes (Carteron
etal,, 2022; Chorefio-Parra and
Treseder, 2024; Hawkins et al., 2023)

How do sugar maple-AM interactions affect carbon storage in temperate
forest soils? Do changes in AM fungal networks alter the carbon balance
in these temperate forests?
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Reference ocation Microorganisms Methods
De Bellis et al. (2022) Latitudinal gradient in Québec Bacteria, fungi, and AM Rhizosphere, roots, and Metabarcoding
(QC, Canada) RESEF (Le Réseau fungi leaves
d'Etude et de Surveillance des
Ecosystéemes Forestiers Québécois)
Wallace et al. (2018) Elevational gradient at Parc National du | Bacteria and fungi (epi- Leaves and roots Metabarcoding
Mont-Mégantic (QC, Canada) and endophytes)
Laforest-Lapointe et al. Four natural temperate forest stands in Bacteria (epiphytes) Leaves Metabarcoding
(2016a,b) Québec: Sutton, Abitibi, Gatineau, and
Bic (QC, Canada)
Laforest-Lapointe et al. (2017) Common garden experiment (IDENT), Bacteria (epiphytes) Leaves Metabarcoding
Ste-Anne-de-Bellevue (QC, Canada)
Demarquest and Lajoie (2023) | Nine forested sites across eastern Bacteria (epiphytes and Leaves Metabarcoding
Ontario (ON, Canada), north-eastern endophytes)
USA, and Québec (QC, Canada)
N'guyen etal. (2022) Sugar maple sap producers in Québec Fungi and bacteria Sap Metabarcoding

(QC, Canada) and New Brunswick (NB,
Canada)
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Methods

De Bellis et al. (2002) Mixed deciduous forests at Réserve faunique de AM and EM fungi Roots. Microscopy, ECM
Portneuf and Station Forestiére in Duchesnay morphotyping
(QC, Canada)
Klironomos (1995) Southern to northern Ontario (ON, Canada) AM fungi Roots and soil Microscopy and spore
collection from soil
Klironomos et al. (1993) Maple forests in Waterloo (ON, Canada) and St. AM fungi Roots and soil Microscopy and spore
Lawrence floodplain (QC, Canada) collection from soil
De Bellis et al. (2019) Sugar and Norway maples at Morgan Arboretum Fungi and bacteria Roots and Metabarcoding and
(QC, Canada) rhizosphere microscopy
Coughlan et al. (2000) Healthy and declining sugar maple forests at Lac AM fungi Roots and soil Microscopy, spore
Clair and Portneuf (QC, Canada) collection from soil
Cooke et al. (1992) Biological Station of U. de Montréal (QC, Canada) | AM fungi Roots Microscopy
Cooke et al. (1993) Biological Station of U. de Montréal (QC, Canada) | AM fungi Roots Microscopy
Chamard et al. (2024) Elevational gradients at Parc National du Mont Bacteria, fungi,and AM | Roots and Microscopy and
Mégantic and Réserve naturelle des montagnes fungi rhizosphere metabarcoding
vertes (QC, Canada)
Carteron et al. (2020) Parc national du Mont-Mégantic (QC, Canada) Endophytes and AM Roots and soil Greenhouse experiment,
fungi microscopy






OPS/images/fmicb-15-1504444/fmicb-15-1504444-g003.gif





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-15-1410901/fmicb-15-1410901-g005.jpg
@) 100 ®) 100
75
Chomoheterotrophy
Colluiolysis Ectomycorrhizal
I ryarocarbon degradtion Unidentifiod
= Witrogen Piant Pathogen
Other Undefined Saprotroph
Plant Saprotroph
Endophyte
Nitrfication Dung Saprotroph
‘Ammonia oxidation Animal Pathogen
‘Animal parasites or symbionts Wood Saprotroph
Ureolysts Soil Saprotroph
Human associated aigal Parasite
Chitinolysis Other
= invertabrate parasites |
2 2

0
Leav o Rh Sml | Root Rh Soil





OPS/images/fmicb-15-1410901/fmicb-15-1410901-t001.jpg
Study area 4562015 25.6841.72 14.974429 1312010 038002 23.6641.43





OPS/images/fmicb-15-1410901/fmicb-15-1410901-t002.jpg
Types Groups R p value

Soil/Leaf 0975 <0.001
Soil/Root 0983 <0.001
Soil/Rh 0.908 <0.001
Leaf/Root 0.674 <0.001
Leaf/Rh 0.980 <0.001
Root/h 0823 <0.001
Fungi Soil/Leaf 0855 <0.001
Soil/Root 0312 <0.001
Soil/h 0256 <0.001
Leaf/Root 0717 <0.001
Leaf/h 0846 <0.001
Root/h 0138 <0.001

Leaf, leaf endophyte; Root, root endophyte; Rh, rhizospheric microorganism; Soil soil
microorganism.
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Genotypes Growth stages

Simpson index of fungal Simpson index of bacterial

diversity diversity
CMIN=0.074; DF=1, CMIN=0.152; DF=1;
CMIN/DF=0.074; CMIN/DF=0.152;

CFI=0.998; RMSEA=0.000 CFI=0.997; RMSEA=0.000
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Sample pH OM (g/kg) TN (g/kg) AN (mg/kg) AP (mg/kg) AK

/kg) WC (%)

c 46+00lc 1348 +0.164 057+ 0e 47.04+ 1.68d 497 £0.33¢ 5371+ 181d 2488 +0.33¢
c7 54+008b 219+0.13¢ 124£001b 11424 £ 168 563+ 0.06c 188.05 £ 249 34250.19b
cn 556002 24,06+ 039 1134002 924+ 1L68c 2885+ 0.46b 17666  1.41b 33.2028¢
Gl 454£001c 21644037 099:£001d 94.4243.2¢ 43141561 62 084c 2882+ 0.04d
HIl 456+ 0c 2973+0.15 149003 147.84 £ 3,362 0.44+0.03d 22+l 35424003

*OM, organic matter; TN, toal nitrogen; TK, total potassium; AN, alkali-hydrolyzed nitrogen; AP, available phosphorus; AK, available potassium; WC, water content. C4, sapling stage of C.
olifera; C7, primary fruit stage of C. leifera; C11, fll fruiting stage of C. olefera; G11, 11-year-old C. gauchowensis; H11, 11-year-old C. chekiangoleosa. Data shown in the table indicate the
mean : standard error (SE). Different lowercase letters in the same column indicate significant differences (p<0.03), based on Duncas tst






OPS/images/fmicb-15-1410901/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-16-1575691/fmicb-16-1575691-g008.jpg
4 05 0 05

A5

A5

Rraa B A S2 L





OPS/images/fmicb-16-1575691/fmicb-16-1575691-g007.jpg
0.8

1.0





OPS/images/fmicb-16-1575691/fmicb-16-1575691-g006.jpg





OPS/images/fmicb-16-1575691/fmicb-16-1575691-g005.jpg
a5

° &

e RSt

15 25

os

e

0

Ll






OPS/images/fmicb-16-1575691/fmicb-16-1575691-g004.jpg
o

-

Rdobidiop kb
°

05

o o5
Tren Axta | scoras

1

15

25





OPS/images/fmicb-15-1391193/crossmark.jpg
©

2

i

|





OPS/images/fmicb-16-1575691/fmicb-16-1575691-g003.jpg
CCA 2

-1.0

&

CCA 1





OPS/images/fmicb-15-1391193/fmicb-15-1391193-g001.jpg
A Bacteria

Spring

62.72%T

27.|x%l

2198%1

Summer

Autumn

Winter

Spring

527I%T

0.96% l

Autumn

31.05"/0[

Summer

Winter

Autumn

11.54%1

Summer

Winter

Autumn

13.69%T

Summer

Winter

O P 5

Protists
spring 1675%] F— 1885% | Autumn soune] Winter
e 10.820%] Summer 46091 [y | 2135 Winter

Relative abundance

20000

10000-

o

CP__ Plant speci

o Spring.
= Summer
= Avn
- Winer

 spring

o Summer
5 Aunn
| Winter

- Auumm
- Winer






OPS/images/fmicb-16-1575691/fmicb-16-1575691-g002.jpg
CCA 2

1.0

-1.0

CCA 1





OPS/images/fmicb-16-1575691/fmicb-16-1575691-g001.jpg
1.0

CCA 2

-0.6

moist

Nminl

s
AMAR: g

QURU

o N ouat.
pHwW &
s
-1.0 0.4

[#+ %]





OPS/images/fmicb-16-1575691/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1360488/fmicb-15-1360488-g005.jpg
Symbiotroph

T l . .

Saprotroph
Percent
Patholroph-Saprotroph-Symbiotroph
7
50

Trophic mode

=
Pathlroph Saprtroph o
Patharoph
598522 YLEYSE SeEYPIYoIYeEYEILIIEY
g¥§EEEIEEREE §EpRiEfIITeEIIEREEe e
Gacddsaccasaa $i3iisicdddcdsaddsaa
Undeined sorcopn
Lossnanzss
Symsiovepn
e m
= [p—
]
3 Endopnye Epohye Soprooph
Endopnyte ooty Plant pathogen
syt Eoyt-Panpavo Barcent
Endophye Epohyie Fungal prasie sec paasite
s
Endopnye Endosymon Epyohye Sl saprovoph Undafed sareoph r
A pabagen Entomopathognc urgus 2
romtpanon et rsoomosncopmo s oo N [ H BN J
JR—
A andpant paogen






OPS/images/fmicb-16-1570294/fmicb-16-1570294-g001.jpg
0 70 140 km b
[

Kalimantan

2 km

INFAPRO
Project Area

Transect 1
243 m

Transect 3

d

Transect 2

A

Danum Valley
Conservation Area

m—  ACCESS roads

e Segama River

Forest sampling sites
@ Old-growth
A Actively restored

I Naturally regenerating





OPS/images/fmicb-15-1360488/fmicb-15-1360488-g006.jpg
Module 1

Empirical network

Random network

st N;“;’:’“ m(a; avgk | GD |avgCC | Modularity | GD+SD [avgCC + SD |Modularity + SD
0310 | 54 | 530 [19.63 | 1.655| 0.561 | 0.538 |1.644+0.004|0.48420.008| 0.099 0010
Modulo &

Module3

Modulo 1





OPS/images/fmicb-16-1570294/cross.jpg
©

|





OPS/images/fmicb-15-1360488/fmicb-15-1360488-g007.jpg
Dvit

Dapp

Dbar
Druf

Dpon

Dadj

Dval

Dter

Drhi

Nakazawaea Dval

Ogataea

Cybertindnera  ppar

Druf
Dbre
Yomadazyma DVt
D
Cladosporum  2®
Zygoascus
Kuraishia
Dpon

Candida

Absidia

Trichodorma

‘Saceharomyeopsis

Beauveria

potorozyma
Fitobasidium

[
Metschnikowa

Sporothrix
Enosporium

Aspergillus

Saccharomycetales

proauey





OPS/images/fmicb-15-1360488/fmicb-15-1360488-t001.jpg
Species Locality Latitude ( Host tree

Nevado de C

D. adjunctus 19°3506.0" 103°36'14.4” 3,260 Pinus hartwegii
Jalisco, Mexico
San José Poaqui, Pinus teocote/ Pinus
D. approximatus 14°49'30" 90°5422" 1527
Guatemala montezumae
Madera Canyon, Texas,
D, barberi Usa 305543 103°4849" 1497 Pinus sp.

Rocheachi, Pesachi,

D, brevicomis Guachochi, Chihuahua, 27°45591" 107°122:50" 2800 Pinus sp.
Mexico
Spring, Creek, Oregon,

D. brevicomis i 42°40'46" 121°5332" 1,725 Pinus sp.

El Madrofio, Querétaro,
D, frontalis 21°1649.2" 99°08'53.6" 1,687 Pinus teocote
Mexico

Montebello Lagoon,
D. mesoamericanus 16°07°00" 91°4200" 1,500 Pinus oocarpa
Chiapas, Mexico

El Durazno, Guanajuato,
D, mexicanus M 21°19'18.19” 99°475.494" 2454 Pinus teocote
exico

K 10 Carr Uruapan,
D. parallelocollis 19°2423" 102°2'35" 1615 Pinus pringlei
Michoacan, Mexico

British Columbia,
D. ponderosae 54°49'19.9" 124°44°36.4" 1,839 Pinus sp.
Canada

P San Juanito, Bocoyna; s —_—_
rhizophagus 955754.9" 935754.6" y inus arizonica
ophag: Chihuahua, Mexico 27°55'54.9' 27°35'54.6'

Colorado, Washington,

D. rufipennis sk 39.03°75'62" 107.94°2005" 3,657 Picea engelmannii

Red Dirt National
‘Wildlife, Kisatchie

D. terebrans 31°49'60.05" 93°25'59.24" 1429 Pinus sp.
National Forest,

Louisiana, USA

Los pozos, Valentin
D. valens Gomez Farias, Jalisco, 19°48'41” 103%64'19” 2550 Pinus montezumae

Mexico

El Cilantrillo, Nuevo
D, vitei 25°21222" 100°19'327" 1844 Pinus cembroides
Ledn, Mexico
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