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Editorial on the Research Topic

Plant-soil-microbial interactions in arid areas
Arid and semi-arid regions account for approximately 40-42% of the Earth’s terrestrial

surface and represent a critical component of global ecosystems (Lewin et al., 2024). Under

long-term water and nutrient limitations, these regions have shaped a large number of

species adapted to drought, salinity, and nutrient-poor conditions, which maintain

ecosystem stability through deep root systems, leaf morphological traits, and osmotic

regulation mechanisms (Schenk and Jackson, 2002). Meanwhile, soils in arid regions serve

as important reservoirs of carbon and nutrients, and their physicochemical properties and

microbial activities exert profound effects on plant survival and ecosystem processes

(Schimel et al., 2007). With the increasing frequency of drought events and the

intensification of environmental stresses (IPCC, 2021), elucidating the mechanisms of

plant-soil-microbe interactions has become a central scientific issue in arid ecology. In this

Research Topic, we have collected 12 articles focusing on plant-soil-microbial interactions

in arid regions. These studies include four major aspects: the physiological and chemical

mechanisms underlying plant-soil-microbial interactions, microbial community assembly,

the regulation of nutrient and carbon cycling mediated by plant-soil-microbial interactions,

and the application of these interactions in agriculture and ecosystem restoration. By

integrating these findings, this Research Topic delineates a clear scientific trajectory: from

elucidating the fundamental mechanisms of plant-soil-microbe interactions, to revealing

the patterns of microbial community assembly, and finally to their applications in

agriculture and ecological restoration. These studies not only advance our understanding

of ecosystem functioning in arid regions but also provide a scientific foundation and

practical guidance for the sustainable use and management of these vulnerable ecosystems

in the future.

In addition to water scarcity, plants in arid regions are also subjected to multiple other

limiting stresses, such as salinity and phosphorus deficiency (Tian et al.; Wang et al.).

Under these adverse conditions, soil microorganisms play a critical role in supporting plant

survival and growth through various mechanisms. For example, under drought stress,

Streptomycetales alleviate nutrient limitations caused by reduced enzymatic activity in

plants through the 1-aminocyclopropane-1-carboxylate (ACC) deaminase and the

production of secondary metabolites such as indole-3-acetic acid (IAA), thereby
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enhancing nutrient absorption by sugarcane roots. Rhizobiales

counteract drought stress by supporting nitrogen acquisition in

sugarcane and producing siderophores to facilitate iron uptake. The

synergistic effect of these microorganisms collectively enhances the

drought tolerance of sugarcane (Chen et al.). Furthermore, Pan et al.

found that inoculation with arbuscular mycorrhizal fungi (AMF)

could alleviate manganese stress on Lespedeza davidii. Specifically,

AMF enhance plant stress resistance by increasing the content of

osmotic adjustment substances (e.g., soluble sugars, soluble

proteins, free proline), enhancing antioxidant enzyme activities,

and reducing membrane lipid peroxidation products, thereby

strengthening plant stress tolerance. These studies provide

important theoretical support for a deeper understanding of

plant-soil-microbe interactions in arid ecosystems.

Microbial community assembly represents a central regulatory

element in plant-soil-microbe interactions, providing a foundation

for understanding these complex relationships. To clarify microbial

community assembly, researchers have conducted extensive

experimental studies across different contexts, including artificial

vegetation restoration sequences, drought stress gradients, and

comparisons between rhizosphere and bulk soils. The results

show that stochastic processes (such as dispersal limitation and

ecological drift) play an important role in microbial community

assembly. By analyzing the microbial communities in the root

endosphere, rhizosphere, and bulk soil across three seasons,

Zhang et al. found that microbial community assembly was

dominated by stochastic processes, with dispersal limitation being

the core stochastic process; only bacteria and fungi in bulk soil were

regulated by deterministic processes (homogeneous selection) in

some seasons. Similarly, in studies on Pyrus betulifolia, Liu et al.

(2025) further confirmed that both the rhizosphere and endosphere

fungal communities were dominated by stochastic processes, and

the proportion of these processes in the endosphere was

significantly higher than in the rhizosphere. This difference can

be attributed to the more enclosed environment of the endosphere

and the smaller size of its microbial species pool, which amplifies

the influence of ecological drift on community assembly. However,

in addition to stochastic processes, environmental filtering (such as

the selective effects of factors like soil pH, salinity, nutrients, and

moisture) also plays a crucial role in the community assembly. For

example,Xue et al. found that dispersal limitation and

homogeneous selection dominated the assembly process, with

their relative contributions changing dynamically with the

duration of artificial vegetation restoration. Among these factors,

soil texture and phosphorus were identified as key drivers. These

findings provide strong evidence for the crucial role of stochastic

processes in microbial community assembly in arid regions.

Plant-soil-microbial interactions play a significant role in nutrient

and carbon cycling in terrestrial ecosystems. Root exudates, the

functional regulation of microbial communities, and their interactions

with soil collectively determine ecosystem productivity, nutrient cycling,

and energy flow. Wu et al. , using Haloxylon ammodendron and

Haloxylon persicum as study species, demonstrated that these plants

actively shape the structure and function of their rhizosphere

microbial communities through root exudates, including
Frontiers in Plant Science 026
triterpenes and fatty acids, which act as key signaling molecules.

The enriched beneficial microbes, such as Actinomycetales and

Proteobacteria, participate in and drive soil carbon and nutrient

cycling. The study by Wang et al. elucidated the regulatory role of

plant-soil-microbial interactions in carbon cycling. In the desert-

oasis ecotone, microbial community structures differ significantly

between rhizosphere and bulk soils. In rhizosphere soil,

Proteobacteria and Actinobacteria are relatively abundant; these

microorganisms promote heterotrophic respiration by accelerating

the degradation of root exudates and the turnover of organic

carbon. In contrast, bulk soils are mainly dominated by

Actinobacteria, which maintain basal respiration by decomposing

recalcitrant soil organic carbon. Luo et al. found that desert shrubs

adapt to nutrient-poor environments by differentially regulating

root nutrient resorption efficiencies for nitrogen (N), phosphorus

(P), and potassium (K). Overall, these plants exhibit a “prioritized K

resorption” pattern. Moreover, C4 plants show higher K resorption

efficiency, whereas C3 plants display higher N and P resorption

efficiencies. Additionally, plants dynamically adjust their nutrient

resorption efficiencies in response to changes in soil properties and

climatic factors to better adapt to arid and nutrient-poor environments.

Furthermore, elucidating the mechanisms underlying plant-soil-

microbe interactions and applying this knowledge to improve soil

quality and optimize nutrient management are central goals for

achieving sustainable agriculture and effective ecosystem restoration.

Li et al. (2025) found that exogenous carbon application can regulate

the structure of soil microbial communities and further enhance

plant antioxidant systems, thereby alleviating the effects of salt stress

on cotton. Under low-phosphorus conditions, silicon addition can

promote the secretion of malic and succinic acids from plant roots,

enhance acid phosphatase activity, and enrich phosphorus-

solubilizing microbes, including Bradyrhizobium, Paenibacillus,

Bacillus, and Fusarium, thereby forming an effective “organic acid-

microbe” phosphorus system and improving plant phosphorus

uptake (Jiang et al.). These studies provide important theoretical

and practical support for sustainable agricultural development and

ecological restoration.

The aforementioned studies have systematically elucidated the

important role of plant-soil-microbial interactions in arid-land

ecosystems, providing a solid theoretical foundation for improving

plant stress resistance and resource use efficiency through microbial

strategies. Despite significant progress made in terms of mechanisms

and application potential, future research should further explore the

interactive effects of multiple stress factors (such as drought,

salinization, and heavy metals) in arid regions, as well as the long-

term dynamic patterns of plant-soil-microbial interactions. This will

contribute to the development of innovative solutions for the

sustainable development of arid regions under global climate change.
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Introduction: Root exudates act as the "language" of plant-soil communication,

facilitating crucial interactions, information exchange, and energy transfer

between plants and soil. The interactions facilitated by root exudates between

plants and microorganisms in the rhizosphere are crucial for nutrient uptake and

stress resilience in plants. However, the mechanism underlying the interaction

between root exudates and rhizosphere microorganisms in desert plants under

drought conditions remains unclear, especially among closely related species.

Methods: To reveal the ecological strategies employed by the genus Haloxylon

in different habitats. Using DNA extraction and sequencing and UPLC-Q-Tof/MS

methods, we studied root exudates and soil microorganisms from two closely

related species, Haloxylon ammodendron (HA) and Haloxylon persicum (HP), to

assess differences in their root exudates, soil microbial composition,

and interactions.

Results: Significant differences were found in soil properties and root traits

between the two species, among which soil water content (SWC) and soil

organic carbon (SOC) in rhizosphere and bulk soils (P < 0.05). While the

metabolite classification of root exudates was similar, their components varied,

with terpenoids being the main differential metabolites. Soil microbial structure

and diversity also exhibited significant differences, with distinct key species in the

network and differential functional processes mainly related to nitrogen and

carbon cycles. Strong correlations were observed between root exudate-

mediated root traits, soil microorganisms, and soil properties, although the

complex interactions differed between the two closely relative species. The

primary metabolites found in the network of HA include sugars and fatty acids,

while HP relies on secondary metabolites, steroids and terpenoids.
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Discussion: These findings suggest that root exudates are key in shaping

rhizosphere microbial communities, increasing microbial functionality,

fostering symbiotic relationships with hosts, and bolstering the resilience of

plants to environmental stress.
KEYWORDS

root exudates, genus Haloxylon, soil microorganisms, root traits, rhizosphere
1 Introduction

Rhizosphere refers to the narrow region of soil that surrounds

and is influenced by plant roots, where various interactions between

roots and microorganisms that inhabit their root vicinity, and high

concentrations of plant-derived organic exudates and mucilage

(Korenblum et al., 2020; Vieira et al., 2020). Root exudates,

serving as the “language” of rhizosphere communication, are

pivotal in facilitating interactions, information exchange, and

energy transfer between plants and soil (Venturi and Keel, 2016;

Zhao et al., 2021). Root exudates comprise various compounds,

such as amino acids, organic acids and other secondary metabolites,

which are vital for plant functional metabolic pathways, with their

composition affecting the physicochemical properties and nutrient

availability of rhizosphere soil (Bais et al., 2006; Zhalnina

et al., 2018).

Soil microorganisms are crucial components of the soil

ecosystem, playing a vital role in maintaining ecological balance

and nutrient cycling (Cui et al., 2018; Sahu et al., 2019). Root

exudates as a medium for the co-evolution of plants and

microorganisms (Morgan et al., 2005), they extend the functional

traits of plants by participating in a series of processes, including

nutrient acquisition, growth promotion, and enhancing the ability

to resist environmental stress (Bai et al., 2022). Root exudates

stimulate microbial colonization at the root-rhizosphere soil

interface, affecting the relative abundance and activity of soil

microorganisms (Yin et al., 2013; Ribbons et al., 2016). This

process enhances resource acquisition and adaptation to adverse

environments (Haichar et al., 2014), such as drought and

salinization, representing the evolutionary response of plants to

external environment changes (Yin et al., 2013). The preference of

soil microorganisms for root exudates drives the assembly of

rhizosphere microbial communities (Zhalnina et al., 2018),

allowing plants to selectively promote beneficial microorganisms

(Bulgarelli et al., 2015), while deterring pathogenic or detrimental

ones (Venturi and Keel, 2016). A previous study found that

Arabidopsis and Ageratina adenophora could recruit beneficial

bacteria by releasing specific compounds from root exudates to

promote growth (Harbort et al., 2020; Sun et al., 2021). Root

exudates facilitate plant‐microbial community interactions that

affect plant growth and adaptation, fostering mutualistic
029
relationships or antagonizing soil microorganisms to affect plant

growth (Eppinga et al., 2006; Kardol et al., 2007).

Root exudates play an important role in interspecies chemical

communication, acting as chemical signals between plant roots and

other soil organisms (including the roots of neighboring plants), and

inducing changes in root behavior (Bais et al., 2006; Semchenko et al.,

2014; Xia et al., 2019). Plants can modify soil pH through changes in

root exudate composition, which affects pathogen and beneficial

microbial colonization (Lareen et al., 2016). Manipulating plant

traits to enhance plant-microbial interactions that increase plant

resilience to adversity and optimize soil nutrient cycling (De Vries

et al., 2020). These interactions are crucial for maintaining and

stabilizing ecosystem functions. For example, plant root traits and

the composition of rhizosphere microbial communities promote

plant yields (Lareen et al., 2016). These traits and exudates adjust

in response to resource competition among species (Meier et al.,

2020; Wen et al., 2019) and they are intricately linked to resource

acquisition and utilization functions, such as the contents of roots N

and P in roots (Cui et al., 2018; Sun et al., 2021). Hence, further

observation is needed to assess the relationship between these

rhizosphere microbes and plant community dynamics mediated by

plant traits (Chai et al., 2019). Moreover, rhizosphere microbes play a

crucial role in fostering host phenotypic plasticity, aiding host plant

adaptation to environmental conditions (De La Fuente Cantó et al.,

2020). However, studies on the role and regulation of root exudates in

the rhizosphere environment of desert soils remain relatively few,

which are affected by various factors and conditions, especially

congenerics plants. Therefore, the mechanism underlying the

interaction between exudates and their rhizosphere microorganisms

in closely related species under drought conditions remains unclear.

Root exudation mediated plant-soil microbial interactions are

crucial in facilitating active plant adaptation to microenvironment

and stress resistance (De Vries et al., 2020). These exudates modify

the soil properties to help plants withstand the stress of adversity

(Baetz and Martinoia, 2014; Zhu et al., 2009). In the Gurbantunggut

Desert, two closely related species, Haloxylon ammodendron (C. A.

Mey.) Bunge, primarily inhabiting on the plain saline-alkali land,

and Haloxylon persicum Bge. ex Boiss. et Buhse, grows on the sand

soil of the dunes with a distinct species distribution mode (Song

et al., 2006). Studies have explored environmental factors as

potential causes for this pattern but have not reached a
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consensus. This study focuses on root exudates and investigates root

characteristics, exudates, soil environmental factors, rhizosphere

microorganisms, and their interactions. It analyzed root exudates

composition, soil microbial community structure variations, and

the interplay among environmental factors, plant traits, and

rhizosphere microorganisms. Therefore, this study aims to

elucidate the ecological adaptation strategies employed by the

genus Haloxylon in different habitats. The findings may help

elucidate the underlying mechanism and distribution pattern of

desert plants adapting to harsh environments. It also seeks to

provide valuable insights that can greatly contribute to

desertification control and ecological restoration efforts.
2 Materials and methods

2.1 Study site

The research site was situated in the Ebinur LakeWetland National

Nature Reserve, Xinjiang (83°32′–83°35′E, 44°35′–44°42′N). In this

region, the average annual precipitation was approximately 100 mm,

with annual evaporation rates >1600 mm, an average annual

temperature range of 6–8°C and approximately 2800 h of sunshine

annually (Wang et al., 2022). The long-term scarcity of precipitation

resulted in severe drought stress in the local ecosystem (Li et al., 2022a).

The soil is predominantly gray desert soil, aeolian sandy, meadow soil,

and swamp soils (Wang et al., 2022). The local zonal vegetation

consisted of sparse, extreme xeromorphic shrubbery, and dominant

shrubs in this ecosystem includedH. ammodendron (HA), H. persicum

(HP), Tamarix ramosissima, Nitraria schoberi, Reaumuria soongorica,

and Halimodendron halodendron.
2.2 Sample collection

Based on previous investigation and research in the study area,

HA is primarily distributed on the saline-alkali land near the river

bank of the Akikesu River, andHP grows on the semi-fixed dune far

away from the river bank. In July 22 to 25, 2021, we chose four

sample sites of HA approximately 0.5 km from the riverbank

towards the Akikesu River, and four sample sites of HP

approximately 3.5 km from the riverbank, matching in height and

size, to collect plant root exudates, and rhizosphere and bulk soil

samples (Supplementary Figure S1).

Rhizosphere and bulk soil samples were collected from four HA

and HP, respectively. The plants selected from each site of HA or

HP were collected from depth of 0 ~ 40 cm,1 ~ 2 m away from the

trunk. All roots at each site are placed in sterile bags to prepare

rhizosphere soil samples. In addition, four bare soil samples were

collected on unvegetated ground about 10 m away from the plants,

at a depth of about 0-40 cm, and these samples were uniformly

mixed to form bulk soil samples.
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Each root of the plant, measuring approximately 20 cm in

length, was selected from the four cardinal directions, ensuring the

roots remained undamaged. The soil clinging to the root surface

was carefully rinsed off with distilled water. Following a modified

version of the in situ sample collection method (Phillips et al.,

2018), the primary steps were as follows: the cleaned root was

placed in a sterile bag filled with sterile glass sand (1 mm particle

size) as the culture medium. Simultaneously, a carbon-free nutrient

solution (Jakoby et al., 2020) was injected to provide essential

nutrients for healthy root development. The opening of the bag

was sealed to prevent impurities, and then the aseptic bag, which

was wrapped in tin foil, was covered with soil. After 24 h of root

recovery, the growth medium was washed with the nutrient solution

to collect the exudates, combining all samples from each tree.

After extraction, 16 roots were randomly selected from the roots

of both HA and HP. Their surface moisture was adsorbed using filter

paper. The roots were then scanned. Following that, they were

analyzed using WinRHIZO software. Subsequently, the scanned

roots underwent drying at 65°C for 48 h and then weighed. Follow

the methods used in previous studies (Li et al., 2022a), Rhizosphere

soil samples were collected by adding a Phosphate Buffered Saline

(PBS) solution into the sterile, aseptic bag containing roots. The

solution underwent a rinsing process, during which turbidity was

collected and subsequently centrifuged. After removing the

supernatant, the precipitated material was used as the rhizosphere

soil and stored at −20°C until measurement. Supplementary Table S1

depicts the soil properties of the samples, which were evaluated using

soil measurement methods.
2.3 DNA extraction, high-throughput
sequencing and processing

Total soil genomic DNA was extracted from soil using the MoBio

Power Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA,

USA).The bacterial PCR amplification employed primers 515F (5’ -

GTGCCAGCMGCCGCGG - 3’) and 907R (5’ - CCGTCAATTCM

TTTRAGTTT -3’) (Christner et al., 2001), while the fungal PCR

amplification used primers ITS1F (5’ - CTTGGTCATTTA

GAGGAAGTAA - 3’) and ITS2R (5’ - GCTGCGTTCTTCATC

GATGC - 3’) (Gardes and Bruns, 1993). PCR amplification was

conducted in a 20 mL reaction system using TransGen AP221-02. The

PCR products were detected on 2% agarose gel electrophoresis and

QuantiFluor was used for quantitative detection ™-ST blue

fluorescence quantification system. A cDNA library was

constructed on the Illumina MiSeq platform (Illumina San Diego,

USA) and high-throughput sequencing (MiSeq PE300) of the PCR

amplified fragments was performed.

Utilizing the UPARSE platform version 7.1, gene sequence

clustering and elimination of chimeras were executed to achieve

97% ASV convergence towards taxa. The annotation and Bayesian

algorithms, and RDP classifier were used for the species classification
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analysis. After flattening, 2,201 bacterial ASVs (23,444 sequence

reads) and 634 fungal ASVs (2,783 sequence reads) were obtained.
2.4 Determination of root exudates via
UPLC-Q-Tof/MS

TheHA and HP exudates were concentrated to approximately 5

mL using a Rotary evaporator at 45°C and 120 r/min. They were

then transferred to a low‐temperature freeze dryer until they

became solid powder. Subsequently, 1.5 mL of 70% methanol

aqueous solution was added for re-dissolution, followed by a 30-

min ultrasound treatment. After centrifugation at 10000 rpm/min

for 5 min, 200 mL of the solution was taken and placed into a 2 mL

volumetric bottle, then passed through a 0.22-mm filter membrane

for use. The samples were separated using a Waters Acuity H-Class

ultra-high performance liquid chromatograph (FTN automatic

sampler, four-element liquid chromatography pump) and

ACQUITY UPLC® BEH C18 column (1.7 mm, 2.1 mm×100 mm)

at a temperature of 45°C. The flow rate was maintained at 0.4 mL/

min with an injection volume of 2.0 mL.
The MSE mode was employed for data collection, capturing

mass spectrum data in positive ion and sensitivity modes. Data

storage utilized the centroid mode, and a real‐time mass number

correction was achieved using a leucine enkephalin (LE) standard

solution, with a 5 mL/min flow rate. Mass Lynx v4.1 software was

employed to facilitate MS data collection, which was then imported

into UNIFI for peak identification and chemical composition

retrieved through the Natural Products database. The obtained

products were compared with the KEGG database, followed by

metabolite classification and enrichment analyses of the

root exudates.
2.5 Statistical analysis

Root traits and soil properties were expressed as mean ± standard

error (SD). Before statistical analysis of the data, the “shapiro.test”

and “Bartlet.test” functions were used to test the normality and

variance homogeneity of the data, respectively. If the data do not

conform to the normal distribution, or the variance between the

groups was not uniform, the “kruskal.test” function was used for non-

parametric tests. Metabolites from root exudates were classified using

the KEGG database, with classification statistics conducted using the

reshape2 package. Pathway enrichment analysis was conducted using

Metabo Analyst 6.0. Orthogonal partial least squares discriminant

analysis (OPLS-DA) was used to differentiate intergroup variations in

the root exudates of both species, and the variable importance in

projection (VIP) of OPLS-DA was calculated. Root exudates that

satisfy both criteria of |log2FC| > 1.5 and a t-test with a P-value < 0.05

were selected for statistical analysis as metabolites exhibiting

significant differences.

The bacterial and fungal network at the family level was

constructed based on the Pearman correlation matrix. ASV units

with abundance < 20 were excluded, and only correlations satisfying

the conditions (r > 0.8 and P < 0.05) were considered, and the
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degree of a node in the network determines its criticality.

The network was visualized, and its topological properties were

obtained using Gephi (v 0.9.2). Differential bacteria and fungi

communities’ analysis were conducted using ggpubr package.

The devtools and linkET packages were utilized for correlation

and Mantel analyses involving root traits, environmental factors,

root exudates, rhizosphere soil bacteria, and fungi. Node and edge

data were obtained using the igraph package. Cytoscape (v 3.9.1)

facilitated the prediction of root exudates and microbial functional

pathways, along with network visualization of soil properties and

root traits (r > 0.8 and P < 0.05).

All statistical analyses were conducted using R 4.1.3 (http://

www.r-project.org/), with the ggplot2 package used for mapping in

statistical analyses (http://www.r-project.org/).
3 Results

3.1 Difference analysis of root traits and
soil properties of genus Haloxylon

Significant differences were observed in soil pH, soil water

content (SWC), soil salt content (SA), soil organic carbon (SOC),

soil total phosphorus (TP), soil available phosphorus (AP), and soil

total nitrogen (TN) between HA and HP treatments (P < 0.05).

However, no significant differences were observed in soil nitrate

nitrogen (NN) (P > 0.05). SWC and SOC exhibited significant

differences between the rhizosphere and bulk soil of the two species,

whereas TN and soil ammonium nitrogen (AN) showed significant

differences in the soil of the two species (P < 0.05) (Table 1).

Significant differences were observed in root characteristics

between HA and HP treatments (Figure 1). The root surface area

(RS), mean root diameter (RD), root volume (RV), and nitrogen

(N) content of HA were significantly higher than those of HP (P <

0.01). In contrast, carbon (C) and phosphorus (P) contents, specific

root length (SRL), specific surface area (SRA), and root tissue

density (RLD) of HP were significantly higher than those of HA

(P < 0.05).
3.2 Composition and difference analysis of
root exudates of genus Haloxylon

By chemical composition analysis, 263 and 261 positive and

negative ion compounds were identified in the root secretions of

HA and HP (Figure 2A), and the common compounds accounted

for 68.8% and 77.4%, respectively. These compounds were

compared using the KEGG database, and 85 positive and 83

negative ion metabolites were identified. The OPLS-DA analysis

of metabolites accounted for 65.45% and 73.13% of the variance,

respectively (Figure 2B). The predictive power of the positive and

negative models was high at 0.982 and 0.98(Q2Y>0.9, R2Y>Q2Y),

respectively. This indicated a significant difference in metabolites

between the root exudates of HA and HP.

According to the Phytochemical compounds in the KEGG

compounds, the metabolites identified in the root exudates of the
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two species were categorized mainly into alkaloids, fatty acid-

related compounds, flavonoids, phenylpropanoids, terpenoids,

and shikimate/acetate malonate pathway-derived compounds.

Among these, triterpenoids were the most abundant, followed by
Frontiers in Plant Science 0512
steroids and fatty acids. The classification of KEGG metabolite

compounds, metabolite pathways, and enrichment were

comparable to the root exudates of both species (Figures 2C, D;

Supplementary Figure S2).
FIGURE 1

Differences in root traits between Haloxylon species. HA represent H. ammodendron, and HP represent H. persicum. (A) RL, root length; (B) RS, root
surface area; (C) RD, average root diameter; (D) RV, root volume; (E) RT, number of root tips; (F) RM, dry weight of root biomass; (G) C, root carbon
content; (H) N, root nitrogen content; (I) P, root phosphorus content; (J) SRL, specific root length; (K) SRA, specific surface area; (L) RLD, root tissue
density. *, **, *** indicated significant levels of P < 0.05, P < 0.01, and P < 0.001 respectively, while NS indicated no significant level.
TABLE 1 Soil property comparison of soil from genus Haloxylon.

Soil properties Unit HAR HAB HPR HPB

pH – 8.24 ± 0.20Aa 8.01 ± 0.30Aa 7.29 ± 0.14Ab 7.24 ± 0.18Ab

SWC % 13.53 ± 1.56Aa 5.31 ± 0.17Ba 1.03 ± 0.11Ab 0.19 ± 0.00Bb

SA g.kg-1 7.59 ± 2.17Aa 4.80 ± 0.90Aa 1.12 ± 0.07Ab 1.00 ± 0.13Ab

SOC g.kg-1 10.84 ± 4.59Aa 4.67 ± 1.37Ba 1.12 ± 0.16Bb 1.38 ± 0.08Ab

TN g.kg-1 1.89 ± 0.72Aa 1.56 ± 0.68Aa 0.76 ± 0.10Ab 0.55 ± 0.13Bb

AN mg.kg-1 3.77 ± 1.73Aa 1.86 ± 0.61Aa 1.28 ± 0.17Aa 0.67 ± 0.17Bb

NN mg.kg-1 11.43 ± 5.72Aa 6.27 ± 2.75Aa 2.70 ± 0.25Aa 3.05 ± 0.33Aa

TP g.kg-1 1.32 ± 0.22Aa 1.37 ± 0.34Aa 0.65 ± 0.04Ab 0.69 ± 0.02Ab

AP mg.kg-1 43.61 ± 19.17Aa 33.98 ± 14.58Aa 9.63 ± 0.77Ab 8.09 ± 1.80Ab
Different capital letters indicate significant differences between the rhizosphere and bulk soil, while the same capital letters denote insignificant differences. Different lowercase letters indicate
significant differences between the rhizosphere soils of the genus Haloxylon, or between their bulk soil, whereas the same lowercase letters denote no significant differences between them. HAR
and HPR represent the rhizosphere soil of HA and HP, HAB and HPB represent the bulk soil of HA and HP. SOC, Soil organic carbon; SA, soil salt content; TN, soil total nitrogen; TP, soil total
phosphorus; AN, Soil ammonium nitrogen; NN, soil nitrate nitrogen; AP, Soil available phosphorus.
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Based on the OPLS-DA analysis (|log2FC|>1.5, P<0.05), 622

metabolites were identified between HA and HP, comprising 30

positive and 32 negative ions. Among these, 23 metabolites in HP

exhibited higher content (7 positive and 16 negative ions), while 39
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metabolites (23 cations and 16 anions) showed higher content in

HA (Figures 3A, B). The significantly different metabolites in the

root exudates of the two species were further analyzed using

clustering heat maps and VIP bar graphs (FC > 2 or FC < 0.5,
FIGURE 3

Difference in root exudates within the genus Haloxylon. (A, B) represent the volcano plot, with exudates that increased and decreased twofold, as
shown in orange and blue, respectively, while other metabolites are depicted in gray. (C, D) displayed the Heatmap cluster and VIP analysis of the
differential exudates between the two species. (A, C) are the positive ion metabolites. (B, D) are the negative ion metabolites of exudates.
FIGURE 2

Comparison of root exudate composition in the genus Haloxylom. (A), the root exudate composition. (B), the OPLS-DA of the root exudates.
(C, D) illustrate the root exudate compositions of the two species in the KEGG database.
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VIP > 1) (Figures 3C, D). Terpenoid compounds emerged as the

primary differential metabolites in the root exudates of the two

species, with fatty acid-related compounds showing higher levels in

HP than those of HA.
3.3 Analysis of soil microbial community of
genus Haloxylon

At the phylum level, 11 phyla with relative abundances exceeding

1% were identified, with Actinobacteria (31.53%) and Proteobacteria

(29.36%) emerging as dominant bacteria. Among the dominant fungi,

Ascomycota (54.15%) and Basidiomycota (25.34%) were the dominant

groups (Figures 4A, B), and the community structure displayed

significant differences (Supplementary Figure S3). Regarding soil

bacteria diversity, significant differences were observed in the Chao

and Shannon indices for HA (P < 0.05), along with a significant

difference in the Chao index for HP (P < 0.05). Significant differences

were observed in the Chao and Shannon indices of soil bacteria

between bulk HA and HP samples (P < 0.01). However, no

significant difference (P > 0.05) was observed in the rhizosphere soil

bacterial diversity index between the two plants. Regarding the soil

fungi diversity, the Chao index showed a significant difference (P <

0.01), while the Shannon diversity index did not exhibit a significant

difference (P > 0.05) (Figure 4C). Furthermore, the rhizosphere fungal

diversity surpassed that of the bulk soil. Additionally, differences were
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observed in the species of soil bacteria and fungi within the Haloxylon

genus (Supplementary Figure S4).

The network association between soil bacteria and fungi was

analyzed using Spearman’s correlation (|r|>0.8, P<0.05) (Figures 4D,

E; Supplementary Table S3). The numbers and edge interaction ratios

within the bacterial and fungal interaction networks of both species

were similar. However, the co‐occurrence network of HA exhibited a

higher gram density, average degree, and average clustering coefficient

than that of HP while showing lower modularity and average path

length. Key species in the co‐occurrence network of HA included

Woeseiaceae, Halomonadaceae, and unclassified_Rhizobiales among

bacteria, and Phaeococcomycetaceae and Pleosporaceae among fungi.

In contrast, Thermoanaerobaculaceae, Cyclobacteriaceae, and

Glycomycetaceae bacteria, along with Didymosphaeriaceae,

Cordycipitaceae, and Microascaceae fungi, were identified as

keystone species in the network of HP.

The Tax4Fun analysis of KEGG pathways in soil bacteria of the

genus Haloxylon revealed that carbohydrate and amino acid

metabolism and membrane transport were the primary metabolic

pathways (Figure 5A). Differential functional pathways were

identified using the Wilcoxon test (P<0.05) (Figure 5B),

highlighting significant differences in the following pathways:

carbohydrate metabolism, signal transduction, metabolism of

cofactors and vitamins, and energy metabolism in the soil

bacteria of HP, with metabolism of other amino acids, infectious

disease, and cellular community-prokaryotes of HA. Furthermore,
FIGURE 4

Soil bacterial and fungal communities of genus Haloxylon. (A, B) show the composition of soil bacterial and fungal communities at the phylum level.
(C) displays the soil microbial diversity comparison between HA and HP, indicated by *P < 0.05, **P < 0.01. (D) depicts the networks of soil microbial
communities at the family level for HA, and (E) is the networks for HP, with the circle size representing the number of degrees. HAR and HAB refer
to the rhizosphere and bulk soil of HA, respectively, while HPR and HPB denote the rhizosphere and bulk soil of HP, respectively.
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carbohydrate metabolism, signal transduction, and nucleotide

metabolism differed between the bulk soils of both species. The

FAPROTAX database was utilized to predict differential functional

processes in soil bacteria (P<0.05), with a focus on nitrogen and

carbon cycle-related processes (Figure 5C).

We used FUNGuild function prediction and Wilcoxon test

(P<0.05) to examine differences in soil fungal function within the

genus Haloxylon. The primary functions identified for soil fungi in

Haloxylon were Saprotroph and Sybiotrophs (Figure 6A). Significant

differences were observed in the functional prediction of Undefined

Saprotroph, Endophyte-Lichen Parasite-Plant Pathogen, and

Arbuscular Mycorrhizal and Animal in soil fungi of HP, with Dung

Saprotroph-Saprotroph in soil fungi of HA. Arbuscular Mycorrhiza
Frontiers in Plant Science 0815
function exhibited significant differences in rhizosphere soil fungi

between the two species but not in bulk soil (Figure 6B).
3.4 Correlation analysis of root traits,
exudates, and microorganisms of
genus Haloxylon

At the family level, we conducted an analysis of the correlation

between bacteria, fungi, root exudates, and root traits in the genus

Haloxylon using the Mantel test. The RL, RS, RD, RV, and RT of the

root trait ofHA showed strong correlations with soil bacteria and root

exudates but weak correlations with fungi (Figure 7A). Additionally,
FIGURE 6

Prediction and differential analysis of fungal functional groups in the genus Haloxylon. (A) displays the relative abundance proportion of fungal
functional prediction by FUNGuild. (B) presents the comparison of predicted functional pathways among groups.
FIGURE 5

Function prediction and differential analysis of soil bacteria in the genus Haloxylon. (A) shows the composition of bacterial functional pathways at
the KEGG class level, (B) presents the comparison of predicted functional pathways between groups, and (C) illustrates the difference in FAPROTAX
functional prediction among groups.
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root traits were significantly correlated with SWC. In contrast, the

RD, C, and RLD of the root traits ofHP exhibited strong correlations

with soil bacteria, fungi, and root exudates, and the root traits were

significantly correlated with both SWC and SOC (Figure 7C).

Functional pathways prediction and Pearson’s correlation (|r| > 0.8,

P < 0.05) revealed strong correlations between bacterial and fungal

functions, root exudates, root traits, and soil properties (Figures 7B, D).

Key hubs in the correlation network included root exudates such as

Raffinose, n-heptadecanal, Coixenolide, and Diphenyl sulfone, with

predicted microbial functions such as amino acid metabolism,

membrane transport, glycan biosynthesis, and metabolism, dung

saprotroph-plant saprotroph-wood saprotrophs, root traits T and S,

and soil pH. The root exudates of HP, including isolariciresinol,

abbrusoside A, helveticoside, physalin P, and coixenolide, along with

predicted functional pathways, such as glycan biosynthesis and

metabolism, biosynthesis of other secondary metabolites, membrane

transport, dung saprotroph-plant saprotrophs, ectomycorrhizal

function, root traits D and T, and soil SWC and NN, emerged as

key hubs in the correlation network.
4 Discussion

4.1 Composition of root exudates within
the genus Haloxylon

The quantity and quality of root exudates vary depending on

factors such as plant genotype, soil environment, nutrient

conditions, plant growth stage, and physiological state (Mommer

et al., 2016). Root exudates from HA and HP plants exhibit
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significant differences in metabolite composition (Figures 2A, B),

indicating variations in the components of the root exudates among

different plant genotypes, consistent with previous studies (Ziegler

et al., 2016). Plant‐derived secondary metabolites affect the

complexity of interactions with biological and abiotic

environmental factors (Enebe and Babalola, 2018). Terpenoids—a

major chemical defense in plants—play an essential role in species

competition and co-evolution (Fujii et al., 2012). The root exudates

of Haloxylon exhibit significantly higher levels of triterpernoids

than those of other compounds, with fatty acids and steroids

following (Figures 2C, D). These may be adaptive strategies

closely related species employ to thrive in desert and drought-

stressed environments. Triterpenoids and fatty acids serve as

signaling molecules, actively contributing to plant stress responses

that support overall plant growth (Li et al., 2022b).

Stress affects protein synthesis and nucleic acid metabolism in

plants, leading to increased secretion of organic acids and amino

metabolites, such as oxalic acid and proline, during periods of stress

(Canarini et al., 2016; Xiang et al., 2019). The metabolic pathways

observed in the Haloxylon genus primarily include metabolic and

organic system pathways, with significantly enriched pathways such

as galactose metabolism, riboflavin metabolism, and arginine

biosynthesis pathway. These pathways are closely linked to

adaptation strategies for harsh desert environments, particularly

in enhancing drought resistance through improved arginine and

proline metabolism (Shi et al., 2013). The physiological and

ecological response mechanisms of Haloxylon to environmental

stress may slightly involve terpenoids and fatty acids as the primary

differential metabolites in root exudates between the two species

(Figure 3). The composition of root exudates is affected and
FIGURE 7

Correlation analysis between plant traits, soil environmental factors, and Mantel test of bacteria, fungi, and root exudates in the genus Haloxylon.
(A, C) depict the Mantel test. (B, D) show the correlation network of bacteria, fungi, root exudates, soil properties, and root traits in the two
Haloxylon species. (A, B) are for HA, while (C, D) represent HP. * indicated significant levels of P < 0.05.
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constrained by factors such as plant species, genotype, stress

conditions, and other environmental factors (Calvo et al., 2019;

Vives-Peris et al., 2017).
4.2 Soil microbial communities and
functional differences of the
genus Haloxylon

Many Proteobacteria exhibit eutrophic characteristics,

evidenced by rapid growth rates and the ability to utilize diverse

substrates (Spain et al., 2009; Zhang et al., 2016). Microbial

populations in various plant rhizosphere soils are generally

affected by rhizosphere effects (Jing et al., 2023). At the phylum

level, the bacterial genus of Haloxylon predominantly belonged to

Proteobacteria and Actinobacteria, while fungi mainly belonged to

Ascomycota and Basidiomycota (Figures 4A, B). Rhizosphere effect

plays a vital role in shaping differences in microbial composition

and diversity between rhizosphere soil and bulk soil (Qiu et al.,

2022; Vieira et al., 2020). Rhizosphere available resources,

specifically nutrients, are more abundant, while environmental

stress is reduced (Lundberg et al., 2012; Qiu et al., 2022). The

rhizosphere ofHaloxylon shows higher microbial diversity than that

of bulk soil, with a distinct composition that is significantly different

(Figures 4C; Supplementary Figure S3). This indicates a strong

selection of rhizosphere microbial community by two species,

highlighting the effect of host plants on rhizosphere microbial

community (Gao et al., 2020). The intricate relationships among

plant hosts, microorganisms, and the environment strongly

correlate with network complexity (Mougi and Kondoh, 2012;

Tian et al., 2022). In the soil of the Haloxylon genus, the

networks of bacteria and fungi exhibit similar levels of complexity

(Figures 4D, E; Supplementary Table S2), while the key microbial

species in these networks differ. Specifically, the rhizosphere of HP

shows significant enrichment in Proteobacteria and Bacteroidota,

whileHA is primarily enriched in Bacteroidetes, Cyanobacteria, and

Proteobacteria (Supplementary Figure S4). These differences likely

stem from interactions between host plant genotypes and soil

conditions, enabling adaption to diverse habitat conditions.

Metabolites produced by rhizosphere microbial communities play

an important role in providing nutrients to plants or microorganisms,

triggering and participating in plant responses to the environment, and

enhancing plant stress tolerance (Bai et al., 2022; Sukweenadhi et al.,

2015). Plants and microorganisms absorb ammonium salts, nitrates,

and other inorganic forms of nitrogen from their environments to

synthesize proteins and nitrogen compounds. In the rhizosphere of the

Haloxylon genus, functional predictions of bacteria primarily revolve

around nitrogen metabolism, showing significantly heightened activity

than that of the bulk soil. These functions are mainly associated with

nitrogen and carbon cycle processes (Figure 5C), indicating the close

interaction between rhizosphere plants and soil microorganisms

despite variations in the functional groups of rhizosphere microbial

communities across different species. Environmental information

processing pathways play a vital role in regulating various signaling

pathways in bacteria, including responses to toxicity, changes in

osmotic pressure, nutrient absorption, and secondary metabolite
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production (Ma et al., 2022). Similar patterns are observed in the

genus Haloxylon, particularly focusing on metabolic and

environmental information processing pathways, albeit with

distinctions between the two species (Figure 5B). These differences

likely stem from the physiological and ecological adaptations of plants

to environmental stress, developed over long-term evolution, fostering

symbiotic relationships with fungi that aid in regulating plant growth

and enhancing resistance to harsh environments (Gill et al., 2016). The

rhizosphere fungi of both species primarily exhibit saprophytic and

saprophytic combinations traits, with higher functional diversity than

that of bulk soil (Figure 6). This indicates that greater functional

diversity in fungal species contributes to maintaining rhizosphere

stability and overall plant health (Wagg et al., 2019).
4.3 Root exudates mediate synergistic
interaction between soil properties,
microorganisms and the root traits of the
genus Haloxylon

During the growth phase of plants, roots secrete organic

compounds into the surrounding soil environment. These

compounds create and sustain a symbiotic relationship between

plants and their soil environment, facilitating various biological and

abiotic processes (Bais et al., 2006). Root traits are pivotal factors

that affect nutrient and water absorption and are crucial for

sustaining plant growth (Samejima et al., 2005; Zhang et al.,

2009). Here, we found significant correlations between SWC and

the root traits of HA and SWC, and SOC with the root traits of HP

(Figures 7A, C). These correlations suggest that desert plants invest

heavily in underground structures for water absorption to support

their growth during drought periods. Moreover, the microbial

communities in the root and rhizosphere also play a critical role.

They contribute by supplying essential nutrients and water for plant

growth while also participating in producing growth-regulating

compounds, such as hormones, organic acids, and amino acids

(Bai et al., 2022; Samejima et al., 2005). Strong correlations were

observed between the root traits of HA and its exudates, soil

bacteria, and between the root traits of HP and its exudates, soil

bacteria, and fungi, indicating a close relationship between root

traits and exudates (Meier et al., 2020; Sun et al., 2021; Weemstra

et al., 2016). These correlations affect the composition and function

of rhizosphere microorganisms (Bulgarelli et al., 2015; Zhalnina

et al., 2018). The interactions between plants, soil, and rhizosphere

bacteria and fungi mediated by root exudates differ between the two

species and are affected by various factors such as soil properties,

host plant phenotypes and traits, and abiotic environmental

conditions (Berendsen et al., 2012; Vieira et al., 2020).

Roots secrete a range of primary metabolites and secondary

metabolites, such as, carbohydrates, alkaloids, terpenes, and phenols

(Enebe and Babalola, 2018). These compounds are crucial in shaping

and affecting rhizosphere microbial communities and are closely linked

to key rhizosphere processes such as carbon and nitrogen cycles

(Bulgarelli et al., 2015; Sasse et al., 2018; Vives-Peris et al., 2020).

Specifically, our findings reveal that root exudates from Haloxylon

plants exhibit robust interactions with root traits, soil microbial
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functions, and soil properties (Figures 7B, D). The primary metabolites

found in root exudates of HA include sugars and fatty acids (such as

raffinose, n-heptadecanal, and coixenolide), with root traits T and S.

Amino acid metabolism, membrane transport, and the soil

microorganism pH are closely interconnected. HP relies on

secondary metabolites, Steroids, and Terpenoids (such as

helveticoside, ambrusoside A, and physalin P), with root traits T, and

soil microorganisms, for glycan metabolism. The biosynthesis of other

secondary metabolites, SWC and NN, exhibit strong mutual

interactions, indicating distinct species‐specific interactions with their

soil environment and microorganisms to enhance adaptability in

stressed desert environments (De Vries et al., 2020; Quiza et al., 2015).

We conclude that the interaction between the genus Haloxylon

growth, soil conditions and microorganisms are a crucial

determinant for the exudation profiles observed. This study fills a

gap in knowledge about the interactions between plant closely

relative species and their subsurface rhizosphere ecological

processes in desert ecosystems. However, exudates are dynamic,

varying growth stages and season, and also differences in plant

species. In this study, specific root exudate components and core

microbial flora were not specifically screened, and the interaction

between them was not comprehensive enough. This limitation may

lead to a lack of depth and clarity in our understanding of how root

exudations regulate plant-soil-microbial systems in response to

adverse environmental changes. Therefore, in future studies, it is

necessary to clarify the function of specific root exudates and

coordinate the main beneficial microbial groups to resist stressed

environments, so as to better reveal ecological adaptation strategies

of plants under harsh environmental conditions and provide

scientific basis for the conservation of Haloxylon in desert

ecosystems and desertification control.
5 Conclusion

The profiles of root exudates in the genus Haloxylon are

different, which mediates complex interactions between rhizosphere

microorganisms and their hosts. However, these complex interactions

manifest differently in the performance of the two species within the

soil ecosystem. The findings highlight the significant role of root

exudates in responding to soil environmental changes and shaping

the structure of the rhizosphere microbial community, synergizing with

the host plant, and ecological adaptation mechanisms of Haloxylon

plants to environmental stressors and contribute to symbiotic

relationships with soil microbes. Future studies can deepen our

understanding of the complex interactions between desert plants, soil

microbial communities, and the environment, ultimately contributing

to strategies for enhancing plant resilience and ecosystem sustainability

in arid regions.
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Soil bacterial community
characteristics and influencing
factors in different types of
farmland shelterbelts in the Alaer
reclamation area
Cuiping Tian1,2,3, Xue Wu1,2,3,4*, Bota Bahethan1,2,3,
Xianyao Yang1,2,3, Qianqian Yang1,2,3 and Xiantao Wang1,2,3

1College of Ecology and Environment, Xinjiang University, Urumqi, China, 2Key Laboratory of Oasis
Ecology, Ministry of Education, Xinjiang University, Urumqi, China, 3Xinjiang Jinghe Observation and
Research Station of Temperate Desert Ecosystem, Ministry of Education, Jinghe, China, 4Technology
Innovation Center for Ecological Monitoring and Restoration of Desert-Oasis, Ministry of Natural
Resources (MNR), Urumqi, China
To investigate the effects of various types of farmland shelterbelts on soil quality

and soil bacterial community diversity, this study focused on soil samples from

four different shelterbelt types in the Alaer reclamation area, including Populus

euphratica Oliv.- Populus tomentosa Carrière (PP), Elaeagnus angustifolia L.-

Populus euphratica Oliv. (EP), Populus alba var. pyramidalis Bunge (P), and Salix

babylonica L. (S). We analyzed their physical, chemical, biological properties as

well as the differences in bacterial community structure, and explored the

influencing factors on soil microbial community characteristics through

microbial correlation network analysis. The results showed that: (1) There were

significant differences in soil properties among the four types of farmland

shelterbelts (p < 0.05), with P soils exhibiting the highest levels of organic

matter, total nitrogen, and total phosphorus contents. (2) The Alpha diversity

indices of soil bacteria showed significant differences among the four types of

farmland shelterbelts (p < 0.05), with the P soils displayed the highest Chao1 and

Shannon indices. (3) There were differences in the composition and abundance

of dominant soil bacterial communities among different farmland shelterbelts,

notably, the abundances of Verrucomicrobia, Acidobacteria, and

Planctomycetes were significantly higher in P soils compared to the other

three types. (4) The complexity of the correlation network between microbial

species and environmental factors was highest in EP soils, soil microbial biomass

nitrogen and available phosphorus were the main influencing factors. These

findings indicated that different types of farmland shelterbelts had significant

impacts on soil properties and soil bacterial communities. Soil bacterial

communities were regulated by soil properties, their changes reflected a

combined effect of soil characteristics and tree species.
KEYWORDS

Alaer reclamation area, farmland shelterbelts, soil properties, soil microorganisms,
correlation network analysis
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1 Introduction

The farmland shelterbelt system (FSS) is an essential

component of agroforestry systems and a key ecological barrier

against adverse environmental conditions (Krichen et al., 2017;

Wang et al., 2020). This system is widely applied in ecologically

fragile areas facing challenges of wind erosion and soil

desertification, such as the northern regions of China, including

Northwest and Northeast China (Bao et al., 2012; Cerdà et al.,

2022). By designing and constructing different types of shelterbelt

networks around farmland, FSS aims to resist sand and wind

disasters, improve soil properties and quality, increase soil

microbial diversity, and promote ecosystem health (Chen et al.,

2017; Luca et al., 2018; Cao et al., 2021). In the context of

increasingly severe global environmental issues such as climate

change, land degradation, and biodiversity loss, the importance of

FSS is gradually being recognized worldwide (Haddaway et al.,

2018; Fang, 2021). Especially in enhancing agricultural

sustainability and ecological restoration, FSS is regarded as an

effective ecological engineering measure (Kong et al., 2022).

The surface soil of forest land is an important habitat for

microorganisms, many of which are beneficial. The diversity and

activity of forest soil microorganisms play a crucial role in the

decomposition of organic matter, the release of nutrients, the

promotion of matter and energy cycling, and the balance and

maintenance of the health and stability of forest soil ecosystems

(Breulmann et al., 2012; Edwards et al., 2015; Hacquard and Schadt,

2015; Fang et al., 2016). Previous studies have shown that the

abundance of Actinobacteria varies the most among different types

of farmland shelterbelts (Zhang J. et al., 2019), while the

Proteobacteria and Acidobacteria are most affected by

afforestation (Li et al., 2019; Deng et al., 2019a). Actinobacteria

can produce extracellular polysaccharides and other substances,

improving soil aeration and water retention capacity.

Proteobacteria promote nitrogen cycling in the soil, and

Acidobacteria are involved in the decomposition of organic

matter, all of which have significant effects on soil improvement

and nutrient cycling. Studying the characteristics of these

microorganisms and their interactions with environmental factors

will help improve our understanding of the dynamics of forest soil

ecosystems and provide a scientific basis for ecological restoration

and management.

Soil microorganisms are extremely sensitive to environmental

changes and are influenced by various factors, including soil

properties, climate, vegetation, and root activity. Farmland

shelterbelts increase the biomass of surface litter and root activity,

enhancing the decomposition rate of organic matter and nutrient

content in the soil, thereby positively regulating soil

microorganisms. Studies have shown that the establishment of

farmland shelterbelts significantly increases soil microbial

biomass, metabolism, and diversity (Jan et al., 2014; Qiu et al.,

2017; Liu et al., 2019). Therefore, it is crucial to explore the impact

of soil properties on the structure and diversity of microbial

communities. High soil organic matter content promotes

processes such as microbial organic matter degradation, nitrogen

fixation, and mineral transformation, leading to changes in soil
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microbial community structure. Soil pH and nitrogen are also key

factors determining soil microbial diversity and composition.

Previous research results have shown a significant positive

correlation between pH and microbial diversity and richness (Bao

et al., 2012; Liu et al., 2014). Total nitrogen and alkali-hydrolyzable

nitrogen can also directly affect the relative abundance of dominant

bacterial phyla (Deng et al., 2019b). The environment regulates the

distribution of soil microorganisms, while the characteristics of soil

microbial community respond to soil ecological processes and

vegetation changes (Rodrigues et al., 2015). However, few studies

have comprehensively analyzed and evaluated the combined effects

of different types of FSS vegetation changes and understory soil

properties on soil microbial community characteristics.

Additionally, reports using 16S rDNA high-throughput

sequencing technology to study FSS soil microorganisms are

relatively scarce.

The Alaer reclamation area is adjacent to the Taklamakan

Desert, where frequent wind and sand activities occur. The study

indicates that the soil organic matter content in the Aral

reclamation area is relatively low, classifying it as lightly salinized

soil (Cai et al., 2013). The spatial variation of soil water and salt is

significantly influenced by soil texture and topography (Xu and Sun,

2023). Through reclamation and cultivation management, it is

possible to effectively improve the degree of soil salinization and

significantly increase the microbial biomass in the soil (Wang et al.,

2021; Guo et al., 2023). The establishment of Farmland shelterbelts

could effectively prevent wind and sand disasters, maintaining high-

quality and stable agricultural development and benefiting the

construction of high-standard farmland. On this background, it is

necessary to study the influence of different types of FSS on soil

bacterial community characteristics, which could reveal the

ecological protection function of shelterbelts from multiple

dimensions. Populus euphratica Oliv., Populus tomentosa

Carrière, Populus alba var. pyramidalis Bunge, Elaeagnus

angustifolia L., Salix babylonica L. are commonly used tree

species for constructing farmland shelterbelts in the Alaer

reclamation area. This study measured and analyzed the soil

properties and microbial community structure under different

types of farmland shelterbelts during the growing season. In this

context, the following questions are proposed: (1) How do soil

properties vary among different types of farmland shelterbelts? (2)

How do soil bacterial community compositions respond to different

types of farmland shelterbelts? (3) What are the influencing factors

of soil bacterial community characteristics in different types of

farmland shelterbelts? The results of this study will provide a

theoretical basis and technical support for the sustainable

development of farmland shelterbelt soil in this region, ensuring

the long-term stable effectiveness of protective benefits.
2 Materials and methods

2.1 Overview of the study area

The Alaer reclamation area is located in the heart of the

Eurasian continent, in the northern part of the Tarim Basin, at
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the confluence of the Aksu River, Yarkand River, and Hotan River,

in the upper reaches of the Tarim River. Its geographical

coordinates are between 40°22′ - 40°57′ N and 80°30′ - 81°58′ E,
stretching 281 km from east to west and 180 km from north to

south. The region experiences a warm temperate extreme

continental arid desert climate. It receives 2800-3000 hours of

sunshine annually, has a frost-free period of 200-220 days, an

average annual precipitation of about 75 mm, an annual

evaporation rate of 1200-1500 mm, and an average annual

temperature of approximately 10°C. Natural disasters in the area

include wind and sand, droughts, cold waves, and floods, with wind

and sand being the most prevalent natural disaster. The primary soil

types identified in the area include brown desert soil and saline-

alkaline soil.

Following a field survey, four types of farmland shelterbelts were

selected as research subjects: Populus euphratica Oliv.- Populus

tomentosa Carrière farmland shelterbelt (PP), Elaeagnus

angustifolia L.- Populus euphratica Oliv. farmland shelterbelt

(EP), Populus alba var. pyramidalis Bunge farmland shelterbelt

(P), and Salix babylonica L. farmland shelterbelt (S) (Figure 1).
2.2 Soil sample collection

In June 2021, field surveys were conducted in around the city of

Alaer. In each type of farmland shelterbelt, three sample plots of 2m

× 5m were established in areas with similar site conditions, 12
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sample plots in total. The trees in each plot were measured for

height and diameter at breast height to determine the average tree

height and diameter (Table 1). Based on measurements, one healthy

tree without disease or pest damage was selected as the standard tree

for each plot.

Under the canopy of standard trees, near the base of roots,

surface litter and debris were removed. Using a sterile shovel, soil

samples were collected at depth of 0-20 cm, with three repetitions.

After mixing the three repetitions thoroughly, the soil was sieved

through a 2 mm sieve and divided into three portions. One portion

was placed in an aluminum box for soil moisture content

determination, one portion was placed in a sterile cryotube, taken

back to the laboratory, and stored at -80°C for soil bacterial and

microbial biomass determination. The remaining portion was air-

dried for pH, electrical conductivity, soil organic carbon, available

phosphorus, alkali-hydrolyzable nitrogen, total nitrogen, and total

phosphorus determination.
2.3 Soil property analysis

Soil properties were determined according to Soil Agricultural

Chemistry Analysis (Bao, 2000), pH was measured using the

potentiometric method (soil to water ratio 1:5); electrical

conductivity (EC) was measured using the conductivity method

(soil to water ratio 1:5); soil water content (SWC) was determined

using the drying method; soil organic carbon (SOC) was determined
FIGURE 1

Field photos of different types of farmland shelterbelts.
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using the potassium dichromate volumetric method; available

phosphorus (AP) was determined using the sodium bicarbonate

extraction method; alkali-hydrolyzable nitrogen (AN) was

determined using the alkaline diffusion method; total nitrogen (TN)

was determined using the Nessler’s reagent spectrophotometric

method; and total phosphorus (TP) was determined using the

molybdenum antimony anti-colorimetric method.

Soil microbial biomass was determined according to Soil

Microbial Biomass Determination Methods and Applications (Wu

et al., 2006). Microbial biomass carbon (MBC), microbial biomass

nitrogen (MBN), and microbial biomass phosphorus (MBP) were

all determined using the chloroform fumigation extraction method.
2.4 Soil DNA extraction and high-
throughput sequencing

The TGuide S96 magnetic bead method soil genomic DNA

extraction kit (Model: DP812, Tiangen Biotech (Beijing) Co., Ltd.)

was used to extract total DNA from soil microorganisms in different

types of farmland shelterbelts according to the kit’s manual. The

nucleic acid concentration was measured using a microplate reader

(Manufacturer: Gene Company Limited, Model: Synergy HTX),

and amplification was performed based on the measurement

results. For bacterial communities, universal bacterial primers 27F

(5 ’-AGRGTTTGATYNTGGCTCAG-3 ’) and 1492R (5 ’-

TASGGHTACCTTGTTASGACTT-3’) were used to amplify the

full-length region of the bacterial 16S rDNA gene sequence. The

PCR products were electrophoresed on 1.8% agarose gel

(Manufacturer: Beijing Biotech-Xin Technology Co., Ltd.) to

check for integrity. The PCR reaction conditions were as follows:

95°C for 2 min; 25 cycles of denaturation at 98°C for 10 s, annealing

at 55°C for 30 s, and extension at 72°C for 1 min 30 s; and a final

extension at 72°C for 2 min.

For the constructed libraries, the PacBio SMRTbell Template

Prep Kit was used for damage repair, end repair, and adapter

ligation of the mixed products. The reaction process was

conducted on a PCR instrument, and the final library was

recovered using AMpure PB magnetic beads. The PacBio Binding

kit was used to bind the library with primers and polymerase before

sequencing on the Sequel II sequencer, sequencing and sequence

alignment work were undertaken by Beijing Biomarker

Technologies Co., Ltd.
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2.5 Bioinformatics analysis and
data processing

The raw subreads obtained from sequencing were corrected to

obtain Circular Consensus Sequencing (CCS) sequences using

SMRT Link, version 8.0. The lima software (v1.7.0) was then used

to identify CCS sequences of different samples through barcode

sequences and to remove chimeras, resulting in Effective CCS

sequences. The Effective CCS sequences were clustered into

Operational Taxonomic Units (OTUs) at a similarity level of 97%

using Usearch v10.0. Using the SILVA reference database,

taxonomic annotation of the feature sequences was conducted

with a Naïve Bayes classifier in combination with alignment

methods. This approach allows for the statistical analysis of

community composition at various levels (phylum, class, order,

family, genus, species) for each sample.

Data organization and analysis were performed using Excel

2019 and IBM SPSS Statistics 26 software. One-way analysis of

variance (One-way ANOVA) using the Waller-Duncan test was

employed, and results were presented as mean ± standard error.

Origin 2023 software was used for plotting. QIIME 2 software was

used to calculate Alpha diversity indices (ACE, Chao1, Simpson,

and Shannon). Principal component analysis (PCA) was conducted

using R software. The Biomarker Microbial Diversity Analysis

Platform (www.biocloud.net) was used for correlation analysis

between soil microbial species and environmental factors.
3 Results

3.1 Differences in soil properties among
different types of farmland shelterbelts

One-way analysis of variance showed significant differences in

soil TP, AP, AN, pH, EC, SWC, MBC, MBP, and MBN among the

four types of farmland shelterbelts (Table 2). Among them, P had

the highest SOC, TP, TN, AP, AN, SWC, MBC, MBP, and MBN

among the four types of farmland shelterbelts, with TP, AP, AN,

SWC, MBC, MBP, and MBN significantly higher than the other

three types of farmland shelterbelts (p < 0.05). The EC of P was the

lowest, showing significant differences compared to the other types

of farmland shelterbelts (p < 0.05). The soils of all four types of

farmland shelterbelts were alkaline (pH > 8.3), with S having the

highest pH, significantly higher than the other three types of

farmland shelterbelts (p < 0.05).
3.2 Soil bacterial community characteristics
and differences among different types of
farmland shelterbelts

A total of 1271 OTUs were detected in the soil bacterial

communities of the four types of farmland shelterbelts, with 378

OTU shared among all samples, accounting for 29.74%. The

number of unique OTU was highest in S (86), followed by PP

(83), P (62), and EP (34). S had the highest total OTU count as well
TABLE 1 The structure of different types of farmland shelterbelts.

Configuration
Average
height

of trees/m

Diameter at
breast

height/cm

PP
Populus euphratica Oliv.

/Populus tomentosa Carrière
10.5/16 12.5/21

EP
Elaeagnus angustifolia L.
/Populus euphratica Oliv.

6.5/10.5 15/12.5

P
Populus alba var.
pyramidalis Bunge

22.5 26

S Salix babylonica L. 14.5 13.5
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as the highest number of unique OTUs, while EP had the second-

highest total OTU count but the lowest number of unique OTU. P

had a higher total OTU count than PP but a lower number of

unique OUT (Figure 2).

The coverage indices of all samples were above 0.97. The Chao1

and Shannon indices of EP were significantly lower than those of P

(p < 0.05), but showed no significant differences compared to PP

and S. However, the ACE index of EP was significantly lower than

the other three types of farmland shelterbelts. There were no
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significant differences in the Simpson index among the four types

of farmland shelterbelts (p > 0.05) (Table 3).

Based on the taxonomic analysis of soil genomic DNA

sequences, a total of 23 bacterial phyla and 433 bacterial genera

were detected in all soil samples. Specifically, 15 phyla and 204

genera were detected in PP, 16 phyla and 185 genera in EP, 17 phyla

and 259 genera in P, and 15 phyla and 201 genera in S.

The top 10 phyla in relative abundance were selected for each

type of shelterbelt soil, and a relative abundance bar stack chart was

generated (Figure 3A). Proteobacteria was the dominant phylum in

all samples, accounting for 30.80% to 58.72% of the total sequences,

followed by Bacteroidetes (11.96% - 44.09%), Firmicutes (0.88% -

29.93%), Gemmatimonadetes (0.11% - 5.90%), Actinobacteria

(0.58% - 6.45%), Verrucomicrobia (0.13% - 3.82%), Acidobacteria

(0.02% to 3.63%), Patescibacteria (0.08% - 4.11%), Planctomycetes

(0.12% - 2.18%), and Chloroflexi (0.01% - 0.61%). Proteobacteria,

Bacteroidetes, and Firmicutes were the common dominant phyla in

the four types of farmland shelterbelts. Bacterial phyla with a

relative abundance of more than 1% in P were more abundant

than the other three types of farmland shelterbelt.

At the genus level, the proportion of dominant genera was

relatively low (Figure 3B), with Salinimicrobium (0.09% - 35.96%)

and Halomonas (0.23% - 31.55%) being the dominant in all four

types of farmland shelterbelts. Then it was followed by Palleronia

(0.08% - 9.05%), Marinobacter (0.04% - 11.79%), Salegentibacter

(0.07% - 5.49%), Uncultured_bacterium_f_Cyclobacteriaceae

(0.38% - 7.04%), Pontibacter (0.03% - 6.39%), Planococcus (0.27%

- 4.00%), Pseudomonas (0.10% - 3.36%), and Altererythrobacter

(0.05% - 2.92%).

The soil bacteria in the four types of farmland shelterbelts

showed differences in the composition and abundance of some
FIGURE 2

Venn diagram of different types of farmland shelterbelts based on OTUs.
TABLE 2 Soil properties of different types of farmland shelterbelts.

PP EP P S

SOC 4.55 ± 0.26 4.92 ± 0.59 6.03 ± 1.56 3.82 ± 0.40

TP 0.61 ± 0.02AB 0.53 ± 0.02B 0.65 ± 0.01A 0.60 ± 0.04AB

TN 0.28 ± 0.01 0.37 ± 0.04 0.46 ± 0.11 0.25 ± 0.02

AP 4.61 ± 1.02C 2.62 ± 0.42C 32.74 ± 0.54A 7.10 ± 0.67B

AN 25.45 ± 1.46B 33.03 ± 2.41AB 46.58 ± 9.36A 23.56 ± 0.86B

pH 8.73 ± 0.05AB 8.49 ± 0.07BC 8.30 ± 0.10C 8.92 ± 0.13A

EC
1538.33

± 150.58C
3926.67

± 135.44A
883.00

± 83.19D
2592.67

± 197.99B

SWC 5.84 ± 0.61B 2.42 ± 0.20C 12.05 ± 1.02A 3.76 ± 0.08BC

MBC 45.52 ± 4.55C 38.47 ± 2.13C
115.41
± 0.46A

73.78 ± 0.81B

MBP 4.23 ± 0.38BC 6.60 ± 0.89AB 7.59 ± 0.89A 3.60 ± 0.41C

MBN 3.36 ± 0.33B 4.25 ± 0.88B 11.47 ± 0.36A 4.35 ± 1.01B
Data in the table are means ± standard error; different capital letters in the same row indicate
significant differences at the p = 0.05 level.
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dominant groups. The abundance of the Verrucomicrobia,

Acidobacteria, and Planctomycetes in P was significantly higher

than in the other three types of farmland shelterbelts, while the

abundance of Palleronia in EP was significantly higher. There were

no significant differences in the other dominant community at the

phylum and genus levels (p> 0.05) (Table 4).
3.3 Factors affecting soil bacterial
community characteristics

In the PCA plot (Figure 4), the angle between the arrows and

the distance projected onto the PC axis indicate that MBN, AP, AN,

SWC, TN, MBC, SOC, TP, and MBP are positively correlated with

PC1, while EC and pH are negatively correlated with PC1. The

lengths of arrow of pH, EC, TN were longer, suggesting that they

had greater contributions to PC1 and PC2.

According to the principle of eigenvalues > 1, a total of 3

principal components were extracted (Table 5), with contribution

rates of 60.57%, 19.54%, and 10.89% respectively, cumulatively
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contributing to 91.00%. Soil indicators with factor loadings

absolute value ≥ 0.75 were grouped into one component. TN, AP,

AN, SWC, MBC, and MBN had high loadings on the first principal

component, with values of 0.768, 0.954, 0.858, 0.919, 0.837, and

0.934 respectively.

Based on the correlation analysis between environmental

factors (loadings absolute value ≥ 0.75) and microbial taxa

(default parameters, genus level, Pearson correlation, correlation

threshold 0.3, correlation p-value threshold 0.05, node number 80,

edge number 100), a correlation network diagram was constructed,

as shown in Figure 5. The complexity of the correlation network in

EP was the highest among the four types of farmland shelterbelts,

with most bacterial genera showing a positive correlation with

environmental factors, and MBN and AP having a significant

positive promoting effect on various bacterial genera. The

bacterial genera in PP were mostly negatively correlated with

environmental factors, with SWC and MBN being the main

influencing factors. The relationship differences between bacterial

genera and environmental factors in P were not significant, only

MBC and SWC had a significant effect on various bacterial genera.

The bacterial genera in S were only correlated with AP, MBN, and

MBC, and most of them were negatively correlated, with AP having

a more significant impact on various bacterial genera. In all four

types of farmland shelterbelts, Proteobacteria were significantly

influenced by environmental factors, followed by Bacteroidetes

and Firmicutes.
4 Discussion

4.1 Different types of farmland shelterbelts
on soil environment

Constructing farmland shelterbelts can effectively improve

environmental factors within the shelterbelt system, optimize
FIGURE 3

Relative abundance of soil bacterial communities at phylum (A) and genus (B) levels in different types of farmland shelterbelts.
TABLE 3 Alpha diversity analysis of different types of farmland
shelterbelts soils.

PP EP P S

ACE
589.88

± 48.84A
370.76
± 6.05B

660.57
± 49.86A

611.92
± 83.39A

Chao1
555.38

± 85.32AB
372.20
± 1.18B

655.75
± 43.64A

580.90
± 89.79AB

Simpson 0.96 ± 0.02 0.96 ± 0.00 0.99 ± 0.00 0.97 ± 0.01

Shannon 6.47 ± 0.57AB 5.96 ± 0.01B 7.91 ± 0.02A 6.72 ± 0.82AB

Coverage 0.97 ± 0.00B 0.99 ± 0.00A
0.97

± 0.01AB
0.98 ± 0.00AB
Data in the table are means ± standard error; different capital letters in the same row indicate
significant differences at the 0.05 level.
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farmland soil conditions, protect vegetation cover, finally enhance

the ecological benefits of farmland (Shi et al., 2016). In this study,

significant differences were found in soil properties among different

types of farmland shelterbelts. The pH value of S was significantly

higher than the other three types farmland shelterbelts. The

differences in soil pH among different tree species of farmland

shelterbelts are consistent with the results of Iovieno et al. (2010),

who emphasized the influence of dominant tree species on soil pH

in forest stands on the same substrate. The soil SOC, TP, TN, AP,

AN, SWC, MBC, MBN, and MBP contents in the P were the highest

(Table 1), indicating excellent nutrient condition in the P soil. Then

was S, with the AP, AN, MBC, and MBN contents ranking behind,

suggesting that the soil nutrient element contents were also at a

higher level. The soil nutrient element contents in the PP and EP

two composite types of shelterbelt soil was relatively low, indicating

pure forest farmland shelterbelts had better nutrient status. Given

the similar growth substrates of the studied farmland shelterbelts,

the differences in soil nutrient contents are likely caused by different

tree species and their litter. Vegetation can adjust the microclimate

through shading, frost prevention, and soil moisture regulation.

Additionally, the accumulation and decomposition of plant litter, as

well as the components of root exudates, including carbohydrates,
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amino acids, low molecular weight aliphatics and aromatics, fatty

acids, enzymes, and hormones, directly or indirectly affect microbial

communities, thus affecting soil nutrient contents (Prescott and

Grayston, 2013). Liu and Wang (2021) compared the soil nutrients

of artificial forests of Picea crassifolia Kom., Larix gmelinii var.

principis-rupprechtii (Mayr) Pilg., Populus cathayana Rehder,

Betula platyphylla Sukaczev, the results also showed significant

differences in soil nutrients among different artificial forests, with

the soil nutrient content of Populus cathayana Rehder forests being

the highest. This may be because both Populus alba var. pyramidalis

Bunge and Populus cathayana Rehder belong to broad-leaved

forests, and their abundant litter results in a high input of organic

matter to the soil, which is consistent with the results of previous

studies (Wang et al., 2008; Shi and Cui, 2010; Lou et al., 2021).

Soil humus is a substance formed by organic matter, such as plant

residues, microorganisms, and other biological residues. Its content

and quality have important effects on soil nutrient cycling and

stability. In this study, the P soil has the lowest electrical

conductivity, indicating the lowest salt content. As salinity

increases, the diversity of bacterial and archaeal communities in

desert soils gradually decreases (Zhang K. P. et al., 2019). The MBC,

MBN, and MBP contents in the soil of P and S were significantly
TABLE 4 Differences in soil bacterial community composition at phylum and genus levels in different types of farmland shelterbelts.

PP EP P S

Proteobacteria 41.77 ± 5.67 49.15 ± 4.97 45.48 ± 7.34 42.84 ± 5.06

Bacteroidetes 32.35 ± 10.24 30.20 ± 4.27 30.51 ± 4.19 37.65 ± 2.28

Firmicutes 15.47 ± 7.79 14.5 ± 5.95 4.05 ± 1.66 11.61 ± 4.98

Gemmatimonadetes 3.50 ± 1.21 1.64 ± 1.53 5.12 ± 0.41 2.19 ± 1.43

Actinobacteria 3.32 ± 1.60 1.16 ± 0.51 3.01 ± 0.82 1.69 ± 0.94

Phylum Verrucomicrobia 0.92 ± 0.46B 1.48 ± 0.71AB 2.93 ± 0.48A 0.65 ± 0.17B

Acidobacteria 0.51 ± 0.24B 0.51 ± 0.50B 2.98 ± 0.62A 0.94 ± 0.90AB

Patescibacteria 0.62 ± 0.35 0.15 ± 0.11 2.40 ± 1.03 0.91 ± 0.69

Planctomycetes 0.46 ± 0.08B 0.66 ± 0.42B 1.75 ± 0.28A 0.44 ± 0.30B

Chloroflexi 0.37 ± 0.13 0.10 ± 0.09 0.53 ± 0.05 0.23 ± 0.17

Others 0.72 ± 0.31 0.45 ± 0.23 1.24 ± 0.28 0.85 ± 0.45

Others 52.96 ± 6.20 52.65 ± 9.09 82.17 ± 5.95 55.38 ± 10.74

Salinimicrobium 19.21 ± 9.24 15.73 ± 5.60 4.57 ± 2.46 12.53 ± 5.01

Halomonas 11.05 ± 2.42 16.27 ± 4.06 1.77 ± 1.17 16.2 ± 8.66

Palleronia 0.94 ± 0.85B 6.55 ± 1.67A 0.63 ± 0.23B 2.57 ± 1.49AB

Marinobacter 5.71 ± 3.11 1.60 ± 0.44 0.65 ± 0.63 1.90 ± 0.56

Genus Salegentibacter 1.44 ± 0.55 2.27 ± 0.97 2.10 ± 1.20 3.64 ± 1.70

uncultured_bacterium_f_Cyclobacteriaceae 1.31 ± 0.79 0.64 ± 0.18 2.04 ± 0.47 2.70 ± 2.17

Pontibacter 1.57 ± 1.51 0.82 ± 0.11 1.72 ± 1.00 2.42 ± 1.99

Planococcus 2.35 ± 0.83 1.59 ± 0.32 0.95 ± 0.43 0.96 ± 0.17

Pseudomonas 2.39 ± 0.36 0.71 ± 0.45 1.62 ± 0.87 0.56 ± 0.36

Altererythrobacter 1.07 ± 0.92 1.18 ± 0.31 1.79 ± 0.17 1.13 ± 0.93
Data in the table are means ± standard error; different capital letters in the same row indicate significant differences at the 0.05 level.
Bolded numbers highlight results that are significantly different between groups.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1488089
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Tian et al. 10.3389/fpls.2024.1488089
higher than those in PP and EP. The activity and quantity of soil

microorganisms can indirectly promote an increase soil nutrient

content (Wang et al., 2015), which may lead to the differences in soil

nutrient contents among different tree species. The spatial

distribution of the biomass of the main roots of Populus alba var.

pyramidalis Bunge tends to concentrate near soil surface (Zhao

et al., 2018), where a thick layer of litter covers the ground, both of
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which contribute to an increase in soil nutrient content.

Consequently, P soil exhibits the highest nutrient content,

consistent with the results of Ren et al . (2016) and

Yang et al. (2018).
4.2 The impact of different types of
farmland shelterbelts on soil
microbial communities

Studying the structure and function of soil microbial

communities is of great significance for deepening our

understanding in the mechanisms that farmland shelterbelt

ecosystems respond to environmental changes (Grosso et al.,

2018). The diversity of soil microbial communities in forest land

reflects their direct connection with vegetation cover, soil

characteristics, and land use types (Gunina et al., 2017). In this

study, the number of OTU in composite farmland shelterbelts (PP,

EP) was 785 and 824, respectively, while in single-species farmland

shelterbelts (P, S), it was 801 and 937, respectively. Composite

farmland shelterbelts did not show a significant advantage in

microbial diversity (Song et al., 2020). This may be because soil

bacterial diversity is not directly related to plant diversity (Johnson

et al., 2003), but rather depends more on plant specificity

(Porazinska et al., 2003; Eisenhauer et al., 2010; Gunina et al.,

2017). The study found significant differences in the Shannon index

among the four types of farmland shelterbelts, while the Simpson

index showed no significant difference. Additionally, the ACE and

Chao1 indices of P were higher than those of the other three types of

farmland shelterbelts. This indicates that the richness of soil

microbial communities and the relative proportions of species
FIGURE 4

Principal component analysis of soil environment and bacterial community structure in different types of farmland shelterbelts.
TABLE 5 Load matrix of principal components.

Dim.1 Dim.2 Dim.3

SOC 0.681 0.478 0.525

TP 0.561 -0.673 0.253

TN 0.768 0.515 0.376

AP 0.954 -0.205 -0.161

AN 0.858 0.383 0.281

pH -0.675 -0.478 0.408

EC -0.660 0.644 -0.079

SWC 0.919 -0.305 -0.085

MBC 0.837 -0.389 -0.090

MBP 0.582 0.354 -0.636

MBN 0.934 0.027 -0.138

Eigenvalue 6.663 2.150 1.198

Contribution rate/% 60.572 19.543 10.890

Cumulative contribution
rate/%

60.572 80.115 91.004
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have undergone significant changes in different types of farmland

shelterbelt ecosystems, but the dominant species are similar.

In this study, the Proteobacteria was the dominant phylum in all

four types of farmland shelterbelts, which is consistent with the results

of a study on artificial farmland shelterbelts in the wind and sand area

of northwest Liaoning Province (Zhang, 2020). Proteobacteria have

the characteristics of rapid growth and tolerance to environmental

changes, including changes in pH, temperature, and strong organic

degradation ability. They also formmutualistic symbiotic relationships

with other microorganisms, giving them a competitive advantage in

soil, hence becoming the dominant phylum. At the phylum level, only

the Verrucomicrobia, Acidobacteria, and Planctomycetes in P were

significantly higher than the other three types of farmland shelterbelts.

Verrucomicrobia has the ability to degrade cellulose and other

complex carbohydrates (Nixon et al., 2019). Acidobacteria are often

involved in the decomposition of plant exudates, insect remains, and

dead branches and leaves in the soil (Liu et al., 2014; Wu et al., 2024),

both of which contribute to the degradation of Populus alba var.

pyramidalis Bunge litter. Planctomycetes promote nitrogen

biogeochemical cycling (Wei et al., 2020), which positively affects

nitrogen cycling and nutrient accumulation in P soils. All three
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benefits to the effective decomposition of litter, nutrients release and

the maintenance of soil nutrient balance, providing a more favorable

environment for microbial growth and forming a beneficial cycle. At

the genus level, only the genus Palleronia in EP was significantly

higher than in the other three types of farmland shelterbelts. It belongs

to the Proteobacteria and exhibits good tolerance to a wide range of

salinities, showing excellent adaptability (Martıńez-Checa et al., 2005).

The lower SWC and higher EC in EP soils may be the reasons for

this result.
4.3 Influence factors of soil bacterial
community characteristics in different
types of farmland shelterbelts

Resource availability and habitat quality have significant impacts

on bacterial community diversity (Yergeau et al., 2015; Wang et al.,

2016). In this study, the relationship between soil microbial species

and environmental factors showed significant differences among four

types of farmland shelterbelts. P soils had higher levels of TN, AP,

AN, SWC, MBC, and MBN, S soils had higher levels of AP, MBC,
FIGURE 5

Correlation network between soil microbial species and environmental factors in different types of shelterbelts forests (A): PP; (B): EP; (C): P; (D): S.
As shown in the legend, the circular nodes are species (outer circle), the square nodes are environmental factors (inner circle), the circular nodes of
different colors represent genera at different gate levels, and the line colors represent correlations, with pink being positive and light green
being negative.
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and MBN, and PP soils had higher levels of TN, AP, AN, SWC, and

MBC (Table 2). Better soil conditions will weaken the environmental

filtration (Zhou et al., 2014), reducing the dependence of species on

the environment. Therefore, the correlations between microbial

species and environmental factors in P, S, and PP soils were

relatively simple. In contrast, more correlations were observed in

the microbial species-environmental factor network in EP soil, which

mainly involved SWC, MBN, and AP. Compared to other types, EP

soil had lower levels of SWC, MBN, and AP, which could reduce

microbial growth, maintenance, and survival rates (Marschner et al.,

2001). Therefore, the microbial species in EP soil became more

dependent on environmental factors, exhibiting a more complex

correlation. This suggests that changes in soil bacterial communities

are constrained by forest environment conditions (Gunina et al.,

2017), and resource and habitat quality factors play important driving

roles in regulating bacterial community diversity.
5 Conclusion

In this study, we comprehensively investigated the impact of

different types of farmland shelterbelts on soil, and found that

different tree species not only caused changes in soil properties but

also influenced soil bacterial communities. In the four different

types of farmland shelterbelts, the P soil nutrient content and

bacterial diversity were the highest. At the same time, we

observed that soil bacterial communities were regulated by soil

properties. Soil TN, AP, AN, SWC, MBC, and MBN had a notable

impact on bacterial community structure. Significant differences in

Verrucomicrobia, Acidobacteria, Planctomycetes, and Palleronia

were observed among different types of farmland shelterbelts. Due

to the complicated effects of tree species and soil properties on soil

bacterial community changes, it is difficult to distinguish the pure

effects of each factor. Therefore, we conclude that the changes in soil

bacterial communities are a comprehensive reflection of soil

properties and tree species effects.
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Arbuscular mycorrhizal fungi
alleviate Mn phytotoxicity by
altering Mn subcellular
distribution and chemical forms
in Lespedeza davidii
Gao Pan1,2†, Jiayao Hu1,2†, Zhen Zi1, Wenying Wang1,2,
Xinhang Li1,2, Xiaoli Xu1,2 and Wensheng Liu1,2*

1College of Life and Environmental Sciences, Central South University of Forestry and Technology,
Changsha, China, 2Hunan Research Center of Engineering Technology for Utilization of
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Introduction: Arbuscular mycorrhizal fungi (AMF) can relieve manganese (Mn)

phytotoxicity and promote plant growth under Mn stress, but their roles

remain unclear.

Methods: In this study, Lespedeza davidii inoculated with or without AMF

(Glomus mosseae) under different Mn concentrations (0 mmol/L, 1 mmol/L, 5

mmol/L, 10 mmol/L, and 20 mmol/L) was cultivated via a pot experiment, and

plant biomass, physiological and biochemical characteristics, manganese

absorption, subcellular distribution, and chemical forms of Mn were examined.

Results: The results showed that root biomass, stem biomass, leaf biomass, and

total individual biomass decreased under high Mn concentrations (above 10

mmol/L), and the inoculated plants had higher biomass than the uninoculated

plants. With the increasing Mn concentration, the contents of soluble sugar,

soluble protein, free proline, superoxide dismutase (SOD), peroxidase (POD), and

catalase (CAT) increased first and then decreased, while the malondialdehyde

(MDA) content increased. The contents of soluble sugar, soluble protein, free

proline, SOD, POD, and CAT in the inoculated group were higher than those in

the uninoculated group at the Mn concentration of 20 mmol/L. The content of

MDA in the inoculated plants was lower than that in the uninoculated plants. AMF

inoculation enriched most of the manganese in the root system when compared

with the non-mycorrhizal treatment. Subcellular distribution of Mn indicated that

most of the Mn ions were stored in the cell wall and the vacuoles (the soluble

fractions), and the proportion of Mn content in the cell wall components and the

vacuole components in leaves in the inoculated group was higher than that in the

uninoculated group. Furthermore, the proportions of Mn extracted using ethanol

and deionized water in the uninoculated group in stems and roots were higher

than those in the inoculated group, which suggested that AMF could convert Mn

into inactive forms.
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Discussion: The present study demonstrated that AMF could improve the

resistance of L. davidii to Mn toxicity by increasing the activity of antioxidant

enzymes and altering the subcellular distribution and chemical forms of Mn.
KEYWORDS

arbuscular mycorrhizal fungi, manganese stress, Lespedeza davidii, physiological
characteristics, subcellular distribution, chemical forms
1 Introduction

Manganese (Mn) is an important essential trace element for

plants, as it is involved in plant photosynthesis, enzymatic reactions,

and redox activities. However, high concentrations of Mn would

lead to destructed chloroplast structure, reduced plant

photosynthesis, and inhibited growth for plants (Bai et al., 2021;

Lin et al., 2021). They would even harm human health through the

food chain (Santos et al., 2017; Luo et al., 2020). However, Mn is

also one of the most widely used heavy metals in industry,

manganese ore has been exploited for a long time, and large areas

of manganese mine wasteland bring heavy Mn pollution. This

seriously influences the normal production and living of people in

these areas. Therefore, it is urgent to control Mn pollution in these

areas as soon as possible.

Of the heavy metal (HM) treatment methods, arbuscular

mycorrhizal fungi (AMF)-favored phytoremediation is the most

economical and persistent technology with less secondary pollutant

effects, which has received much attention in recent years (Riaz

et al., 2021). AMF are a kind of widespread soil microorganism,

which can coexist with more than 80% of terrestrial plants. These

microorganisms have a good symbiotic relationship with plants.

They could contribute to increasing plant metal tolerance and

improving plant growth performance (Amir et al., 2019; Marro

et al., 2022). In addition, AMF can enhance the uptake of mineral

nutrition and directly affect the absorption and accumulation of

heavy metals in plants under heavy metal stress (Garcia et al., 2018;

Boorboori and Zhang, 2022; Riaz et al., 2021). Moreover, AMF

(such as Glomus mosseae) can widely exist in real-scale wasteland

habitats around the world (e.g., USA, China, Mexico, Portugal, and

Algeria) (Pan et al., 2023b). Therefore, AMF have a wide prospect

for phytoremediation of contaminated soils (Wang et al., 2022).

Plant growth under stress reflects the adaptability of plants to

the environment and their bioremediation capability. Appropriate

amounts of Mn would contribute to plant growth and development,

while excessive amounts of Mn would markedly impair plant

growth and reduce plant biomass (Xiao et al., 2020). In addition,

Mn accumulation within plants plays a key role in plant survival

under stress. Higher concentrations of Mn would easily accumulate

in plants from soils and cause damage. AMF could promote the

growth of host plants by reducing heavy metal concentrations in

shoots and roots (Zhang et al., 2019; Pan et al., 2023a).
0234
Understanding the enrichment characteristics of Mn is key to

revealing the adaptive mechanism.

In response to high amounts of Mn, plants produce an excessive

quantity of reactive oxygen species (ROS), which may result in the

malfunctioning of plant cells (Han et al., 2021; Kaya et al., 2022). To

prevent the cells from oxidative damage, the defense proteins [e.g.,

superoxide dismutase (SOD), peroxidase (POD), and catalase

(CAT)] would enhance the capacity of plants to combat excessive

ROS. AMF could demonstrate high activities of antioxidant

enzymes to alleviate oxidative stress and decrease the contents of

malondialdehyde (MDA) (Wang et al., 2021a). In addition to the

enzymatic defense mechanisms, osmoregulation substances, such as

soluble sugar, soluble protein, and free proline, would also be

produced to maintain the water balance and energy supply in

cells and to perform the protective function.

Subcellular distribution and chemical forms of heavy metal in

plants are two internal mechanisms for plants that impart

protection against heavy metal toxicity (Wang et al., 2021b).

Chelation and compartmentalization play essential roles in

alleviating Mn toxicity in plants. Deposition in the cell wall and

vacuolar (the soluble fraction) sequestration could prevent HM

from entering more vulnerable sites in cells. In addition, Mn would

distribute in different chemical forms once taken up by plants.

Plants could reduce Mn migration and toxicity by converting highly

toxic chemical forms of Mn into less toxic chemical forms in plants.

Therefore, investigating the subcellular distribution and chemical

forms of Mn in plants was a key step to revealing the role of AMF in

plants under stress.

Lespedeza davidii is a shrub of Lespedeza in Fabaceae, which is

widely distributed in southern China (Zheng et al., 2011b). This

plant has a strong ability for biological nitrogen fixation and soil

and water conservation (Wang et al., 2021b; Rai et al., 2021). It was

reported that the species of Fabaceae could decrease the injury of

heavy metals in soybean rhizobia (Doty, 2008). As a Fabaceae plant,

L. davidii has strong heavy metal resistance. It can grow normally in

a variety of habitats. The investigation on the abandoned

manganese tailings of Xiangtan, Hunan Province, showed that L.

davidii grows well and can normally blossom and bear fruits in this

area, whose soil Mn concentration reached 52,319 mg/kg. It

indicated that this plant has a strong tolerance to Mn pollution

(Hu et al., 2022). Therefore, the plant is an important restoration

candidate for the manganese mine area. At present, relevant
frontiersin.org
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research on L. davidiimainly focuses on its medicinal value (Li and

Wang, 1989; Liang and Yan, 2018) and tolerance to Pb stress

(Zheng et al., 2011a). The adaptive mechanism of this plant

inoculated with AMF under Mn stress has not been systematically

studied, which limited the further application of the plant.

In the present study, seedlings of L. davidii were cultivated

under different Mn concentrations; whether or not to inoculate with

AMF, plant growth, physiological and biochemical characteristics,

enrichment characteristics, subcellular components, and chemical

morphology of Mn were measured. The aim of this study is 1) to

determine whether AMF can affect the plant growth of L. davidii

under Mn stress, 2) to reveal the physiological mechanism of L.

davidii to Mn stress under the condition of AMF inoculation, and 3)

to illustrate whether AMF can regulate the migration and

distribution of Mn and its chemical state transformation, and if

so, what the regulatory mechanism is.
2 Materials and methods

2.1 Material provision

Seeds of L. davidii were collected in Xiangtan manganese

tailings, Hunan Province, in November 2019 (28°03′E, 112°55′N).
The field investigation revealed that the height of L. davidii was

approximately 1.4 m. It also showed that the plant had set many

flowers and bear fruits. In the present study, over 80 well-growing

individuals of L. davidii were selected, and their mature and plump

fruits were sampled and brought back to the laboratory in cloth

bags. The seeds (picked from fruits) were stored at room

temperature until seed germination. The average 1000 seed

weight of this plant was 9.39 g.

The AMF species [G. mosseae (GM)], which was highly

resistant to Mn, was obtained from the Institute of Plant

Nutrition, Resources and Environment, Beijing Academy of

Agriculture and Forestry Sciences, China (Pan et al., 2023a). The

fungi were propagated using maize as a host plant, and the

mycelium, spores, colonized root fragments, and dried sand–soil

were mixed to use as AMF inoculant according to Yang et al. (2014).

Average spore densities were 590 per 10 g of air-dried soil.
2.2 Pot experiment

The seed germination and seedling cultivation of L. davidii were

carried out in the greenhouse of Central Southern University of

Forestry and Technology in August 2021. After the seedlings were

cultivated for 0.5 years, the uniform 18-cm-tall seedlings of L.

davidii were chosen and transferred to the pot with a height of 11

cm and a diameter of 18 cm, which was sterilized with 75% ethanol

solution. Each pot was filled with 2 kg of sterilized sand mix (pure

sand:perlite = 2:1), which was sterilized with high-pressure steam at

121°C for 2 h.

The pot experiment was performed in a completely

randomized design with a two factorial scheme with the following

variables: five Mn-added levels (0, 1, 5, 10, and 20 mg Mn kg−1 soil)
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(Pan et al., 2023a), two treatments (inoculation with or without

GM), and 10 replicates in each treatment, for a total of 100 pots.

The GM inocula were applied at a rate of 5% (w/w) of the

weight. The same amounts of the autoclaved inocula were added to

uninoculated controls and supplemented with a filtrate obtained

from the unsterilized soil solution sieved using an 11-mm sieve to

provide the microbial populations accompanying the mycorrhizal

fungi (Zhong et al., 2012). The Mn concentration was determined

by MnCl2·4H2O, and the same amount of distilled water was set as

the control group (CK). The transplanted plants were cultured in

the greenhouse (25°C–28°C) for 30 days.

During the growing period, Hoagland nutrient solution was

added every 3 days. After 60 days of Mn stress, the plant growth

traits, physiological and biochemical indices, Mn content, Mn

subcellular components, and chemical forms of L. davidii were

determined after harvesting.
2.3 Morphological measurements

Plant biomass was measured following plant harvest, and the

individual plants were divided into three parts (root, stem, and leaf).

All parts were dried for 2 h at 105°C followed by 48 h at 70°C to

achieve a constant weight. The biomass of the roots, stems, and leaves

of individual plants was determined using an electronic balance.
2.4 Mycorrhizal
colonization measurements

To ensure that our inoculation protocol was successful, 60-day-

old roots were checked using a combination of bright-field and

confocal microscopy (Leica Microsystems GmbH, Wetzlar,

Germany). The fresh roots were cut into fragments approximately

1 cm and then stained with 0.05% Trypan Blue according to the

method of Phillips and Hayman (1970). Bright-field microscopy

was used to assess mycorrhizal infection rate after the Trypan Blue

staining (Phillips and Hayman, 1970). The infection rate was

determined based on the microstructure of the infected L. davidii

roots by identifying the internal hyphae, external hyphae,

arbuscules, and spores. The AMF infection rate (ratio of infected

roots) was quantified on 1-cm-long root segments using the grid-

line intersect method under a compound microscope (40 × 10)

(Giovannetti and Mosse, 1980). The results showed that the root

colonization rates of plants inoculated with GM were 73% ± 2.9%.
2.5 Determination of osmoregulation
substances and antioxidant systems

A leaf sample of approximately 0.2 g was ground using a mortar

with liquid nitrogen, which was used to determine the physiological

and biochemical indices. The activity of SOD was determined using

the nitro blue tetrazolium (NBT) method. The amounts of soluble

sugar content, free proline content, POD, CAT, and MDA were

determined according to the methods of Gao (2000). Soluble
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protein content was determined using the method of Bradford

(1976) with bovine serum albumin (BSA) as a standard. All the

measurements were carried out in five replicates.
2.6 Mn concentration analysis

Mn concentration was determined according to the methods of

Xiao et al. (2020). The dried roots, stems, and leaves were ground

using a grinder, and the fine powder was weighed and placed in a

muffle furnace at 300°C for 2 h followed by 500°C for 5 h. Then, the

powders were soaked in concentrated HNO3:HClO4 (7:3, v/v) using

the Kjeldahl method until the samples became a clear liquid (Rao

et al., 2011). The samples were diluted to a constant volume (25

mL), and the Mn concentrations were determined using inductively

coupled plasma–optical emission spectroscopy (ICP-OES)

(iCAP6500, Thermo Scientific, Oxford, UK). Measurements of the

plant’s Mn concentrations were performed in three replicates (Xiao

et al., 2020). The bioconcentration factors (BCFs) were defined as

the ratio of metal concentration in plant roots to that in the soil. The

transport coefficient (TF) was indicated as the ratio of metal

concentration in plant shoots to that in the roots.
2.7 Subcellular fraction extraction

To reveal the effects of various treatments on the distribution of

Mn across different subcellular fractions, the concentrations of Mn

with different subcellular compartments were determined using the

gradient centrifugation technique, and cells were separated into

four fractions [cell wall fraction, chloroplast and cell nuclear

fraction, mitochondrial fraction, and ribosomal fraction (soluble

components)] (Wang et al., 2015). Frozen plant materials were

homogenized in cooled extraction buffer [50 mM Tris–HCl, 250

mM sucrose, and 1.0 mM dithioerythritol (C4H10O2S2), pH 7.5]

using a chilled mortar and pestle. The homogenate was sieved

through nylon cloth (80 mm), and the liquid was squeezed from the

residue. The residue was washed twice with homogenization buffer;

as it contained mainly cell walls and cell wall debris, it was

designated as the “cell wall fraction”. Then, the supernatant was

moved to a new centrifuge tube and centrifuged at 2,000 ×g for 15

min, creating a pellet consisting of chloroplasts and cell nuclei. The

supernatant was once again removed and centrifuged at 10,000 ×g

for 20 min, creating a pellet that was considered the mitochondrial

fraction. In the end, the final supernatant was considered the

ribosomal fraction (including vacuoles). All steps were performed

at 4°C, and the subcellular fractions were dried at 70°C to a constant

weight (Wang et al., 2015).
2.8 Chemical form extraction

Chemical forms of Mn were extracted in the following order: 1)

80% ethanol, extracting inorganic Mn giving priority to nitrate/nitrite,

chloride, and aminophenol manganese; 2) deionized water (d-H2O),

extracting water soluble Mn–organic acid complexes; 3) 1 M NaCl,
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extracting undissolved manganese phosphate; 5) 0.6 M HCl, extracting

manganese oxalate; and 6) the residues (Fu et al., 2011).

Frozen tissues were homogenized in an extraction solution

using a mortar and pestle, diluted at a ratio of 1:100 (w/v), and

shaken for 22 h at 25°C. The homogenate was then centrifuged at

5,000 ×g for 10 min, obtaining the first supernatant solution in a

conical beaker. The sedimentation was re-suspended twice in an

extraction solution, shaken for 2 h at 25°C, and centrifuged at 5,000

×g for 10 min. The supernatants of the three suspensions were then

pooled. The residue was extracted with the next extraction solution

in the sequence using the same procedure described above. Each

pooled solution was evaporated on an electric plate at 70°C to a

constant weight.
2.9 Statistical analysis

All results were presented as means ± standard deviation (SD)

for the 10 replicates. Two-way ANOVA was used to test the data of

L. davidii between different Mn concentration treatment groups

and inoculation conditions, and Duncan’s multiple comparison

method (the significance level was set as 0.05) was used to

conduct significant difference analysis between different

concentrations. Statistical analyses were conducted using the SPSS

22.0 software package (SPSS, Inc., Chicago, IL, USA), and figures

were created using SigmaPlot 14.0.
3 Results

3.1 Plant biomass

The two-way ANOVA showed significant and interactive effects

of Mn stress and AMF inoculation on plant biomass; all the root

biomass, stem biomass, leaf biomass, and total individual biomass

of L. davidii were significantly affected by Mn concentrations and

AMF inoculation (p < 0.001). All the root biomass, stem biomass,

leaf biomass, and total individual biomass of plants in the AMF-

inoculated and uninoculated plants increased first and then

decreased (Figures 1A–D). Compared with the uninoculated

plants, the root biomass (Figure 1A), stem biomass (Figure 1B),

leaf biomass (Figure 1C), and total individual biomass (Figure 1D)

of the AMF-inoculated plants were higher. The results showed that

the positive effects of AMF on plant biomass compensated for the

negative effect of Mn application.
3.2 Physiological characteristics

The two-way ANOVA showed that Mn stress and whether or

not to inoculate with AMF had significant effects on the contents of

soluble sugar, soluble protein, and free proline in the leaves of L.

davidii (Figure 2; p < 0.001). With the increasing Mn concentration,

the contents of soluble sugar (Figure 2A), soluble protein

(Figure 2B), and free proline (Figure 2C) in L. davidii in the
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inoculated group and the uninoculated group increased first and

then decreased. The contents of soluble sugar (Figure 2A), soluble

protein (Figure 2B), and free proline (Figure 2C) in the inoculated

group were higher than those in the uninoculated group at the Mn

concentration of 20 mmol/L, and the values of the inoculated group

were respectively 2.25, 2.70, and 1.26 times those of the

uninoculated group.

The two-way ANOVA showed that the effects of Mn stress and

AMF inoculation on SOD, POD, and CAT activities reached a

significant level (p < 0.001), the interaction between Mn stress and

AMF inoculation on the effects on SOD activities reached a significant

level (p < 0.05), and the effects on CAT activities reached a very

significant level (p < 0.001), while the effects on POD activities did not

reach a significant level. As the Mn concentration increased, the

activities of SOD (Figure 3A), POD (Figure 3B), and CAT

(Figure 3C) in the inoculated group and the uninoculated group

increased first and then decreased with the increase of Mn
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concentration, and all decreased to the lowest values at the

manganese concentration of 20 mmol/L (p < 0.001). The activities of

SOD, POD, and CAT in the inoculated group were higher than those

in the uninoculated group at the Mn concentration of 20 mmol/L.

When the concentration of Mn was 20 mmol/L, the activities of SOD,

POD, and CAT in the inoculated group were respectively 1.26, 1.33,

and 2.94 times those of the uninoculated group.

The two-way ANOVA showed that the effects of Mn stress and

whether or not to inoculate with AMF on the MDA content in L.

davidii leaves reached a significant level (p < 0.001), while the

interaction between Mn stress and AMF inoculation did not reach a

significant level. With the increasing Mn concentration, the MDA

content in L. davidii in the inoculated group and the uninoculated

group increased (Figure 3D). When the Mn concentration was 20

mmol/L, the content of MDA in the inoculated group and the

uninoculated group increased by 41.39% and 61.17%, respectively,

compared with the control (Figure 3D; p < 0.001).
FIGURE 1

Effects of Mn treatments on stem biomass (A), root biomass (B), leaf biomass (C), and total individual biomass (D) of Lespedeza davidii plants with
AMF inoculation (Fm+) and non-inoculation (Fm−). All data show the means ± SE of 10 replicates. Values with different small letters within the same
column indicate significant differences at the p < 0.05 level between Mn treatments. * indicates significant difference (p < 0.05) between AMF-
inoculated plants and uninoculated plants. AMF, arbuscular mycorrhizal fungi. *** indicates highly significant difference (p<0.001).
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3.3 Mn accumulation

With the increasing Mn concentration, the Mn content of the roots

(Figure 4A), stems (Figure 4B), leaves (Figure 4C), and total individual

(Figure 4D) in the inoculated group and the uninoculated group

increased. The two-way ANOVA showed that both Mn concentration

and whether or not to inoculate with AMF had a significant effect on the

Mn accumulation of the roots, stems, leaves, and total individual in

L. davidii (Figure 4; p < 0.001). When the Mn concentration reached 20

mmol/L, the total Mn content in L. davidii in the inoculated group and

the uninoculated group reached 15,199.81 mg/kg and 15,002.30 mg/kg,

respectively. The content ofMn in the leaves of the inoculated groupwas

lower than that of the uninoculated group when the concentration of

Mn was 10 mmol/L and 20 mmol/L (Figure 4C; p < 0.05).

The two-way ANOVA showed that both Mn concentration and

whether or not to inoculate with AMF had a significant effect on the

BCF and TF of L. davidii (Table 1; p < 0.001). With the increasing

Mn concentration, the BCF in both the inoculated and uninoculated

groups decreased. At different Mn concentrations, the BCF of the

inoculated group was higher than that of the uninoculated group.
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With the increase of Mn concentration, the TF of the inoculated

group increased, while that of the uninoculated group increased first

and then decreased (Table 1; p < 0.05). At different concentrations,

the TF of the inoculated group was higher than that of the

uninoculated group.
3.4 Subcellular components of Mn

The two-way ANOVA showed that both Mn concentration and

whether or not to inoculate with AMF had significant effects on the

content of Mn in the cell wall components, soluble components

(ribosomal fraction), mitochondrial components, and chloroplast

and nuclear components of the roots, stems, and leaves of L. davidii

(p < 0.001). With the increase of Mn concentration, the content of Mn

in the cell wall components, chloroplast and nuclear components,

mitochondrial components, and soluble components of the roots,

stems, and leaves of L. davidii in the inoculated and uninoculated

groups increased (p < 0.05). The Mn accumulations and distribution

proportions in different subcellular fractions of the roots, stems, and
FIGURE 2

Effects of Mn treatments on the content of soluble sugar (A), soluble protein (B), and free proline (C) of Lespedeza davidii plants with AMF
inoculation (Fm+) and non-inoculation (Fm−). Values with different small letters within the same column indicate significant differences at the p <
0.05 level between Mn treatments. * indicates significant difference (p < 0.05) between AMF-inoculated plants and uninoculated plants. AMF,
arbuscular mycorrhizal fungi. *** indicates highly significant difference (p<0.001).
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leaves are presented in Figure 5 and Supplementary Figures S1–S3,

which showed that a large percentage of Mn (80%–90%) was

accumulated in cell walls and the soluble fractions in the roots

(Figures 5A, B), stems (Figures 5C, D), and leaves (Figures 5E, F),

and a small portion of Mn presented in the cellular organelles (the

chloroplast and nuclear components and mitochondrial components).

Compared with that of the uninoculated group, the proportion of Mn

content in the cell wall components and the soluble components in the

leaves of the inoculated group was higher (Figures 5E, F).
3.5 Chemical forms of Mn

The effects of different treatments on the concentrations and

proportions of Mn in different chemical forms in L. davidii are

shown in Figure 6 and Supplementary Figures S4-S6. With the

increasing Mn concentration, the contents of six chemical forms of

Mn extracts in the roots (Supplementary Figure S4), stems

(Supplementary Figure S5), and leaves (Supplementary Figure S6)

of L. davidii in the uninoculated group and the inoculated group
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increased (p < 0.05). Chemical forms of Mn extracted using 80%

ethanol (FE), deionized water (FW), and 1 M NaCl (FNaCl) were

predominant (more than 90%) in both the uninoculated and

inoculated plants (Figures 6A–F). The two-way ANOVA showed

that the effects of Mn stress, inoculation and interaction of Mn

stress, and inoculation on the contents of Mn ethanol extract,

deionized water extract, sodium chloride extract, and acetic acid

extract in the roots of L. davidii were extremely significant (p <

0.001). The proportions of Mn extracted using ethanol and

deionized water in the uninoculated group in stems and roots

were higher than those in the inoculated group (Figures 6C–F).

4 Discussion

4.1 The effects of AMF on plant biomass
under Mn stress

Biomass variation under heavy metal stress is an important

standard to determine plant tolerance and the phytoremediation
FIGURE 3

Effects of Mn treatments on superoxide dismutase (SOD; A), peroxidase (POD; B), catalase (CAT; C), and malondialdehyde (MDA; D) of Lespedeza
davidii plants with AMF inoculation (Fm+) and non-inoculation (Fm−). Values with different small letters within the same column indicate significant
differences at the p < 0.05 level between Mn treatments. * indicates significant difference (p < 0.05) between AMF-inoculated plants and
uninoculated plants. AMF, arbuscular mycorrhizal fungi. ** indicates highly significant difference (p<0.01); *** indicates highly significant
difference (p<0.001).
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potential for plants (Han et al., 2021). In this study, the biomass of

leaves, stems, roots, and the total individual of L. davidii increased

first and then decreased with the increasing Mn concentration. This

is consistent with the results on Cleome viscosa (Xiao et al., 2020)

and Rhus chinensis (Pan et al., 2023a) under Mn stress. It showed

that low promotion and high suppression are common phenomena

for Mn in the growth of plants.

This study also showed that the inoculated plants of L. davidii

had higher biomass than the uninoculated plants (Figure 1D).

Chaturvedia et al. (2018) and Pan et al. (2023a) also found that

the AMF-inoculated plants had higher plant height and biomass

than the uninoculated counterparts. The present study is consistent

with these studies. The reason lies in that AMFs are known to have

the ability to change enzyme activity and increase the ability of host

plants to resist heavy metal stress (Chen et al., 2019). In our study,

the results showed that the contents of soluble sugar, soluble

protein, free proline, SOD, POD, and CAT in the inoculated

group were higher than those in the uninoculated group at the
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Mn concentration of 20 mmol/L. These would promote the growth

of plants. In addition, previous studies also suggested that AMF can

chelate Mn, thereby reducing the bioavailability of Mn. All of these

would help plant growth under stress.
4.2 The effects of AMF on physiological
characteristics under Mn stress

Osmotic regulation is an important mechanism for plants to

cope with heavy metal stress. In order to resist the adverse

environment, plants would produce and accumulate a large

number of osmoregulation substances (such as soluble sugar,

soluble protein, and free proline) to maintain the water balance

and energy supply in cells, thereby reducing the stress damage

caused by osmotic water loss and maintaining the normal life

metabolism activities of cells. The present study showed that

the contents of soluble sugar, soluble protein, and free proline in
FIGURE 4

Effects of Mn treatments on the content of stems (A), roots (B), leaves (C), and total individual (D) of Lespedeza davidii plants with AMF inoculation
(Fm+) and non-inoculation (Fm−). Values with different small letters within the same column indicate significant differences at the p < 0.05 level
between Mn treatments. * indicates significant difference (p < 0.05) between uninoculated plants and AMF-inoculated plants. AMF, arbuscular
mycorrhizal fungi. *** indicates highly significant difference (p<0.001).
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L. davidii in the inoculated and uninoculated groups increased first

and then decreased with the increasing Mn concentration

(Figure 3). Kuang et al. (2022) also found that osmoregulation

substances increased first and then decreased with the increasing

Mn concentration in Daucus carota. The reason is that Mn stress

can activate the osmotic regulation system in L. davidii and resist

Mn toxicity through the accumulation of osmotic regulation

substances. When the Mn concentration is too high, the osmotic

adjustment ability of L. davidii is insufficient to resist the toxicity of

high Mn, the water balance mechanism is destroyed, and the plant

resistance is weakened. The present study also showed that

compared with those in the inoculated group, the contents of

soluble protein (Figure 2B) and free proline (Figure 2C) in the

inoculated group were higher when the Mn concentrations were 5

mmol/L, 10 mmol/L, and 20 mmol/L. This is the same as that in

Lolium perenne (Xu et al., 2014) and Tamarix chinensis (Han et al.,

2021) under salt stress, which suggested that AMF inoculation can

effectively increase the content of osmoregulation substances. The

reason is that AMF can regulate the osmotic regulation system to

stabilize the physiological environment in plants to adapt to stress.

AMF could change enzyme activity and increase the ability of host

plants to resist oxidative stress (Pan et al., 2023b).

Mn stress would result in the accumulation of ROS such as H2O2,

O2, and MDA in the plant, which potentially leads to plasma

membrane damage and a decrease in physiological activities related

to membrane function. SOD, POD, and CAT are important

components of plant antioxidant enzyme promotion systems. The

synergistic effect of these three enzymes can effectively reduce the

accumulation of ROS in plants and reduce the damage of stress to

plants. In this study, the POD and CAT activities of L. davidii in the

inoculated and uninoculated groups increased first and then

decreased with the increase of Mn concentration. This showed that

Mn stress can activate the antioxidant system of L. davidii and resist

Mn toxicity by improving the activity of antioxidant enzymes. When

the Mn concentration is too high, the antioxidant system of L. davidii

may be destroyed, the activity of antioxidant enzymes is reduced, and

the plant defense ability is weakened. Mn stress damages the cell
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membrane and destroys the original region of the metabolism of the

protective enzyme system in the cell. Mnmay also directly replace the

trace elements in the activity of some enzymes to change or even

destroy the enzyme activity. The present study also illustrated that

when the Mn concentration was 20 mmol/L, the activities of SOD,

POD, and CAT in the inoculated group were higher than those in the

uninoculated group. This is the same as the results of marigold under

cadmium stress (Liu et al., 2011), Trifolium repens in HM-

contaminated soils (Azcón et al., 2009), and Solanum lycopersicum

under salinization stress (Cao et al., 2022). This indicated that AMF

inoculation can enhance the resistance of plants to high Mn toxicity

by improving the activity of antioxidant enzymes and reducing lipid

peroxidation, which would promote plant physiological metabolism

and reduce the toxicity and damage of heavy metals to plants.

Therefore, it appeared that it was an important mechanism for

AMF to alleviate the damage of Mn by enhancing the activity of

antioxidant enzymes and small molecular osmotic regulators.

MDA is the final product of membrane lipid peroxidation,

which can measure the degree of damage to plant cell plasma

membrane under stress. The level of MDA can reflect the degree of

plant poisoning and also indicate the level of plant stress resistance.

The present study showed that compared with that of the

uninoculated group, the MDA content of the inoculated group

was lower under the relevant Mn concentrations (Figure 3D).

Similarly, AMF inoculation can effectively reduce the membrane

lipid peroxidation ofMedicago sativa under cadmium stress, reduce

the MDA content in the host, and improve tolerance (Wang et al.,

2022). This showed that excessive Mn makes the antioxidant

enzyme system in the cells of L. davidii disordered, the balance

between the production and elimination of ROS is broken, and the

production of ROS in large quantities causes oxidative damage to

plant cells, leading to a large MDA accumulation. AMF inoculation

could weaken the damage of Mn toxicity to the leaf cells of L. davidii

and make the physiological and biochemical environments in L.

davidii relatively stable. Therefore, it appears that AMF can repair

oxidative damage in membranes and maintain homeostasis in the

internal environment.
TABLE 1 Effect of AMF on Mn bioconcentration coefficients (BCFs) and transport coefficients (TFs) of Lespedeza davidii leaves under Mn stress.

Mn concentration
(mmol/L)

Bioconcentration coefficients/BCF Transport coefficients/TF

+AMF −AMF +AMF −AMF

CK 1.15 ± 0.20b 0.79 ± 0.15b

1 95.75 ± 2.78b* 32.06 ± 5.28b 0.56 ± 0.03d 0.50 ± 0.13c

5 25.01 ± 1.56b* 11.56 ± 0.58b 0.66 ± 0.14d 0.49 ± 0.02c

10 16.25 ± 1.05b* 20.56 ± 1.20b 0.92 ± 0.09c* 2.45 ± 0.08a

20 18.42 ± 0.26b 18.18 ± 0.83b 2.88 ± 0.05a* 0.80 ± 0.02b

FAMF 78.926*** 32.047***

FMn 320.277*** 189.731***

FMn×AMF 63.636*** 206.837***
* indicates significant difference (p < 0.05) between uninoculated plants and AMF-inoculated plants; ** indicates highly significant difference (p<0.01); *** indicates highly significant difference
(p<0.001).
Values with different small letters within the same column indicate significant differences at the p < 0.05 levelbetween Mn treatments.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1470063
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Pan et al. 10.3389/fpls.2024.1470063
4.3 The effects of AMF on Mn
accumulation under Mn stress

The enrichment characteristics of heavy metals in plants usually

include three indicators, namely, heavy metal accumulation,

bioaccumulation coefficient, and transport coefficient, which are the

main factors determining whether they are tolerant to Mn stress. The

present study showed that with the increasing Mn concentration,
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the Mn content in the roots, stems, and leaves of L. davidii in the

inoculated group and the uninoculated group increased. Compared

with that of the uninoculated group, the content of Mn in the leaves of

the inoculated group was lower when the concentrations of Mn were 5

mmol/L and 20 mmol/L (Figure 4, p < 0.05). This indicated that

inoculation with AMF significantly increased the uptake of Mn in soil

by L. davidii roots and decreased the transportation to leaves. Similarly,

mycorrhizal colonization significantly enhanced the fixation of
FIGURE 5

Manganese subcellular fraction distribution ratio of roots (A, B), stems (C, D), and leaves (E, F) of Lespedeza davidii in inoculated group and
uninoculated group under Mn stress. (A, C, E) Uninoculated group. (B, D, F) Inoculated group. F1, cell wall fraction; F2, chloroplast and cell nuclear
fraction; F3, mitochondrial fraction; F4, ribosomal fraction.
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cadmium in the root system of Lotus japonicus (Chen et al., 2018),

AMF inoculation significantly improved the absorption of cadmium in

the soil by the root system ofCapsicum annuum (Mou et al., 2021), and

mycorrhizal infection increased the copper binding capacity of the cell

wall ofM. sativa (Wang et al., 2012). AMF inoculation often promotes

the host plant and AMF to form a rhizobacterial structure. Plants can

rely on this structure to expand the absorption range of nutrients and

to improve the host’s absorption of nutrients in the soil under adverse

environments (Wipf et al., 2019). As a nutrient element of plants, Mn

absorption by AMF will also increase, which will increase the Mn

content in L. davidii. Comparing the inoculated group with the
Frontiers in Plant Science 1143
uninoculated group, the BCF and TF of the inoculated group were

generally higher than those of the uninoculated group. Similarly, AMF

inoculation significantly increased the enrichment coefficient and

reduced the transport of heavy metals from roots to aboveground

parts for C. annuum (Mou et al., 2021). Research found that when the

concentration of heavy metals in the soil is high, AMF can fix most of

the heavymetals in the roots or fungal rhizosphere of plants and inhibit

their transfer to the aboveground parts, thus reducing the distribution

ratio of heavy metals to the aboveground parts, reducing the toxic effect

of heavy metals on important aboveground physiological organs of

plants, and making plants have a higher tolerance to Mn stress.
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FIGURE 6

Manganese chemical form distribution ratio of roots (A, B), stems (C, D), and leaves (E, F) of Lespedeza davidii in inoculated group and uninoculated
group under Mn stress. (A, C, E) Uninoculated group. (B, D, F) Inoculated group. F1, 80% ethanol; F2, deionized H2O; F3, 1 M NaCl; F4, 2% HA; F5,
0.6 M HCl; F6, residue.
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4.4 The effects of AMF on subcellular
components of Mn under Mn stress

Compartmentalization is a crucial strategy for detoxifying heavy

metals in plant cells because after entering into plant cells, heavy

metals can bind to different subcellular compartments (e.g., cell wall

and soluble fraction), exhibiting different ecotoxicological

significance. The present study showed that Mn in the roots, stems,

and leaves of L. davidii is mainly distributed in the cell wall and

soluble components. Compared with CK, the proportions of Mn in

the cell wall and soluble components of the roots, stems, and leaves of

L. davidii were higher, while the proportion of chloroplast and

nuclear components, and mitochondrial components were lower.

This showed that the cell wall components and soluble components

are the main storage sites of Mn in various organs of L. davidii, and

most of the Mn in L. davidii is fixed in the cell wall or isolated in

vacuoles (the soluble fraction mainly exists in vacuoles). It is usually

known that heavy metals are less toxic to plant cells when they are

distributed in cell walls and vacuoles (the soluble fraction) but more

toxic when they are distributed in chloroplasts, nuclei, mitochondria,

and other organelles. Therefore, it is one of the growth strategies for

tolerant plants to adapt to heavy metal stress environment to

combine toxic or excessive heavy metal ions on plant cell walls or

promote their separation in vacuoles, thus reducing the toxicity of

Mn to organelles, which is one of the mechanisms of L. davidii for

detoxifying Mn.

In addition, compared with that in the uninoculated group, it

was found that the proportion of Mn content in the cell wall

components and the soluble components in leaves in the inoculated

group increased. This indicated that AMF enhanced the cell wall

fixation and vacuole compartmentalization (the soluble fraction

mainly composed in vacuoles) of L. davidii under Mn stress and

reduced the toxicity of Mn to the organelles of L. davidii. Similarly,

under cadmium stress, most cadmium (more than 90%)

accumulated in the cell wall and soluble parts in Zea mays, while

a small amount of cadmium exists in organelles, and AMF

symbiosis promoted cadmium transfer to vacuoles (Zhang et al.,

2019). Therefore, cell wall components may be the main site for Mn

fixation in roots, which can reduce the transport of cadmium from

roots to the upper ground (Gao et al., 2021).
4.5 The effects of AMF on chemical forms
of Mn under Mn stress

The chemical forms of heavy metals are a major determinant

of physiological functions and toxicity; different forms of heavy

metals have different bioavailability and toxicity. Among them,

ethanol and deionized water have the highest activity and mobility

in the extracted state, which are the easiest to enter the plant

symplast, and have the strongest toxicity to plants. The heavy

metals extracted from sodium chloride (NaCl) are mainly

combined with pectin and protein, and the solubility of heavy
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metals extracted from acetic acid (HAc) and hydrochloric acid

(HCl) is low. The activity and mobility of these extracted heavy

metals are low, and their toxicity to plants is weak. The residue

state is the most stable, and the toxicity to plants is the most weak.

The present study showed that, with the increasing Mn

concentration, the content of different chemical forms of Mn in

the stems of L. davidii in the uninoculated group and the

inoculated group showed an increasing trend, and the Mn in the

sodium chloride extract, acetic acid extract, and hydrochloric acid

extract of L. davidii was more than that in the ethanol extract and

deionized water extract. This illustrated that Mn stress made the

activity and mobility of Mn ions in L. davidii lower, thus reducing

the toxicity of Mn stress to L. davidii.

In addition, the present study showed that the Mn in L. davidii

in the inoculated group had a higher ratio when extracted using

sodium chloride, acetic acid, and hydrochloric acid than that in

the uninoculated group. After inoculation with AMF, the

proportion of sodium chloride extracted, acetic acid extracted,

and residual Mn in L. davidii increased significantly, while the

proportion of ethanol extracted and deionized water extracted Mn

decreased significantly. This showed that AMF promoted the

transformation of Mn ions in L. davidii from ethanol and

deionized water extracts with strong activity to sodium chloride

and acetic acid extracts with weak activity, thus reducing the

damage of Mn ions to the cells and structures of L. davidii,

maintaining its normal physiological and biochemical activities,

and enhancing the Mn tolerance of L. davidii. Similarly, after

inoculation with AMF, Li et al. (2016) also found that AMF may

augment the tolerance to Cd of rice by decreasing the proportions

of Cd in active forms (FE and FW) in 0.05–0.1 mM Cd solutions.

AMF inoculation under cadmium stress increased the proportion

of cadmium with weak active state inM. sativa (Wang et al., 2012).

Therefore, AMF may also improve the resistance to Mn of

L. davidii by converting Mn into inactive forms that are less toxic.
5 Conclusion

This study reports the effects of AMF inoculation and Mn stress

on plant growth, physiological and biochemical characteristics, Mn

uptake, subcellular distribution, and chemical forms of Mn in

L. davidii. The results showed that the biomass of the AMF-

inoculated plants was higher than that of the uninoculated plants,

and the content of MDA in the inoculated plants was lower than

that in the uninoculated plants, which showed that AMF can

alleviate Mn toxicity. AMF inoculation enhanced the enrichment

of Mn in L. davidii and enhanced the fixation of Mn in L. davidii

roots so as to alleviate the damage of Mn stress to its aboveground

parts. At low Mn substrate concentrations, the cell wall appears to

play an important role in Mn retention, while the main subcellular

fraction that contributed to Mn detoxification is the vacuoles at high

Mn substrate concentrations (≥10 mM). Furthermore, the

concentrations and proportions of Mn extracted by ethanol and
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d-H2O were also lower in the stems, and roots of the inoculated

plants compared with the uninoculated plants at high substrate

concentrations (≥10 mM), indicating that AMF can convert Mn

into inactive forms, which are less toxic. The results of this study

illustrated that inoculation with AMF could adjust the osmotic

regulation system and antioxidant system to stabilize the

physiological environment and accumulate more Mn in cell walls

and soluble fractions to improve the tolerance of L. davidii to

manganese stress.
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SUPPLEMENTARY FIGURE S1

Effect of AMF on Mn content in subcellular fractions of L. davidii root under

Mn stress. Note: F1, cell wall fraction; F2, chloroplasts and cell nuclei fraction;
F3, mitochondria fraction; F4, ribosomes fraction.

SUPPLEMENTARY FIGURE S2

Effect of AMF on Mn content in subcellular fractions of L. davidii stems under

Mn stress. Note: F1, cell wall fraction; F2, chloroplasts and cell nuclei fraction;
F3, mitochondria fraction; F4, ribosomes fraction.

SUPPLEMENTARY FIGURE S3

Effect of AMF on Mn content in subcellular fractions of L. davidii leaves under
Mn stress.Note: F1, cell wall fraction; F2, chloroplasts and cell nuclei fraction;

F3, mitochondria fraction; F4, ribosomes fraction.

SUPPLEMENTARY FIGURE S4

Effect of AMF on manganese chemical forms of manganese of L. davidii root
under Mn stress. Note: F1, 80% ethanol; F2, deionized H2O; F3, 1 M NaCl; F4,

2% HA; F5, 0.6 M HCl; F6, residue.

SUPPLEMENTARY FIGURE S5

Effect of AMF onmanganese chemical forms of manganese of L. davidii stems
under Mn stress. Note: F1, 80% ethanol; F2, deionized H2O; F3, 1 M NaCl; F4,

2% HA; F5, 0.6 M HCl; F6, residue.

SUPPLEMENTARY FIGURE S6

Effect of AMF onmanganese chemical forms ofmanganese of L. davidii leaves

under Mn stress. Note: F1, 80% ethanol; F2, deionized H2O; F3, 1 M NaCl; F4,

2% HA; F5, 0.6 M HCl; F6, residue.
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and Rhizobiales
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Lab for Sugarcane Biology, College of Agriculture, Guangxi University, Nanning, China
Drought stress is a critical environmental factor affecting sugarcane yield, and the

adaptability of the sugarcane rhizosphere bacterial community is essential for

drought tolerance. This review examines the adaptive responses of sugarcane

rhizosphere bacterial communities to water stress and explores their significant

role in enhancing sugarcane drought tolerance. Under drought conditions, the

sugarcane rhizosphere bacterial community undergoes structural and functional

shifts, particularly the enrichment of beneficial bacteria, including

Streptomycetales and Rhizobiales. These bacteria enhance sugarcane

resilience to drought through various means, including nutrient acquisition and

phytohormone synthesis. Furthermore, changes in the rhizosphere bacterial

community were closely associated with the composition and levels of soil

metabolites, which significantly influenced the physiological and biochemical

processes of sugarcane during drought stress. This study deepens our

understanding of rhizosphere bacterial communities and their interactions with

sugarcane, laying a scientific foundation for developing drought-resistant

sugarcane varieties, optimizing agricultural practices, and opening new

avenues for agricultural applications.
KEYWORDS

sugarcane, rhizosphere bacterial community, drought tolerance, Streptomycetales,
Rhizobiales, plant growth-promoting bacteria (PGPB)
1 Introduction

Sugarcane (Saccharum officinarum L.) cultivation is crucial for both sugar and

bioenergy production. However, this cultivation faces significant challenges that can

severely affect growth and yield, particularly in areas where drought is prevalent

(Ferreira et al., 2017; Dlamini, 2021). Microorganisms are emerging as pivotal agents in

mitigating the adverse effects of climate change, notably through their capacity to

ameliorate the challenges posed by abiotic stressors, including water scarcity, which
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plants frequently encounter (Zhang et al., 2022). Fungi, including

genera such as Trichoderma and essential arbuscular mycorrhizal

fungi, along with bacteria such as Azospirillum, Bacillus, and

Pseudomonas, constitute a vital component of the Earth’s

microbial community. Their multifaceted functions in the natural

world include decomposing organic matter, mediating the nitrogen

cycle, and enhancing plant growth. These microorganisms

contribute not only to ecological balance but are also emerging as

potential mitigators of climate change (Hu et al., 2022; Qin et al.,

2024). Recent scientific insights have revealed that they may also

serve as climate change adapters, with certain fungi and bacteria

capable of sequestering atmospheric carbon, thereby augmenting

soil carbon reserves and slowing the pace of global warming (Zhu

et al., 2024). Moreover, by ameliorating soil structure and increasing

soil water retention, these microbes enhance the ability of plants to

withstand extreme climatic conditions, including drought, thereby

mitigating the impacts of such environmental stresses (Ahmed

et al., 2019). The resilience of sugarcane in the face of adversity is

closely related to the dynamics of its rhizosphere bacterial

communities (Liu et al., 2021a). These communities are gaining

increasing recognition for their indispensable roles in enhancing

plant health and productivity (Backer et al., 2018) (Table 1). These

communities are not only passive inhabitants of the soil; they also

actively interact with plant root systems, forming a network of

symbiotic relationships (Liu et al., 2021b). They significantly aid

plant adaptations to water scarcity by influencing soil nutrient

cycling and modulating stress responses (Rolli et al., 2015; Vejan

et al., 2016; Vurukonda et al., 2016). This interplay is crucial for

plant survival and optimal performance under drought-

prone conditions.

Roots are essential for plants to absorb water from the soil. During

drought, crop roots and rhizosphere soil microorganisms are the first to

detect and respond to environmental changes. These rhizosphere

microorganisms exhibit heightened sensitivity to changes in the soil

environment and often respond more quickly than plants (Cai and

Ahmed, 2022; Cai et al., 2022). Complex interactions among

rhizosphere microorganisms are key factors in the rapid adaptation

of plants to soil-borne environmental stresses (Giehl and von Wirén,

2014; Pascale et al., 2020). Ecological and evolutionary studies provide

compelling evidence that, in the short to medium term, the resilience

and productivity of plants in the face of global warming are likely to be

significantly influenced by the intricate dynamics within host-

associated microbiomes (Trivedi et al., 2022). In their quest to

mitigate the adverse consequences of drought on agricultural

productivity, researchers are pursuing a range of biotechnological

strategies, from refining traditional breeding techniques to applying

innovative genetic engineering to enhance sugarcane drought tolerance

(Sugiharto, 2018; Misra et al., 2022). Rhizosphere bacteria are pivotal in

the biotechnological exploration of drought tolerance in sugarcane.

These microorganisms can significantly augment the adaptive capacity

and resilience of plants under arid conditions through a spectrum of

physiological and biochemical mechanisms (Chieb and Gachomo,

2023). In sugarcane breeding, understanding how various drought-

tolerant root system architectures influence the rhizosphere microbial

community is pivotal. This analysis not only underpins the theoretical
Frontiers in Plant Science 0248
framework for drought-tolerant breeding but also propels the

development of new sugarcane varieties adapted to withstand arid

conditions (Liu et al., 2021a). By integrating the selection of drought-

resistant traits with an in-depth examination of rhizosphere microbial

dynamics, breeders can develop novel sugarcane cultivars with superior

adaptability to water-deficient environments. Similarly, the

introduction of drought tolerance-related genes into the sugarcane

genome can lead to the development of transgenic sugarcane varieties

with enhanced drought tolerance (Kumar et al., 2024). For example, by

expressing the betaine synthase gene in sugarcane, the accumulation of

betaine is increased, and the osmoregulatory capacity of cells is

improved, thereby enhancing the survival of sugarcane under

drought conditions (Rahman et al., 2021). Moreover, the exploration

of sugarcane drought resistance mechanisms through advanced gene

editing techniques, including RNA interference (RNAi) or CRISPR/

Cas9, targeting both transcription factors and genes with currently

obscure functions, holds promise for further enhancement of these

mechanisms (Mall et al., 2024). In addition, genetic engineering not

only focuses on the genetic improvement of sugarcane itself but also

involves the interaction of the rhizosphere bacterial community.

Additionally, genetic engineering targets not only the enhancement

of sugarcane genetic characteristics but also the interactions within the

rhizosphere bacterial community. The alteration of the soil

environment by transgenic sugarcane under drought stress

conditions affects the composition of the rhizosphere bacterial

community, which subsequently modulates the physiological

responses of sugarcane (Zhao et al., 2020). These studies indicate

that genetic engineering can enhance the drought tolerance of

sugarcane through direct genetic intervention and concurrently

bolster its adaptive capacity to drought stress indirectly by

modulating the structure and functionality of the associated

rhizosphere bacterial community.

Variations in the diversity and abundance of sugarcane

rhizosphere bacterial communities are pivotal in modulating soil

nutrient availability and physiological responses of sugarcane to

drought (Pereira et al., 2022) (Figure 1). Under drought stress,

the structure and function of these bacterial communities undergo

significant shifts and profoundly influence soil nutrient dynamics and

plant interactions (Naylor and Coleman-Derr, 2018; Ling et al., 2022;

Bandopadhyay et al., 2024). Particularly, under drought conditions,

plants can alter the profile of soil metabolites in the rhizosphere via

root exudation, effectively promoting the proliferation of specific

bacteria capable of mitigating stress (Canarini and Dijkstra, 2015;

Song et al., 2020). As a perennial crop, sugarcane exhibits a lengthy

growth cycle and a sustained root system, establishing a long-lasting

rhizosphere and a reliable source of nutrients for its bacterial

community, which typically results in a more stable symbiotic

interaction (Tayyab et al., 2022). Plant growth-promoting bacteria

(PGPB) enhance the chemical properties of the rhizosphere soil and

enzyme activity, improve the efficiency of nitrogen utilization in

sugarcane, and facilitate water conservation by effectively regulating

stomatal closure (Pereira et al., 2019). This management of stomata

helps maintain leaf water potential and relative water content (Wei

et al., 2013; Aguiar et al., 2016; Wang et al., 2023c) (Table 1). Current

research has predominantly focused on the drought resistance of
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sugarcane, examining physiological and biochemical impacts,

morphological changes in the rhizosphere and leaves, transgenic

breeding, and cultivation practices (Liu et al., 2022a). Nonetheless,

a significant gap persists in systematic research that integrates the role

of root system bacterial communities in conferring drought resistance
Frontiers in Plant Science 0349
to sugarcane. Plants can modulate the activity of soil microorganisms

under diverse drought conditions by altering the constituents

and profiles of their root exudates (Hassan et al., 2019; Williams

and de Vries, 2020). However, much of our understanding of plant–

PGPB interactions under drought comes from noncrop species, with
TABLE 1 Mechanisms employed by rhizosphere bacteria to ameliorate drought stress in plants.

Bacteria Plants Description Reference

Bacillus amyloliquefaciens Mentha piperita L. Increased total phenol content, enhanced DPPH free radical scavenging, and reduced
membrane lipid peroxidation

Chiappero
et al. (2019)

Bacillus amyloliquefaciens Cicer arietinum L. Biofilm formation, produced siderophores, and reduced oxidative stress Kumar
et al. (2016)

Bacillus rugosus Triticum aestivum L. Biofilm formation, produced siderophores, and increased nitrogen fixation capacity Salem
et al. (2024)

Bacillus subtilis Saccharum
officinarum L.

Improved nutrient uptake, accumulated osmoregulatory compounds, and improved
water use efficiency

Fonseca
et al. (2022)

Streptomyces albidoflavus and
Streptomyces rochei

Avena nuda L. Removal of excess ROS, improved root morphology, and accumulated
osmoregulatory compounds

Qiao
et al. (2024)

Streptomyces chartreusis and
Streptomyces griseorubiginosus

Saccharum
officinarum L.

Production of indole-3-acetic acid (IAA), regulation of root morphology, and
improvement of water use efficiency

Wang et al.
(2018b; 2023c)

Streptomyces pseudovenezuelae Solanum lycopersicum Produced 1-aminocyclopropane-1-carboxylate (ACC) deaminase, increased total sugar
content, regulated expression of transcription factors, and increased antioxidant

enzyme activity

Abbasi
et al. (2020)

Arthrobacter arilaitensis and
Streptomyces pseudovenezuelae

Zea mays L. Phytohormonal modifications, production of exopolysaccharides, and accumulation
of osmolytes

Chukwuneme
et al. (2020)

Streptomyces pactum Triticum aestivum L. Increased osmoregulatory compounds, produced ACC deaminase, reduced membrane
damage, and increased efficiency of photosynthesis

Yang
et al. (2024)

Mesorhizobium huakuii Astragalus sinicus L. Accumulated solutes and increased nitrogen fixation and ammonia assimilation Liu
et al. (2022b)

Azospirillum sp. Triticum aestivum L. Production of plant hormones and promotion of root elongation Moutia
et al. (2010)

Rhizobium japonicum, Azotobacter
chroococcum, and

Azospirillum brasilense

Glycine max
(L.) Merr.

Reduced electrolyte leakage, increased nitrogen fixation, and ammonia assimilation Abbasi
et al. (2013)

Sphingomonas sp. Zea mays L. Regulated osmotic compounds and increased antioxidant enzyme activity Wang
et al. (2022)

Sphingomonas sp. Arabidopsis thaliana
(L.) Heynh.

Promoted growth of lateral roots and root hairs, influenced levels of plant hormones,
and increased proline content

Luo
et al. (2019)

Sphingomonas panaciterrae Spinacia oleracea L. Improved nutrient uptake and increased antioxidant and vitamin C content Sultana
et al. (2024)

Rhizophagus spp. and
Burkholderia seminalison

Lycopersicon
esculatum and

Capsicum annuum

Increased antioxidant enzyme activity, improved root structure, improved water use
efficiency, and enhanced colonization by mycorrhizal fungi

Tallapragada
et al. (2016)

Mitsuaria sp. and Burkholderia sp. Zea mays L. Reduced membrane damage and increased antioxidant enzyme activity Huang
et al. (2017)

Burkholderia sp. Cucumis sativus L. Regulation of gene expression and increases proline synthesis Wang
et al. (2023a)

Burkholderia sp. Saccharum
officinarum L.

Regulation of carotenoid biosynthesis, terpenoid skeleton formation, starch and
sucrose metabolism, and phytohormone signaling

Nong
et al. (2023)

Pseudomonas fluorescens Catharanthus roseus
(L.) G. Don

Promoted root system development, produced phytohormones, and increased
alkaloid content

Jaleel
et al. (2007)

Pseudomonas sp. Andropogon gerardii Produced ACC deaminase and regulated nitrogen transformation gene expression Sarkar
et al. (2022)
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crop species potentially selected for traits that may inherently reduce

drought tolerance and beneficial interactions with the rhizosphere

microbiota (de Vries et al., 2020). In summary, we investigated the

adaptive capacities of sugarcane rhizosphere bacterial communities

under diverse drought stress scenarios, aiming to enhance our

understanding of the mechanisms governing sugarcane–

rhizosphere bacterial interactions during drought. We synthesized

the effects of multiomics factors, such as sugarcane root architecture,

soil metabolites, and nutrients, on rhizosphere bacterial community

structure under different levels of drought stress. This exploration

holds significant potential, offering novel pathways to enhance our

understanding of these interactions and proposing avenues to deepen

our insight into the interplay between sugarcane and rhizosphere

bacteria in response to drought.
2 Rhizosphere environmental changes
and adaptive responses of bacterial
communities in sugarcane under the
influence of drought

2.1 Rhizosphere soil nutrient changes

Significant alterations in soil nutrient levels substantially affect the

rhizosphere environment of sugarcane plants during drought stress.

Under such conditions, the total carbon, nitrogen, and phosphorus

contents in soil may diminish because of the constraints imposed on

microbial activity, which in turn decelerates the decomposition of

organic matter and the mineralization of nutrients (Siebert et al.,
Frontiers in Plant Science 0450
2019; Gao et al., 2020; Deng et al., 2021). This reduction in nutrient

availability directly impairs the ability of sugarcane roots to assimilate

nutrients, thereby restricting plant growth and yield (Siebert et al.,

2019; Deng et al., 2021). However, the effectiveness of soil nutrients in

the sugarcane rhizosphere might not be severely compromised under

mild drought conditions. Several studies have indicated that

sugarcane initiates the recruitment of specific rhizosphere bacteria

by altering root exudates, thereby enhancing its resilience to drought

(Liu et al., 2021a, 2021b; Dao et al., 2023; Xing et al., 2023).

This recruitment process is a critical mechanism of adaptation

for sugarcane in drought environments and enhances soil nutrient

availability. Root exudates serve as nutrient sources for rhizosphere

bacteria, fostering their growth and metabolic activities, which

may, in turn, improve the availability of nutrients within the soil

(Zhao et al., 2021; Balyan and Pandey, 2024). A significant shift in

the rhizosphere bacterial community of sugarcane was observed

when the field water-holding capacity of the soil fell below a

critical threshold of 50%, indicating a transition from a reliance

on the effectiveness of soil nutrients to a dependence on the

rhizosphere bacterial community to enhance drought tolerance

(Dao et al., 2023). At this juncture, sugarcane increasingly relies

on microorganisms capable of thriving under drought conditions,

including Streptomycetales and Rhizobiales, which may assist in

coping with drought by producing plant growth regulators,

enhancing soil structure, and improving nutrient uptake capacity

(Ebrahimi-Zarandi et al., 2023; Nong et al., 2023; Yang et al., 2024)

(Table 1). As drought intensifies, nutrient availability in sugarcane

rhizosphere soils becomes increasingly critical. Under these

circumstances, sugarcane may need to increasingly rely on

changes in root secretions to enlist the aid of drought-tolerant
FIGURE 1

A comparison between water-deficient sugarcane without drought-resistant bacterial communities (left) and that with such communities (right). In
the absence of a drought-resistant bacterial community, sugarcane is adversely affected, with reduced nutrient acquisition due to decreased water
uptake, leading to stunted growth, an increase in reactive oxygen species (ROS), and impaired root development. Conversely, the recruitment of a
drought-resistant bacterial community in sugarcane results in the production of essential phytohormones, including cytokinins (Cyt), indole-3-acetic
acid (IAA), and abscisic acid (ABA). These phytohormones promote root growth and enhance the capacity for water and nutrient absorption by
plants under drought stress. Furthermore, these beneficial bacteria also produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase and
osmoprotectants, which help to counteract the negative effects of ROS and mitigate membrane damage caused by drought conditions. Beyond
their direct influence on sugarcane, these bacterial communities also increase soil nutrient availability through biological nitrogen fixation (BNF) and
the secretion of secondary metabolites, including organic acids and iron-chelating compounds.
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rhizosphere bacteria, which can facilitate access to and utilization of

less-soluble nutrients in the soil. This adaptation is essential for

sustaining plant vitality and productivity during water scarcity.

Changes in soil enzyme activity are key bioindicators of soil

nutrient dynamics. The rhizosphere of sugarcane is notably

influenced by drought conditions, with changes in soil enzyme

activity significantly influencing nutrient cycling and plant growth

(Jamir et al., 2019; Bogati andWalczak, 2022). Enzymes such as acid

phosphatase, urease, and catalase facilitate the mineralization and

transformation of nutrients in the soil, thereby directly affecting the

availability of nutrients to sugarcane (Neemisha and Sharma, 2022).

In drought environments, reduced soil moisture leads to a decline in

enzyme activity, which in turn slows down the decomposition of

organic matter and reduces the nutrient supply available to

sugarcane, thereby affecting growth and productivity (Liu et al.,

2021b). Moreover, soil enzymatic activity is closely linked to the

structure and function of the rhizosphere microbial community.

Changes in the rhizosphere bacterial community structure under

drought conditions can modify the composition and activity of soil

enzymes, which then influence nutrient dynamics within the

sugarcane rhizosphere (Schimel, 2018; Bogati and Walczak, 2022).

Additionally, a reduction in soil enzyme activity during drought

may affect plant drought tolerance. Certain soil enzymes participate

in the synthesis or degradation of organic substances related to

drought resistance, such as proline, which plays a protective role in

plants facing water scarcity (Deng et al., 2015). The effect of soil

enzyme activity on the rhizosphere environment of sugarcane

under drought conditions is multifaceted and encompasses soil

nutrient cycling, microbial community structure, plant nutrient

uptake, and plant drought resistance. Delving deeper into these

processes will enhance our understanding of how drought affects

sugarcane production and aid in the formulation of more effective

strategies to mitigate its effects.

In conclusion, the effect of drought stress on soil nutrients is

characterized by a complex interplay of factors, including a reduction

in nutrient content, a decline in nutrient availability, and a decrease in

soil enzyme activity. These elements, when combined, significantly

influence the growth and health of sugarcane in the rhizosphere. A

thorough understanding of these precise shifts in soil nutrient

dynamics is imperative for a more nuanced appraisal of the

alterations within the sugarcane rhizosphere under drought

conditions. Furthermore, it is crucial to understand the adaptive

mechanisms of rhizosphere bacterial communities that play a critical

role in plant resilience and the overall response to water scarcity. This

knowledge will inform the development of more precise and effective

strategies to enhance the sustainability and productivity of sugarcane

cultivation in drought environments.
2.2 Rhizosphere soil
metabolite composition

Within the sugarcane rhizosphere, the sources of soil metabolites

are multifaceted. The formation of these metabolites results not only

from secretions by the sugarcane root system but also from the
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metabolic processes of rhizosphere microorganisms (Ponomarova

et al., 2017). Marked variations characterize the composition and

content of rhizosphere soil metabolites in sugarcane subjected to

varying degrees of stress (Zhao et al., 2020). The types and contents of

soil metabolites (fatty acids, carboxylic acids, carbohydrates, and

amino acids) in sugarcane increased significantly under mild

drought conditions, while long-chain organic acids (oleic acid and

linoleic acid) increased under moderate drought conditions, and

long-chain organic acids (oleic acid, monopalmitin, and

monoolein) increased under severe drought conditions, compared

to well-watered conditions (Xing et al., 2023). These metabolic

changes are associated with the selective enrichment of specific

bacterial communities within the sugarcane rhizosphere under

drought stress. This enrichment is believed to act as an adaptive

mechanism that enhances plant drought resilience (Cesari et al., 2019;

Woo et al., 2020). As drought severity progresses, carbon uptake by

sugarcane decreases, concurrently diminishing carbon flux in

rhizosphere exudates. This reduction restricts interactions between

sugarcane and its associated rhizosphere bacteria (Ingrisch et al.,

2018; Karlowsky et al., 2018). Since rhizosphere bacteria rely

on organic exudates from the sugarcane root system for their

carbon supply, their activities may be concurrently constrained by

carbon scarcity and water scarcity under severe drought conditions

(Dijkstra et al., 2013). In conclusion, although drought stress can

hinder the physiological metabolism of sugarcane, this species

exhibits resilience by adjusting its photosynthetic allocation,

metabolic pathways, and production of osmotic protectants. These

adaptive responses reflect the intrinsic physiological mechanisms of

the plant, which are further influenced by its interactions with root-

associated bacterial communities. Through their metabolic

activities and symbiotic relationships, these communities support

the strategies plant’s strategies for adapting and thriving under

drought conditions. They aid in nutrient acquisition, boost stress

tolerance, and improve water-use efficiency, thereby reinforcing the

overall response of plants to drought.
3 Changes in the rhizosphere bacterial
community of sugarcane under
drought stress

3.1 Influencing factors and adaptability of
sugarcane rhizosphere bacterial
community diversity

The diversity and composition of sugarcane rhizosphere bacterial

communities are intricately shaped by a dynamic equilibrium,

influenced by various factors. Under drought stress, soil metabolites,

soil nutrients, sugarcane genotypes, and root system traits have

emerged as pivotal determinants of rhizosphere bacterial community

structure (Zhao et al., 2020; Liu et al., 2021a, 2021b; Dao et al., 2023;

Xing et al., 2023). Under drought conditions, a general decline in the

diversity of sugarcane rhizosphere soil bacteria has been observed.

However, the specific impacts of varying drought intensities reveal a
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complex and variable response to water stress (Liu et al., 2021a;

Xing et al., 2023). Under mild drought conditions, sugarcane and

its associated rhizosphere bacterial communities exhibit a degree

of tolerance. Adaptive alterations in root exudates, particularly

increases in organic acids, sugars, and amino acids, may lead to

increased bacterial diversity (Zhalnina et al., 2018; Chen et al., 2022).

However, under moderate to severe drought conditions, a significant

reduction in the alpha diversity of sugarcane rhizosphere bacterial

communities has been observed, suggesting that the stress may have

surpassed the tolerance limits of certain bacterial species, resulting in

pronounced shifts in community composition (Xing et al., 2023).

Streptomycetales and Rhizobiales bacteria have been shown to play a

crucial role in the response to drought stress in the sugarcane

rhizosphere (Liu et al., 2021a; Dao et al., 2023). These bacterial

strains become more abundant under drought stress and are

positively associated with key sugarcane root characteristics,

including the number of root tips and total root length. This finding

suggests that these strains may play a vital role in promoting the

development of sugarcane roots and enhancing the efficiency of water

and nutrient uptake (Maia Júnior et al., 2019; Liu et al., 2021b;

Xing et al., 2023). In addition, soil nutrient status, particularly the

levels of available phosphorus (P) and soil acid phosphatase activity, is

correlated with the alpha diversity of sugarcane rhizosphere bacterial

communities, underscoring the regulatory role of soil nutrients in

shaping bacterial diversity (Zhao et al., 2020; Liu et al., 2021a, 2021b).

Comparative analyses across sugarcane varieties have revealed that

drought-tolerant varieties harbor a higher abundance of drought-

associated bacteria, even under non-drought conditions, whereas

these bacterial populations only increase under stress conditions in

drought-sensitive varieties. Furthermore, significant differences in

rhizosphere soil nutrient composition and enzyme activities

have been observed among drought-tolerant varieties, highlighting

the close relationship between sugarcane drought tolerance and

the adaptive capabilities of rhizosphere bacterial communities

(Zhao et al., 2020; Liu et al., 2021b; Dao et al., 2023). The diversity

of sugarcane rhizosphere bacterial communities therefore represents a

complex ecosystem influenced by multiple factors. A thorough

understanding of the interplay between these factors and the

establishment and function of rhizosphere bacterial communities is

essential to guide the development of drought-tolerant sugarcane

varieties, optimize agricultural practices, and enhance sugarcane yield

and quality. Comprehensive analyses of soil metabolites, soil nutrients,

sugarcane genotypes, and root characteristics can offer a more holistic

understanding of the adaptive mechanisms of rhizosphere bacterial

communities, thereby providing evidence to inform the sustainable

cultivation of sugarcane under drought conditions.
3.2 Effect of Streptomycetales on the
drought performance of sugarcane

Streptomycetales is the bacterial strain most responsive to drought

stress in sugarcane and the relative abundance of this bacterial strain

increases significantly under moderate and severe drought conditions

(Liu et al., 2021a; Xing et al., 2023). Xu et al. (2018) reported a significant
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correlation between the relative abundance of Streptomycetales in plant

root systems and host drought resistance. The mycelial and spore-

forming properties of Streptomycetales enable these bacteria to survive

in harsh environmental conditions compared to other PGPBs

(Vurukonda et al., 2018). Streptomycetales can also produce many

secondary metabolites and volatile metabolites (Olanrewaju and

Babalola, 2019), and these metabolites can alter the structure of the

rhizosphere bacterial community and influence crop root conformation

(Chukwuneme et al., 2020; Zhang et al., 2024) (Figure 2).

Streptomycetales is a group of Actinobacteria belonging to the

order Actinomycetales. These bacteria thrive in less hydrated soil

environments and readily metabolize recalcitrant carbon sources

typically found in such soils (Ebrahimi-Zarandi et al., 2023).

Actinomycetes have also been associated with an inhibitory effect on

soil fungal pathogen infestation, which increases with drought stress

(Varela et al., 2016; Fallah et al., 2023). The survival of Streptomycetales

under drought conditions can be attributed to its characteristic high

substrate affinity coupled with a relatively slow growth rate compared

to other sugarcane rhizosphere bacteria, enabling it to persist under

limited moisture conditions (Acosta-Martinez et al., 2014; Nazari et al.,

2023). Gram-positive bacteria, including Streptomycetales, are

particularly adept at harnessing a diverse range of carbon sources

more effectively than their Gram-negative counterparts. They possess

the metabolic versatility to assimilate inorganic N from nutrient-poor,

drought-affected soils, thereby facilitating the enzymatic breakdown of

organic matter. In contrast, Gram-negative bacteria, such as Aspergillus

and Acidobacteria, are primarily reliant on the immediate availability

of carbon andN from root exudates (Reinsch et al., 2014; Martiny et al.,

2017). Studies have indicated a positive correlation between drought

severity and the presence of genes encoding carbohydrases in

actinomycetes (Zhalnina et al., 2018). This genetic predisposition

may underlie the increased carbohydrate content of soil metabolites,

potentially enhancing the attraction and colonization of

Streptomycetales in the rhizosphere of sugarcane, particularly during

periods of prolonged drought stress.

Streptomycetales are crucial in the rhizosphere of sugarcane for

maintaining plant health and enhancing drought resilience. Drought

resistance is achieved through exudation of 1-aminocyclopropane-1-

carboxylate (ACC) deaminase and secondary metabolites, such as

antibiotics and indole-3-acetic acid (IAA) (Barnawal et al., 2013;

Kour et al., 2024). The metabolites produced by Streptomycetales,

such as antibiotics, vitamins, amino acids, and extracellular hydrolases,

counter nutrient limitations arising from reduced enzymatic activity

during drought, thereby stimulating enhanced nutrient absorption by

sugarcane roots (Selim et al., 2019; Chaiharn et al., 2020; Borah et al.,

2022). Warrad et al. (2020) observed that a cell-free extract (F2.7) of

Streptomyces sp. Ac3 significantly increased the levels of total soluble

sugars, proline, and betaine in maize, thereby improving its growth and

quality under water-scarce conditions. Streptomycetales elevates

proline levels by producing ACC deaminase, which aids in the

stabilization of subcellular structures, maintenance of cellular redox

balance, and mitigation of osmotic stress (Wang et al., 2018b; Chandra

et al., 2019; Kour et al., 2022). Streptomycetales contribute to the

stability of bacterial diversity of the rhizosphere under severe drought

conditions by solubilizing complex compounds and providing carbon
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and N sources for other bacteria (Viaene et al., 2016; Wang et al.,

2018a). Drought affects the availability of effective P in the rhizosphere

soil by impeding the decomposition of organic P and the release of

inorganic P (Fan et al., 2021). However, Streptomycetales mobilizes soil

phosphatases to accelerate the degradation of organic P substrates and

enhance phosphate production, thereby supplying plants with essential

P (Martıń and Liras, 2021). During periods of drought, an increase in

soil coverage by the crop root system is associated with more fine roots,

thereby enhancing accessibility to essential resources (Gargallo-Garriga

et al., 2018). Xing et al. (2023) reported a significant association

between the relative abundance of Streptomycetales in the

rhizosphere bacterial community and root phenotypes. This

association is linked to the ability of Streptomycetales to produce

IAA, an organic compound that fosters the proliferation of lateral roots

and root hairs. The enhanced development of the root system helps

sugarcane locate supplementary water resources in drought

environments (Yandigeri et al., 2012; Kurepa and Smalle, 2022;

Etesami and Glick, 2024). In addition, the abundance of

Streptomycetales is positively associated with the abundance of other

rhizosphere bacteria, including Streptosporangiales, Jiangellales,

Micrococcales, and Rhizobiales (Xing et al., 2023). Streptomycetales
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may, therefore, enhance the role of other rhizosphere bacteria in

promoting sugarcane growth and drought resistance by producing

metabolites that mediate interbacterial communication.
3.3 Effect of Rhizobiales on the drought
performance of sugarcane

The abundance of Rhizobiales in the sugarcane rhizosphere

decreases under mild drought conditions but increases as the

severity of drought increases (Xing et al., 2023). In addition to

their essential role in promoting plant growth, Rhizobiales can

trigger a range of physiological and biochemical stress responses in

sugarcane plants. Specifically, PGPB enhance the production of

osmoprotectants, which are crucial for maintaining cellular

integrity during drought stress. Rhizobiales activate antioxidant

enzymes that neutralize the harmful effects of reactive oxygen

species, thereby bolstering sugarcane resistance to drought stress

(Ahemad and Khan, 2012; Wang et al., 2018a).

Rhizobiales are highly abundant in the sugarcane rhizosphere.

During drought events, alterations in soil physicochemical properties
FIGURE 2

Effects of Streptomycetales and Rhizobiales on drought tolerance of sugarcane under drought conditions. The abundance of Streptomycetales and
Rhizobiales increased in the inter-root of sugarcane under drought conditions. Streptomycetales can secrete a variety of secondary metabolites,
which can enhance the drought resistance of sugarcane by protecting against pathogens, dissolving insoluble organic matter to improve plant root
morphology, and enhancing root water and nutrient uptake, thereby improving drought tolerance. Rhizobiales, on the other hand, form a symbiotic
relationship with the sugarcane root system, fixing atmospheric nitrogen and providing an essential nitrogen source. This symbiotic relationship
enhances the growth and survival of sugarcane under drought conditions. Additionally, Rhizobiales can produce a variety of phytohormones that
regulate physiological responses in sugarcane. Streptomycetales and Rhizobiales work together through different mechanisms to enhance the
drought resistance of sugarcane under drought conditions.
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and root exudates can create inhospitable conditions for some

members of the Rhizobiales community (Liu et al., 2013; Dao et al.,

2023). Nonetheless, certain Rhizobiales are adept at capitalizing on

sugarcane rhizosphere exudates, thereby ameliorating the rhizosphere

environment under drought stress. These adaptable rhizobiales may

even dominate the bacterial community in the sugarcane rhizosphere

(Gopalakrishnan et al., 2015; Trivedi et al., 2021; del Carmen Orozco-

Mosqueda et al., 2022). This capability is attributed to the fact that, as

part of the Alphaproteobacteria, Rhizobiales can efficiently metabolize

the carbon found in sugarcane rhizosphere exudates (Da Costa et al.,

2018). Furthermore, the abundance of Streptomyces is positively

correlated with that of Rhizobiales (Xing et al., 2023). We propose

that Rhizobiales can exploit metabolites from Streptomyces and

synergistically interact with them to ameliorate soil physicochemical

properties and regulate the physiological and biochemical responses

of sugarcane.

Under drought conditions, Rhizobiales augment the nutrient

response and enhance the drought tolerance of sugarcane through

multiple mechanisms (Figure 2). Although Rhizobiales are

recognized as plant growth-promoting bacteria and for their

contribution to stress tolerance, there is a relative scarcity of

literature on their specific impact on the drought resilience of

non-leguminous plants, such as sugarcane. These bacteria can

ameliorate the detrimental effects of drought on plants by

modulating leaf stomatal conductance, photosynthetic capacity,

and root morphology in non-leguminous species (Moutia et al.,

2010). For instance, Chen et al. (2024) demonstrated that

inoculation with Rhizobium rhizogenes led to an elevation in

endogenous abscisic acid (ABA) levels in Arabidopsis, bolstering

the sensitivity and adaptive response of the plant to drought stress.

N and P are acknowledged as significant limiting factors in

agroecosystems (Zuluaga and Sonnante, 2019; Bihari et al., 2022),

and the acquisition of these elements by plants is closely connected

with the availability of water. N must be dissolved in water to be

absorbed by plant roots (Araus et al., 2020). During periods of

drought, water accessibility is compromised, restricting the uptake

of various nutrients (Osakabe et al., 2014). Furthermore, numerous

genes involved in N transport and assimilation are suppressed at the

transcriptional level under drought stress (Ristova et al., 2016). It

has been observed that Arabidopsis thaliana employs a common set

of genes to respond to N and drought signals (Cerda and Alvarez,

2024). Although Rhizobiales are often associated with legumes,

providing N to their host plants through symbiosis, they have also

been reported to replenish soil N in a saprophytic state and function

as endophytes, thereby increasing the uptake of essential mineral

elements such as N and P in sugarcane (Li Ting et al., 2013; Fallah

et al., 2023). Conversely, the regulation of water channel proteins by

different N levels influences hydraulic conductance (Araus et al.,

2020). The availability of N in the soil facilitates water entry into

cellular spaces by affecting the hydraulic properties of the cell

membrane and intracellular nitrate concentration (Zheng et al.,

2018). N availability also plays a role in stomatal regulation,

affecting transpiration and water-use efficiency (Matimati et al.,

2014). Rhizobiales may contribute to the demineralization of soil

organic matter by modulating the activity of extracellular enzymes

involved in soil nutrient cycling. This process increases total N and
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available P contents in the rhizosphere soil, creating conditions

conducive to plant growth under drought stress (Ahluwalia et al.,

2021; Wang et al., 2023b). Elevated levels of available P can

effectively mitigate P stress caused by an imbalanced soil

nitrogen-phosphorus ratio, promoting the growth of underground

plant parts (Huang et al., 2018; Liu et al., 2021b). In addition,

Rhizobiales produce phytohormones, including IAA and abscisic

acid, which regulate root conformation in sugarcane and facilitate

nutrient exploration (Barquero et al., 2022; Lopes et al., 2023).
3.4 Effect of other rhizosphere bacteria on
drought performance of sugarcane

The rhizosphere bacterial community composition is generally

consistent across different sugarcane varieties, but it differs under

drought stress. For example, in the Zhongzhe 1 sugarcane variety, the

bacteria Streptosporangiales and Sphingomonadales were enriched

under drought conditions (Dao et al., 2023). Streptosporangiales, an

order within Actinomycetes, has been observed to increase in

abundance under drought conditions. However, there is a lack of

research substantiating their growth-promoting effects on plants,

specifically sugarcane, and their roles in enhancing drought

tolerance. Conversely, Sphingomonadales are recognized for their

superior adaptation to arid soils as oligotrophic bacteria and their

proficiency in degrading organic pollutants (Roy et al., 2012;

Kunihiro et al., 2013; Luo et al., 2019). Sphingomonas has been

identified as a PGPB that emits volatile organic compounds (VOCs),

which stimulate plant growth and mitigate the effects of plant

pathogens, thereby improving drought resistance (Farag et al.,

2013; Luo et al., 2020; Poudel et al., 2021). Gluconacetobacter

diazotrophicus PAL5, an endophytic nitrogen-fixing bacterium

associated with sugarcane, enhances the drought tolerance of

sugarcane (Vargas et al., 2014). Nong et al. (2023) demonstrated

upregulation of the biosynthesis of carotenoids and the terpenoid

backbone by Burkholderia in sugarcane. The Guangxi sugarcane

variety GT42D has been shown to harbor Burkholderiaceae as its

core flora under drought stress (Liu et al., 2021a) (Table 1). Despite

these findings, there is a scarcity of studies investigating the growth

promotion and drought resistance properties of Sphingomonas,

Burkholderia, and Gluconacetobacter in sugarcane. Further research

is required to understand the mechanisms of action and to explore

the potential applications of these bacteria in agriculture. Of note,

Bacillus species are widely distributed across dynamic agroecosystems

due to their robust tolerance to stress, which is facilitated by spore

formation (Vardharajula et al., 2011; Radhakrishnan et al., 2017;

Gowtham et al., 2020). Bacillus species have also been shown to

enhance the drought tolerance of sugarcane (Chandra et al., 2018;

Fonseca et al., 2022), even under severe drought stress. Almeida et al.

(2024) demonstrated that inoculation with Bacillus licheniformis and

Bacillus subtilis significantly enhanced the survival of presprouted

sugarcane seedlings under water-limited conditions. These bacteria

also improved the water-use efficiency of presprouted seedlings under

severe drought conditions by nearly 200%. Furthermore, the

abundance of Bacillus in sugarcane appears to remain stable under

mild and moderate drought conditions and may decrease under
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severe stress. These observations highlight the potentially important

role of Bacillus as a bioregulator for improving crop drought

tolerance. Nevertheless, the variation in Bacillus abundance under

different drought intensities may be influenced by a multitude of

ecological factors and plant–microbe interactions. Furthermore, in-

depth studies are needed to fully understand the mechanism of its

action in dynamic agroecosystems.
4 Conclusions

Sugarcane, a vital cash and energy crop worldwide, is acutely

sensitive to water deficit throughout the growth cycle. Rhizosphere

bacterial communities are crucial for crop growth and development.

Our review evaluated the abundance of rhizosphere bacterial

communities under crop water stress and examined evidence of

plant–bacteria dynamics. Diversity within the bacterial community in

the rhizosphere soil of sugarcane significantly changes when

soil water-holding capacity reaches 50%. The abundance of some

bacterial groups diminishes as the severity of drought stress increases,

whereas the abundance of Streptomycetales and Rhizobiales increases

with increasing drought stress. Streptomycetales enhance drought

resistance in sugarcane by producing various secondary metabolites.

They also support nutrient availability in the rhizosphere by

supplying carbon or nitrogen to other microbes, thereby improving

soil fertility. Rhizobiales, on the other hand, support nitrogen

acquisition in sugarcane and produce siderophores to assist with

iron uptake under drought conditions. There are differences in the

response of bacterial rhizosphere communities to drought stress

across sugarcane varieties. For example, during drought stress,

Burkholderiaceae was prominent in the rhizosphere bacterial

communities of the Guangxi sugarcane variety GT42D. Despite

considerable advances in knowledge, our understanding of

the interactions between PGPB and sugarcane under drought

stress requires further investigation. Framework modeling of

sugarcane rhizosphere bacterial communities and their productivity

under varying levels of drought stress could provide important

theoretical support and guidance for sugarcane cultivation and

production practices.
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Introduction: Functional traits of desert plants exhibit remarkable

responsiveness, adaptability and plasticity to environmental heterogeneity.

Methods: In this study, we measured six crucial plant functional traits (leaf carbon,

leaf nitrogen, leaf phosphorus, leaf thickness, chlorophyll concentration, and plant

height) and employed exemplar analysis to elucidate the effects of soil environmental

heterogeneity on intraspecific traits variation in the high-moisture-salinity and low-

moisture-salinity habitats of the Ebinur LakeWetland National Nature Reserve.

Results: The results showed that (1) The soil moisture and electrical conductivity

heterogeneity showed significant differences between the two moisture-salinity

habitats. Moreover, soil nutrient in high moisture-salinity habitat exhibited higher

heterogeneity than in low moisture-salinity habitat. The order of intraspecific trait

variation among different life forms was herbs > shrubs > trees in both the soil

moisture-salinity habitats. (2) At the community level, intraspecific variation of leaf

carbon, nitrogen, plant height and chlorophyll content in high moisture-salinity

habitat was higher than that in low moisture-salinity habitat, while the opposite was

true for leaf thickness and leaf phosphorus content. (3) Our findings revealed a

positive impact of soil heterogeneity on intraspecific traits variation. In high

moisture-salinity habitat, the heterogeneity of soil organic carbon had the highest

explanatory power for intraspecific traits variation, reaching up to 20.22%, followed

by soil total nitrogen (9.55%) and soil total phosphorus (3.49%). By comparison, in

low-moisture-salinity habitat, the heterogeneity of soil moisture alone contributes

the highest explanatory power for intraspecific traits variation in community-level,

reaching up to 13.89%, followed by the heterogeneity of soil total nitrogen (3.76%).

Discussion: This study emphasizes the differences in soil heterogeneity and

intraspecific trait variation among plant life forms under various soil moisture-

salinity habitats and confirms the significant promoting effect of soil

heterogeneity on intraspecific trait variation of desert plant. Our findings

provide valuable theoretical basis and reference for predicting plant adaptation

strategies under environmental change scenarios.
KEYWORDS

plant functional traits, plant adaptation strategies, desert plants, soil moisture-salinity
habitat, habitat filtering effect
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1 Introduction

Intraspecific trait variation (ITV) depends on the available

phenotypic trait plasticity of individuals within a population.

Phenotypic plasticity, that is, the phenotypic variation expressed

by a single genotype under different environmental conditions

(Nicotra et al., 2010). ITV contributes significantly to the

persistence of plants in variable environments, in which abiotic

factors play a non-negligible role (Stanton et al., 2000; Valladares

et al., 2007). Soil heterogeneity refers to the uneven distribution of

soil resources, such as nutrients and water (Feeser et al., 2018). Soil

heterogeneity significantly affects plant growth and species

coexistence (Liu et al., 2021; Olagoke et al., 2023), thus it is an

important driver of plant community structure and dynamics

(Lundholm, 2009). Few previous studies have reported on the

important effects of soil heterogeneity within habitats on ITV in

plant communities, especially in arid zones with sparse vegetation

and environmental extremes.

Ecologists have long used the mean trait values of species to

infer ecological processes (McGill et al., 2006). Nonetheless, current

researches have demonstrated a significant amount of ITV (Stojnic

et al., 2022; Westerband et al., 2021). For example, a recent meta-

analysis has provided a comprehensive insight into the matter,

indicating that ITV is responsible for 25%–31% of the variation in

commonly measured traits within plant communities (Siefert et al.,

2015). For example, Hurtado et al. have showed that intraspecific

trait variability explained most of the functional changes in lichen

communities in response to the latitudinal gradient (Hurtado et al.,

2020). These findings emphasize the significant role of ITV on

community assembly and ecosystem processes (Hart et al., 2016;

Pérez-Izquierdo et al., 2019; Siefert et al., 2015; Turcotte and Levine,

2016). Phenotypic plasticity, which refers to the variation in

phenotype expressed by a single genotype under varying

environmental conditions (Nicotra et al., 2010; Sultan, 2000), is

considered one of the key mechanisms through which plants

respond to environmental changes (Arnold et al., 2019; Gratani,

2014). As an illustration, the ITV observed in Eremanthus

erythropappus in Brazil has been shown to enhance its capability

to thrive in various habitats, including forests and savannas (Silva

et al., 2019). Likewise, a study on Brachypodium hybridum, an

annual grass species in California, has revealed that ITV in seed

biomass promotes its successful colonization in water-limited

environments (Liu et al., 2019). Ecological niche theory suggests

that species in an ecosystem occupy different ecological niches and

vary with environmental gradients, so their ecological strategies

change accordingly (Kearney and Porter, 2006; Violle and Jiang,

2009). It has been proposed that ITV characterizes the maximum

fitness of a species and fundamentally determines the ecological

niche width of a plant; Jung et al (2010) argued that ITV accounted

for 44% of the variation in species’ traits and increased the chances

of a species being unfiltered by the environment, thus facilitating

the coexistence of species (Jung et al., 2010).

It is generally recognized that heterogeneous environments

typically contain more ecological niches than homogeneous

environments (Chesson, 2000) and thus drive variations in plant
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functional traits (Des Roches et al., 2021; Wan et al., 2019), improve

plant adaptations and positively affect their growth, reproduction

and survival (Karbstein et al., 2020). In this sense, soil

environmental heterogeneity within habitats can potentially result

in an augmentation of the diversity of functional phenotype, thus

enhancing ITV in plant traits (Bloomfield et al., 2018; Stark et al.,

2017). For example, it has been found that the increase in ITV in

Qinghai-Tibetan alpine meadow communities under different

altitude conditions was related to soil heterogeneity (Siefert and

Ritchie, 2016). However, the effects of soil heterogeneity on plant

ITV in other ecosystems is still poorly understood. Therefore,

studying intraspecific traits variation in relation to environmental

heterogeneity better reflects the effects of soil heterogeneity within

habitats, such as nutrient limitation (Frederiksen et al., 2005;

Tautenhahn et al., 2019) or drought and salt stress effects

(Tusifujiang et al., 2021). At present, the relationship between

ITV and soil environmental heterogeneity across different life

forms and communities has not received sufficient attention.

Regional variation in plant functional traits is associated with

climatic heterogeneity (Sıḿová et al., 2015). Soil heterogeneity tends

to be more important to ITV at the local scale. For example, habitats

characterized by a pronounced level of microenvironmental

heterogeneity at small spatial scales, such as forest understories

and alpine meadows are usually more important for ITV than

interspecific trait variation. Furthermore, their contribution to

intercommunity trait variation decreases with increasing spatial

scale (Benes and Bracken, 2020). At small or local scales,

topographic and soil factors play a crucial role in shaping the

variations of plant traits (Liu and Ma, 2015). For instance, a study

has demonstrated the significance of soil depth and moisture

heterogeneity in driving variations in plant functional traits (Price

et al., 2017). Soil heterogeneity influences both abiotic and biotic

screening processes by altering competitive relationships among

plants, suggesting that its impact on plant trait differentiation might

surpass the effects of resource availability alone. Theoretically,

greater plants trait variation resulting from soil heterogeneity

contribute to increased functional diversity (Price et al., 2017).

However, empirical investigations focusing on the role of soil

environmental heterogeneity in elucidating plants trait variation

within localized regional environments are limited, particularly in

arid desert ecosystems where soil heterogeneity is more pronounced

(Li et al., 2014). The northwest of Jinghe County in Xinjiang, which

is characterized by its dry climate within the North Temperate

Continental zone, is home to the Ebinur Lake Wetland National

Nature Reserve (ELWNNR). This reserve, is situated in a typical

temperate arid desert ecosystem, experiences limited rainfall and

strong evaporation. The desert plants within this region are vital

components of global biodiversity and play a significant role in

sustaining regional ecological equilibrium. Previous studies have

demonstrated the substantial impact of soil moisture-salinity

content on functional traits of the plant communities in this

region, particularly noting a closer relationship between

interspecific and intraspecific trait variability and soil factors in

high soil moisture-salinity habitat (Tusifujiang et al., 2021).

Nonetheless, it remains uncertain whether soil heterogeneity in
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the region increased intraspecific variation in plant traits, and how

this effect varies across different soil moisture-salinity habitats. To

address this uncertainty, we conducted a field investigation and

measured the morphological, chemometric and physiological traits

of plants and soil heterogeneity in the ELWNNR, and tried to

answer the following questions: (1) What’s the differences of ITV

among life forms and between different soil moisture-salinity

habitats? (2) Does soil heterogeneity promote ITV, and does

change of the soil moisture-salinity habitats affect the role of soil

heterogeneity on ITV? This study aims to provide novel insights

into the response of ITV and plant adaptation to environmental

heterogeneity in drylands. Furthermore, it will serve as a valuable

reference for the preservation and restoration of desert ecosystem.
2 Materials and methods

2.1 Overview of the study zone

The study area, ELWNNR is situated in the southwest of the

Junggar Basin, Xinjiang. It is the lowest depression and moisture-

salinity accumulation center in the southwest margin of the Junggar

Basin. Its coordinates are 44°30’ N-45°09’ N and 82°36’ E-83°50’ E,

encompassing an zone with a dry environment characterized by

uneven intra-annual precipitation distribution, averaging

105.17 mm annually. The region also experiences a high average

annual evaporation of 1,315 mm and an average annual

temperature of 5°C. The Aqikesu River, a crucial water source for

ELWNNR situated on its eastern side, has been significantly

impacted by human activity and climate change, leading to the

river’s near-complete drying, posing a threat to the degradation of

riparian vegetation (Supplementary Figure S1). Previous research

has highlighted the variation in plant species as well as soil moisture

and salinity along the transect vertical to the Aqikesu River,

indicating changes in these factors with distance from the river

(Zhang et al., 2016). In this study, we focused on intraspecific traits

variation of the following species, which are found in both the soil

moisture-salinity habitats: the tree specie Populus euphratica, the

shrubby plants Nitraria tangutorum, Apocynum venetum, Alhagi

sparsifolia and Halimodendron halodendron, as well as the

herbaceous plants Phragmites australis and Karelinia capsica

(Wang et al., 2017) (Supplementary Table S1). These species are

selected because they are distributed across both soil moisture-

salinity habitats, and their population sizes are sufficient to meet the

requirements of the study.
2.2 Sample plot setting and sampling

Tominimize the influence of seasonal plant renewal and metabolic

variations, our survey and sampling activities were strategically

scheduled to coincide with the peak of plant biomass (July–August).

The sample strips and plots were specifically laid out as follows: three

sample strips, spaced 1 km apart and running perpendicular to the

river channel, were established. Each sample strip extended northward

and was investigated at intervals of 0.1 km, resulting in a total of 10
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sample sites per strip, covering approximately 1 km in length. At each

sample site, three 10 m × 10 m plots were investigated, with a spacing

of about 100 m between plots (Supplementary Figure S1). This method

resulted in 30 sample sites across the three sample strips, totaling 90

sample plots (30×3) were investigated. In this study, GPS was utilized

to record the latitude and longitude of the center of each sample plot.

Additionally, the species, plant height, and frequency of occurrence

within each sample plot were documented. In each sample plot, three

healthy, undamaged, and similarly-sized mature leaves were collected

from three individuals of the same species (with a frequency greater

than 3%). The relative chlorophyll content of these leaves was

measured using a SPAD-502 chlorophyll meter. The thickness of

each leaf was measured with a vernier caliper, taking care to avoid

the main leaf veins and focusing on the central area, with an accuracy

of 0.01mm. After leaf thickness measurement, approximately 20 grams

of leaf samples were collected from each individual and stored in

envelopes for transportation back to the laboratory. There, the leaf

samples were analyzed to determine their carbon (C), nitrogen (N),

and phosphorus (P) content. To comprehensively reflect the conditions

of soil moisture, salinity and nutrients within the sample plots, three

soil samples were randomly and uniformly selected within each plot.

After removing the litter layer, soil samples at 0-20 cm depth were

collected, rapidly mixed, and then bagged as composite samples. In

total, 90 soil samples were collected from all sample plots. All soil

samples were brought back to the Key Laboratory of Oasis Ecology of

Education Ministry in Xinjiang University for further analysis.
2.3 Measurement and
experimental analysis

Six functional traits were selected for analysis, encompassing

morphological traits (leaf thickness, plant height), chemical traits

(leaf carbon C, nitrogen N, phosphorus P), and a physiological trait

(chlorophyll). Leaf thickness impacts the rate of photosynthesis; as

leaf thickness increases, so does the resistance to water diffusion

from the leaf interior to the surface, which helps to prevent water

evaporation from plant (Liu., 2018). Plant height constitutes an

adaptive response to environmental changes, and generally

correlated with a plant’s competitive ability. In environments

where resources are limited, taller plants may have easier access

to essential resources, thereby gaining a competitive edge over other

species. The chemical traits, leaf C, N, and P, are essential nutrients

that underpin plant photosynthesis, especially leaf N and P

concentrations are the most important leaf traits regulating

physiological effects and plant growth (Wright et al., 2004).

Chlorophyll is a pivotal indicator that influence plant nitrogen

profile, photosynthetic capacity and plant growth characteristics

(Liu., 2018).

All leaf samples were dried in an oven at 75°C for 48 hours.

After drying, the leaves were crushed and sieved to facilitate the

determination of leaf C, N, and P content. The specific indices and

experimental methods are as follows: the potassium dichromate-

sulfate oxidation method was employed to determine the carbon

content of leaves. The Kjeldahl method, with H2SO4 accelerated

digestion, was utilized to determined leaf nitrogen content. Total
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phosphorus in leaves was measured using the H2SO4-H2O2

digestion followed by the molybdenum antimony resistance

colorimetric method. Soil volumetric water content (SWVC) and

electrical conductivity (EC, used to represent for soil salinity) were

assessed using the drying method and conductometer (DDS-307,

Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China),

respectively. Soil organic carbon (SOC) was determined by the

potassium dichromate sulfuric acid oxidation. Soil total nitrogen

(TN) was determined by the Kjeldahl. Soil total phosphorus (TP)

was measured using the HClO4-H2SO4 molybdenum antimony

colorimetric method. All measurement procedures were based on

the methods described in (Dong., 1997).
2.4 Statistical analysis

2.4.1 High and low soil moisture-salinity
habitats delineation

Based on the soil water content and electrical conductivity data

of each sample site(n=30), the 90 sample plots were categorized into

two groups using cluster analysis (Hierarchical Clustering,

euclidean distance) with the “average” method: high soil

moisture-salinity habitat(n=36), where soil electrical conductivity

ranged from 7.26 to 14.06 mS/cm with a mean value of 10.53 mS/

cm, and SWVC ranged from 6.37% to 11.03% with a mean value of

9.28%; low soil moisture-salinity habitat(n=54), where soil electrical

conductivity ranged from 3.14 to 4.93 mS/cm with a mean value of

4.52 mS/cm, and SWVC ranged from 1.67% to 5.54% with a mean

value of 4.74%. Differences between the two soil moisture-salinity

habitats were highly significant (P < 0.01).

2.4.2 Soil Heterogeneity and Plant intraspecific
trait variation

(1) We employed the coefficient of variation (CV) to measure

soil heterogeneity (SH) of each sample site. The formula is:

CV =
SD

mean
� 100 (1)

Where SD and mean is the standard deviation and average of

soil factor in the three plots from the sample site. We calculated CV

for each soil factor and for all soil factors (i.e. SH), where the SH is

the mean values of CV for soil water content, soil electrical

conductivity, soil organic carbon, soil total nitrogen and soil total

phosphorus (Helm et al., 2019).

(2) The coefficient of variation (CV1) was utilized to

characterize the degree of intraspecific traits variation at species

level. Intraspecific functional trait variation (iFDCV) at species level

is the average of CV1 in all traits of the species under the same

habitat. The iFDCV of life-forms was calculated as the product of the

average of CV1 of six traits of each species in a certain life form and

the relative abundance of the species in the life form.

(3) ITV of life-form types is calculated by summing the

products of the relative abundance and CV1 of species, which

belong to the same life-form type in each sample site.

(4) ITV at community level (CWV) was accessed by referencing

the formula of community weighted mean trait (CWM).
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Specifically, CWV was calculated as the following formula:

CWV =oS
i=1Pi · CVi (2)

Where Pi   is the relative abundance of species i in a given plot,

CViis the coefficient of variation of species i in the plot, and S is the

number of species in the plot. Sample site was calculated by taking

the average of the plot.

2.4.3 Impact of soil heterogeneity on intraspecific
trait variation

Detrended correspondence analysis (DCA) revealed that the

gradient lengths of community functional traits across the two soil

moisture-salinity habitats were less than 3. Consequently, based on

redundancy analysis (RDA), exemplar analysis was conducted to

ascertain the relative importance and quantify the individual impact

of the heterogeneity of various soil factor on intraspecific traits

variation (Lai et al., 2022). We employed the adjusted coefficient of

determination (R2
adj) instead of the conventional coefficient of

determination (R2) to determine the final analytical results. This

method helps to prevent model overfitting in R2 calculations, as

discussed by Crawley (Crawley, 2007).

Data were organized and compiled using Excel vers. 2016, and

one-way ANOVA was performed with SPSS Amos version 26. Plots

were predominantly created with Origin vers. 2025, exemplar

analysis and cluster analysis were carried out using R’s ade4,

UpSet VP, rdacca.hp and stats packages.
3 Results

3.1 Soil heterogeneity in different soil
moisture-salinity habitats

Soil heterogeneity of HSW habitat was generally higher than

that of LSW habitat. Specifically, the soil electrical conductivity and

organic carbon heterogeneity in HSW habitat were significantly

higher than those in LSW habitat (p<0.05). The soil TN, TP

heterogeneity and SH in HSW habitat were slightly higher than

those in LSW habitat (p>0.05). However, the soil SWVC

heterogeneity in HSW habitat was significantly lower than that in

LSW habitat (p<0.05). The SOC heterogeneity was the highest in

HSW habitat, the soil SWVC heterogeneity was the highest in LSW

habitat, and the soil TP heterogeneity was the lowest in both

habitats (Figure 1).
3.2 Plant intraspecific trait variation across
soil moisture-salinity habitats

Among the six plant functional traits of herb, shrub and tree

plants, the ITV of leaf carbon (C) is the lowest in both the habitats,

which ranging from 3.85% to 6.14%. In contrast, plant height was

the highest ITV in the two habitats, with a range of 20.40% to

27.52% (Table 1). The high moisture-salinity habitat exhibited

greater ITV in leaf nitrogen (N), plant height, and chlorophyll
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among herbs, shrubs, and trees. When considering the ITV of the

six functional traits, the order was herb > shrub > tree, but the ITV

of leaf thickness (LT) and leaf phosphorus (P) are lower in HSW

habitat compared to LSW habitat. Among different life forms,

herbaceous plants demonstrated the highest ITV for functional

traits other than chlorophyll.

In the HSW habitat, ITV among different life forms generally

followed the order of herbs > shrubs > trees, with the exception of

chlorophyll, showing a pattern of shrubs > herbs > trees. However,

in the LSW habitat, ITV of all traits among life forms consistently

followed the order of herbs > shrubs > trees.

At the community level, iFDCV and ITV of C, N, LT, and CH

did not vary significantly between the two habitats. The ITV of C, N,

and H in the HSW habitat were slightly lower than those in the
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LSW habitat, while the ITV of LT and CH in the LSW habitat were

slightly higher than those in the HSW habitat. Among all the traits

at the community level, the ITV of C was the lowest under both

habitats, but the higher ITV were H and P in the HSW habitat, and

H and N in the LSW habitat.
3.3 Relationship between plant
intraspecific trait variation and
soil heterogeneity

There were significant positive correlations between plant ITV

and the heterogeneity of various soil environmental factors

(Supplementary Figure S2). Positive correlations were found
FIGURE 1

Blue and white represent the two distinct habitats, HSW (High Soil Moisture and Salinity) and LSW (Low Soil Moisture and Salinity), respectively. Each
habitat exhibits differences in soil characteristics such as Soil volumetric water content (SVWC), electrical conductivity (EC), Soil organic carbon (SOC),
total nitrogen (TN), total phosphorus (TP) and soil heterogeneity (SH). Bar heights indicate the average coefficient of variation (CV) for each soil
characteristic. Error bars represent the standard error of the mean (SEM). Asterisks denote significant differences between the two habitats (P < 0.05).
TABLE 1 Changes in ITV of life-forms and community traits in two soil moisture and salinity habitats (mean ± standard deviation).

Plant traits
High Soil Moisture and Salinity habitat Low Soil Moisture and Salinity habitat

Tree Shrub Herb Community Tree Shrub Herb Community

Leaf carbon 3.85 ± 1.75 4.50 ± 1.04 6.14 ± 1.78 5.26 ± 1.58 4.69 ± 2.62 4.72 ± 1.75 5.45 ± 2.11 5.03 ± 0.99

Leaf nitrogen 15.58 ± 11.50 15.69 ± 5.30 21.15 ± 8.73 18.48 ± 4.79 10.09 ± 7.54 12.45 ± 5.59 17.80 ± 8.82 17.30 ± 5.03

Leaf phosphorus 6.56 ± 3.78 13.62 ± 2.86 17.76 ± 9.22 15.91 ± 5.13 11.57 ± 4.54 15.25 ± 4.66 21.61 ± 10.44 23.24 ± 11.37

Leaf thickness 11.50 ± 5.12 11.74 ± 4.59 17.07± 4.46 15.84 ± 4.79 13.09 ± 5.58 12.06 ± 4.83 18.62 ± 8.92 16.06 ± 8.66

Chlorophyll 8.30 ± 3.80 10.96 ± 2.64 13.58 ± 3.20 10.83 ± 2.21 7.11 ± 5.01 13.55 ± 2.87 10.58 ± 3.15 11.12 ± 3.97

Plant height 24.42 ± 10.28 25.33 ± 9.65 27.52 ± 10.69 29.41 ± 9.48 20.40 ± 2.99 21.05 ± 8.67 23.87 ± 9.22 26.77 ± 8.37

iFDCV 10.79 ± 2.83 14.79 ± 2.42 16.56 ± 3.91 15.84 ± 2.37 12.07 ± 1.51 13.47 ± 2.82 16.47 ± 3.79 15.06 ± 3.42
The bolded text indicate plant functional traits and index that were calculated for trait variation in this study.
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between leaf N and leaf thickness variability and soil moisture

heterogeneity, and between leaf N variability and soil salinity

heterogeneity. Some other traits were positively correlated with

soil nutrient heterogeneity. Namely, plant height variation was

significantly correlated with soil total N and phosphorus

heterogeneity, and chlorophyll variation was positively correlated

with soil organic carbon heterogeneity.

The results of the linear regression modeling revealed a

significant and positive correlation (p<0.01) between iFDCV in

trees, shrubs, herbs, and communities and soil heterogeneity

(SH). In the HSW habitat, impacts of SH on ITV among different

life forms showed a pattern of shrubs > herbs > trees. However, in

the LSW habitat, the pattern shifted to herbs > shrubs > trees.

Furthermore, the regression results for herbs and trees were higher

in the low moisture-salinity environment, while the opposite trend

was observed for shrubs and communities (Figure 2).

The results of exemplar analysis, which aimed to illustrate the

impacts of soil heterogeneity on intraspecific plant trait variation at

the community level, revealed that both hierarchical partitioning

and variance breakdown of soil environmental heterogeneity made

distinct contributions (Figure 3). In HSW habitat, SOC individually

accounted for up to 20.22% of the variation in intraspecific traits at
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the community level, followed by soil TN (9.55%), soil TP (3.49%),

and soil electrical conductivity (EC) (1.13%). In the LSW habitat,

soil SVWC explained 13.89% of the total variation, with soil TN

(3.76%), soil EC (1.76%), soil SOC (1.3%), and soil TP (0.17%)

contributing subsequently.
4 Discussion

A notable ecological problem lies in understanding the effects of

soil environmental heterogeneity on plant intraspecific trait

variation (Stark et al., 2017; Vernham et al., 2024). This study

provides compelling evidence that, in the arid zone, soil

heterogeneity plays a substantial role in driving intraspecific trait

variation at the community level and across different plant life

forms. Furthermore, the study highlights that the degree to which

individual components of soil environmental heterogeneity

contribute to trait variation varies depending on soil moisture

and salinity regimes. These findings shed light on the crucial role

of soil heterogeneity in shaping plant intraspecific trait variation,

emphasizing the significance of considering soil heterogeneity when

studying plant traits in ecological contexts (Vernham et al., 2024).
FIGURE 2

Regression analysis resulted in a significant positive correlation between intraspecific functional trait variation iFDCV (trees, shrubs, herbs, and
communities) and soil environmental heterogeneity. Confidence intervals (95%) were drawn. (P<0.01).
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4.1 Soil heterogeneity under different soil
moisture-salinity habitats

In natural ecosystems, Zhang and Li (2019) proposed that the

coefficient of variation of soil resources can be used to assess the

geographical heterogeneity of soil environmental indicators in

sample plots (Zhang and Li, 2019). Grading based on the

coefficient of variation of soil environment (Hu et al., 1999), soil

variables like SVWC, EC, SOC, TN, and TP exhibit moderate

variability (10% < CV < 100%), indicating heterogeneity. In HSW

habitat, the presence of abundant and unevenly distributed surface

salt sources leads to increased salt aggregation in the topsoil layer of

various plant communities. Consequently, soil EC heterogeneity is

significantly higher in HSW habitat compared to LSW habitat. On

the other hand, changes in soil surface water content are more

pronounced in drier conditions with reduced vegetation cover,

influenced by factors such as soil type and aridity. HSW habitat

exhibit higher soil nutrient heterogeneity (SOC, TN, and TP)

compared to LSW habitat due to the relative conditions for

vegetation growth, resulting in a greater variety of plant species

and higher vegetation cover. Increased litter contributes to organic

matter accumulation in the soil. Nutrients in the soil are essential

for plant growth, biomass accumulation, and tissue development

(Ågren et al., 2012; Kerkhoff et al., 2006). The concentration of soil

phosphorus is primarily influenced by the parent material and the

extent of rock weathering. Our study site, situated in the arid region

of northwest China, predominantly consists of calcareous and

alkaline soils, which further shape the levels of phosphorus in the

soil (Rezapour, 2014), soil phosphorus exists in the form of calcium

phosphate, resulting in the least heterogeneity among different soil

moisture-salinity habitats.

In smaller-scale research sites such as islands, depressions, and

karst sinkholes, the response of abiotic elements to plant

communities is more evident (Yang et al., 2021). The greater the

habitat heterogeneity, influenced by factors like topography, soil
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moisture, and nutrients, the better it can support the growth

requirements of various specie (Ma et al., 2017; Yang et al., 2017).

For instance, Shui et al (2022) found that soil total nitrogen and

water content had significant effects on plant functional trait

variation at the sample site scale (Shui et al., 2022). Habitat

heterogeneity plays a significant role in intraspecific trait

variation, as confirmed by Yu et al. (2013), who found that soil

heterogeneity controlled the pattern of species distribution at small

scales and reflected its impact on plant adaptation (Yu et al., 2013).

Soil environmental heterogeneity expands the ecological niche

space for plants and improves the regulation of community

functional traits through environmental filtration, as highlighted

by Liu and Ma (2015), plants often adjust their morphological,

physiological, and chemical traits to mitigate the adverse effects of

environmental changes (Liu and Ma, 2015). Overall, HSW habitat

exhibit higher soil heterogeneity compared to LSW habitat,

indicating that ITV may higher and soil heterogeneity may have a

greater influence on intraspecific trait variation in HSW habitat

than in LSW habitat. This analysis serves as a theoretical basis and

point of reference for forecasting plant adaptation strategies in the

event of environmental change.
4.2 Intraspecific traits variation under
different soil moisture-salinity habitats

Consistent with expectations, ITV in plant traits was higher in

HSW than in LSW habitat. The coefficients of variation for

intraspecific plant functional traits ranged from 3.85% to 29.41%

in the HSW habitat, with a mean value of 15.84%; LSW habitat are

from 4.69% to 26.77%, with a mean value of 15.02% (Table 1).

Interestingly, this is different from Zhong et al (2018) finding of

variation in functional traits of woody plants in the Qianzhong

Karst (Zhong et al., 2018). This discrepancy may be attributed to the

fact that different species are exposed to varying forms and
FIGURE 3

The effect of soil environmental heterogeneity on community traits is illustrated in the figure, which shows the results of variance decomposition
and hierarchical partitioning, where the bars are the solitary effects of the variables and the numbers are the percentage of variance explained by the
corresponding environmental factors.
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intensities of external biotic factors (such as species composition)

and abiotic disturbances (such as moisture, salinity, and nutrient

heterogeneity), leading to substantial variations in their effects on

plant traits (Ding et al., 2011). Furthermore, Umaña and Zhang

(2015) observed limited ITV in common species, suggesting a

convergent strategy wherein plants adapt to their habitats to

efficiently utilize available resources (Grime, 2006). The range of

plant trait variation observed in different soil moisture-salinity

habitats in our study can be explained by plants striving to strike

a balance between costs and benefits. This phenomenon aligns with

previous research demonstrating that species and trait composition

exhibit variations along environmental gradients. Each plant’s

unique approach represents an optimal trade-off for its specific

environmental conditions (Reich et al., 2003). In other words, ITV

confers advantages to plants by enabling them to effectively adapt to

their environmental conditions.

Plants of different life forms have adapted to their growing

environments, exhibit variations in resource-use efficiency as

reflected in the chemical, physiological, and morphological traits

of leaves. The seven species selected in this study, originating from

the life forms of trees, shrubs, and herbs, revealed significant ITV in

leaf traits within the same soil moisture-salinity habitat (Table 2),

underscoring the divergence of plant nutrient use strategies during

species evolution (Niu et al., 2013). Intraspecific traits variation in

the six functional traits of herbs, shrubs, and trees in the two soil

moisture-salinity habitats were generally exhibited a trend of herbs

> shrubs > trees. This suggests that herbaceous plants are more

adaptable compared to shrubs and trees. Both within communities

and within life forms, ITV was often greater in high soil moisture-

salinity habitat than in low soil moisture-salinity habitat. It is
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noteworthy that the two soil moisture-salinity habitats showed

the greatest change in plant height and the least change in leaf

carbon content. A previous study found that different functional

traits exhibited varying levels of ITV, with plant height accounting

for 69% of the total variation, offering a potential explanation for

the substantial intraspecific range in plant height across all life

forms (Zhu et al., 2011). The C element, constituting the

cytoskeleton of plants, is generally stable and internally robust,

making it less susceptible to variations induced by changes in the

external environment. This is consistent with the lower coefficient

of variation of leaf C at the community level in our study (Table 1).

We observed that different habitats significantly influenced the

ITV in leaf thickness. In arid environments with limited soil

moisture, plants allocate more leaf photosynthetic products

towards building protective tissues or increasing chloroplast

density to mitigate leaf damage or water loss due to high

temperatures, thereby enhancing water use efficiency (Dong et al.,

2019). Leaf thickness is a particularly sensitive leaf trait for plants, as

evidenced by the greater ITV in leaf thickness observed at the

community level in LSW habitat compared to HSW habitat in our

study. For instance, plants such as Phragmites australis thrive in

moist habitats, explaining why herbs species dominate in HSW

habitat, while shrubs like Apocynum venetum, with thicker leaves,

are better adapted to more drier environments, leading to a

predominance of shrub species in LSW habitat. This

phenomenon may be attributed to the evolutionary development

of ecological strategies by vegetation communities during natural

succession, tailored to specific habitat conditions and resulting in

more stable trait characteristics. Chlorophyll serves as a key

indicator of a plant’s photosynthetic capacity, and it has been
TABLE 2 Changes in ITV of species in two soil moisture and salinity habitats. leaf carbon(C), leaf nitrogen (N), leaf phosphorus (P), leaf thickness(LT),
plant height(H), chlorophyll(CHl), intraspecific functional trait variation (iFDCV).

Species

Plant trait

Populus
euphratica

Alhagi
sparsifolia

Apocynum
venetum

Nitraria
tangutorum

Halimodendron
halodendron

Phragmites
australis

Karelinia
capsica

C
HSW 3.85 4.32 4.80 4.77 4.13 5.27 7.01

LSW 4.69 5.58 5.58 4.55 3.19 5.32 5.59

N
HSW 10.09 20.15 16.78 12.93 12.88 20.37 21.93

LSW 15.58 17.62 11.37 13.11 7.70 20.59 15.02

P
HSW 6.56 16.68 13.29 11.10 13.43 17.20 18.32

LSW 11.57 14.90 15.69 14.62 15.81 22.41 20.80

LT
HSW 11.50 11.82 17.50 10.78 6.86 14.53 19.61

LSW 13.09 14.03 13.90 12.16 8.16 15.62 21.62

CHl
HSW 8.30 7.41 14.13 9.25 11. 24 9.41 17.75

LSW 7.11 7.11 13.49 11.86 16.72 8.94 12.21

H
HSW 24.42 28.81 25.24 31.74 15.51 31.78 23.26

LSW 20.40 24.92 18.91 26.69 13.68 26.19 21.55

iFDCV

HSW 10.79 14.87 15.29 13.43 10.68 16.43 17.98

LSW 12.07 14.03 13.16 13.83 10.88 16.51 16.13
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noted that drought stress can alter chlorophyll content (Guan et al.,

2003). This aligns with our findings of higher ITV in chlorophyll

content in LSW habitat, suggesting that the community actively

adapts to arid environments by modifying chlorophyll levels.

Furthermore, previous studies have indicated that shrubs exhibit

greater salt tolerance than trees, and both shrubs and herbs surpass

trees in terms of water holding capacity (He et al., 2006; Holdaway

et al., 2011). According to these results, plant functional traits

variation is somewhat influenced by life form, and ITV among

different life forms reflect differing environmental constraints and

adaptive strategies (Sıḿová et al., 2018). Overall, higher ITV could

potentially strengthen plants’ resilience to severe conditions and

improve their adjustment to extreme environment (Niu et al.,

2020), which may be a manifestation of desert plants’ response to

heterogeneous environments. Therefore, disregarding ITV may

underestimate the response of community-level traits to

environmental change.
4.3 Heterogeneity of soil factors enhances
intraspecific trait variation of desert plant

Our investigation uncovered that soil environmental

heterogeneity had a discernible impact on ITV across life forms,

following a general pattern of herb > shrub > tree. This suggests that

herbs may be more susceptible to the influence of soil heterogeneity

and exhibit greater tolerance and resistance compared to shrubs and

trees. The strong correlation between plant height variation and soil

nitrogen and phosphorus heterogeneity suggests strong effects of

soil nitrogen and phosphorus distribution on plant growth

(Kerkhoff et al., 2006). The results were consistent with our

expectations, namely, high soil heterogeneity in HSW habitat may

promotes high ITV of plant height. The ITV of leaf N and P may

partly depend on the content and distribution of N and P in the soil

(Berman-Frank and Dubinsky, 1999). For example, a global analysis

conducted by Ordonez revealed a positive correlation between the

mass fraction of nitrogen and phosphorus in leaves and the

availability of these elements in the soil. Therefore, the mass

fraction of leaf nitrogen showed a positive correlation with soil

phosphorus levels (Ordoñez et al., 2009). In addition, leaf nitrogen

is directly related to water availability, storage and resource

acquisition (Dong et al., 2019; Li et al., 2020).

Our study yields two main findings: (1) soil heterogeneity

improve desert plant ITV; (2) The contribution of each soil factor

heterogeneity to the ITV at community-level traits varies and

changes with soil moisture and salinity conditions. Consistent

with our expectations, soil heterogeneity had a higher effect on

ITV in herbs and shrubs than in trees, suggesting that herbs and

shrubs are more sensitive to soil heterogeneity. ITV increases with

soil heterogeneity (Figure 2), conforming to the ecological niche

theory, which illustrates the connection between plant species’

environmental exposures and the diversity of their traits (Bucher

et al., 2016; König et al., 2018). The ELWNNR, situated in a typical

desert zone with infertile, arid soils and slow nutrient cycling, plant

growth and distribution would be more obviously limited (Titus

et al., 2002). At the community level, soil organic carbon
Frontiers in Plant Science 0967
heterogeneity in HSW habitat independently accounts for the

highest percentage of plant functional traits variations (20.22%),

followed by TN (9.55%) and TP (3.49%). Nutrient-deficient soils

trigger a transition from species that are typically associated with

rapid resource acquisition to those that are linked with resource

preservation. This phenomenon, observed in our study, showed the

adaptive response of plant communities to nutrient limitations in

their environment. As nutrients become scarce, plants tend to

prioritize conserving and efficiently utilizing available resources

rather than investing in traits that promote rapid growth and

resource acquisition (Diaz et al., 2004; Ordoñez et al., 2009). In

LSW habitat, soil moisture and nitrogen heterogeneity are

significant environmental factors influencing plant adaptation,

with soil SVWC (13.89%) and TN (3.78%) heterogeneity

explaining the highest rates of variation, respectively (Titus et al.,

2002). This finding aligns with the observation that community

chemical traits in typical grassland ecosystems respond to nitrogen

and water enrichment and are dominated by ITV (Violle et al.,

2007). Furthermore, plants in LSW habitat are more susceptible to

drought stress than nutrient deficiency, as drought stress has been

found to limit nutrient uptake, subsequently inhibiting

photosynthesis and plant growth (Farooq et al., 2009; Jaleel et al.,

2009; Pérez-Harguindeguy et al., 2016).
5 Conclusions

In summary, this study highlights the significant promoting

influence of soil heterogeneity on ITV of desert plants in the

ELWNNR, with this influence being more pronounced in herbs

and shrubs, and varying with different soil moisture-salinity

habitats. ITV of desert plant in the two habitats reflect both the

habitat filtering effect of soil heterogeneity at small scales and the

diverse adaptive mechanisms of plants to their habitats.

Microhabitats provide the necessary space for these species to

coexist. Consequently, soil heterogeneity plays a crucial role in

enhancing trait variation in plant communities, and maximizing the

survival efficiency of desert plant species in the ELWNNR. In

summary, soil heterogeneity promotes multi-species coexistence

in arid zones. Our findings provide a scientific foundation for

conservation planning in arid land, it is essential to protect and

enhance soil heterogeneity within habitats, which will serve as a

buffer against extreme environmental impacts.
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variability drives functional changes in lichen epiphytic communities across Europe.
Ecology. 101, 10. doi: 10.1002/ecy.3017

Jaleel, C. A., Manivannan, P., Wahid, A., Farooq, M., Al-Juburi, H. J.,
Somasundaram, R., et al. (2009). Drought stress in plants: a review on morphological
characteristics and pigments composition. Int. J. Agric. Biol. 11, 100–105. doi: 10.3763/
ijas.2009.0459

Jung, V., Violle, C., Mondy, C., Hoffmann, L., and Muller, S. (2010). Intraspecific
variability and trait-based community assembly. J. Ecol. 98, 1134–1140. doi: 10.1111/
j.1365-2745.2010.01687.x
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1504238/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1504238/full#supplementary-material
https://doi.org/10.1111/j.1469-8137.2012.04116.x
https://doi.org/10.1111/nph.15656
https://doi.org/10.1002/ecy.3078
https://doi.org/10.1002/ecy.3078
https://doi.org/10.2307/1313491
https://doi.org/10.1111/1365-2435.13097
https://doi.org/10.1007/s11258-016-0564-2
https://doi.org/10.1007/s11258-016-0564-2
https://doi.org/10.1006/tpbi.2000.1486
https://doi.org/10.1038/s41559-021-01403-5
https://doi.org/10.1111/j.1654-1103.2004.tb02266.x
https://doi.org/10.1007/s10255-011-0044-3
https://doi.org/10.5846/stxb201804170873
https://doi.org/10.1051/agro:2008021
https://doi.org/10.3389/fmicb.2018.01928
https://doi.org/10.3389/fmicb.2018.01928
https://doi.org/10.1111/j.0030-1299.2005.13746.x
https://doi.org/10.1111/j.0030-1299.2005.13746.x
https://doi.org/10.1155/2014/208747
https://doi.org/10.1111/j.1654-1103.2006.tb02444.x
https://doi.org/10.1111/j.1654-1103.2006.tb02444.x
https://doi.org/10.1023/A:1022289509702
https://doi.org/10.1111/ele.12618
https://doi.org/10.1111/avsc.12415
https://doi.org/10.1111/j.1365-2745.2011.01821.x
https://doi.org/10.1111/j.1365-2745.2011.01821.x
https://doi.org/10.1002/ecy.3017
https://doi.org/10.3763/ijas.2009.0459
https://doi.org/10.3763/ijas.2009.0459
https://doi.org/10.1111/j.1365-2745.2010.01687.x
https://doi.org/10.1111/j.1365-2745.2010.01687.x
https://doi.org/10.3389/fpls.2024.1504238
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2024.1504238
Karbstein, K., Prinz, K., Hellwig, F., and Roemermann, C. (2020). Plant intraspecific
functional trait variation is related to within-habitat heterogeneity and genetic diversity
in Trifolium montanum L. Ecol. Evol. 10, 5015–5033. doi: 10.1002/ece3.6255

Kearney, M., and Porter, W. P. (2006). Ecologists have already started rebuilding
community ecology from functional traits. Trends Ecol. Evol. 21, 481–482. doi: 10.1016/
j.tree.2006.06.019

Kerkhoff, A. J., Fagan, W. F., Elser, J. J., and Enquist, B. J. (2006). Phylogenetic and
growth form variation in the scaling of nitrogen and phosphorus in the seed plants. Am.
Nat. 168, E103–E122. doi: 10.1086/507879

König, P., Tautenhahn, S., Cornelissen, J. H. C., Kattge, J., Bönisch, G., and
Römermann, C. (2018). Advances in flowering phenology across the Northern
Hemisphere are explained by functional traits. Glob. Ecol. Biogeogr. 27, 310–321.
doi: 10.1111/geb.12696

Lai, J. S., Zou, Y., Zhang, J. L., and Peres-Neto, P. R. (2022). Generalizing hierarchical
and variation partitioning in multiple regression and canonical analyses using the
rdacca.hp R package. Methods Ecol. Evol. 13, 782–788. doi: 10.1111/2041-210x.13800

Li, C. J., Lei, J. Q., Shi, X., and Liu, R. (2014). Scale dependence of soil spatial variation
in a temperate desert. Pedosphere. 24, 417–426. doi: 10.1016/s1002-0160(14)60028-x

Li, D., Si, J., Zhang, X., Gao, Y., Luo, H., Qin, J., et al. (2020). Ecological adaptation of Populus
euphratica to drought stress. J. Desert Res. 40, 17–23. doi: 10.7522/j.issn.1000-694X.2019.00082

Liu., R. (2018). Study on the variation of functional traits of woody plants in the
Lijiang River terrestrial and aquatic zones (Guilin: Guangxi Normal University).

Liu, Y. J., Li, G. E., Wang, M. X., Yan, W. J., and Hou, F. J. (2021). Effects of three-
dimensional soil heterogeneity and species composition on plant biomass and biomass
allocation of grass-mixtures. Aob Plants. 13, 8. doi: 10.1093/aobpla/plab033

Liu, X., and Ma, K. (2015). Plant functional traits—concepts, applications and future
directions. Chin. Sci. Life Sci. 45, 325–339. doi: 10.1360/N052014-00244

Liu, S. S., Streich, J., Borevitz, J. O., Rice, K. J., Li, T. T., Li, B., et al. (2019).
Environmental resource deficit may drive the evolution of intraspecific trait variation in
invasive plant populations. Oikos. 128, 171–184. doi: 10.1111/oik.05548

Lundholm, J. T. (2009). Plant species diversity and environmental heterogeneity:
spatial scale and competing hypotheses. J. Veg. Sci. 20, 377–391. doi: 10.1111/j.1654-
1103.2009.05577.x

Ma, H., Yang, X., Lu, G., He, X., Zhang, X., Wang, X., et al. (2017). Water sources of
dominant desert species in ebinur lake wetland nature reserve, Xinjiang, China. Acta
Ecologica Sinica. 37, 829–840. doi: 10.5846/stxb201508311804

McGill, B. J., Enquist, B. J., Weiher, E., and Westoby, M. (2006). Rebuilding
community ecology from functional traits. Trends Ecol. Evol. 21, 178–185.
doi: 10.1016/j.tree.2006.02.002

Nicotra, A. B., Atkin, O. K., Bonser, S. P., Davidson, A. M., Finnegan, E. J., Mathesius,
U., et al. (2010). Plant phenotypic plasticity in a changing climate. Trends Plant Sci. 15,
684–692. doi: 10.1016/j.tplants.2010.09.008

Niu, D., Li, Q., Jiang, S., Chang, P., and Fu, H. (2013). Seasonal variations of leaf C:N:
P stoichiometry of six shrubs in desert of China’s Alxa plateau. Chin. J. Plant Ecology.
37, 317–325. doi: 10.3724/SPJ.1258.2013.00031

Niu, K. C., Zhang, S., and Lechowicz, M. (2020). Harsh environmental regimes
increase the functional significance of intraspecific variation in plant communities.
Funct. Ecol. 34, 1666–1677. doi: 10.1111/1365-2435.13582

Olagoke, A., Jeltsch, F., Tietjen, B., Berger, U., Ritter, H., and Maass, S. (2023). Small-
scale heterogeneity shapes grassland diversity in low-to-intermediate resource
environments. J. Veg. Sci. 34, 14. doi: 10.1111/jvs.13196

Ordoñez, J. C., van Bodegom, P. M., Witte, J. P. M., Wright, I. J., Reich, P. B., and
Aerts, R. (2009). A global study of relationships between leaf traits, climate and soil
measures of nutrient fertility. Glob. Ecol. Biogeogr. 18, 137–149. doi: 10.1111/j.1466-
8238.2008.00441.x
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in the desert-oasis ecotone
Jinlong Wang1,2,3*, Guanghui Lv1,2,3*, Jianjun Yang1,2,3,
Xuemin He1,2,3, Hengfang Wang1,2,3 and Wenjing Li1,2,3
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Ecology of Education Ministry, Xinjiang University, Urumqi, China, 3Xinjiang Jinghe Observation and
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Dividing soil respiration (Rs) into autotrophic respiration (Ra) and heterotrophic

respiration (Rh) represents a pivotal step in deciphering how Rs responds to

environmental perturbations. Nevertheless, in arid ecosystems beset by

environmental stress, the partitioning of Rs and the underlying mechanisms

through which microbial and root traits govern the distinct components remain

poorly understood. This study was strategically designed to investigate Rs and its

components (Ra and Rh), soil properties, and root traits within the desert-oasis

ecotone (encompassing the river bank, transitional zone, and desert margin) of

northwest China. Employing metagenomics, we quantitatively characterized

microbial taxonomic attributes (i.e., taxonomic composition) and functional

attributes (specifically, functional genes implicated in microbial carbon

metabolism). Field measurements during the growing season of 2019 unveiled

a pronounced decline in soil respiration rates along the environmental gradient

from the river bank to the desert margin. The mean soil respiration rate was

recorded as 1.82 ± 0.41 mmol m-2 s-1 at the river bank, 0.49 ± 0.15 mmol m-2 s-1 in

the transitional zone, and ameager 0.45 ± 0.12 mmol m-2 s-1 in the desert margin.

Concomitantly, the Ra and Rh components exhibited a similar trend throughout

the study period, with Rh emerging as the dominant driver of Rs. Utilizing random

forest modeling, we unearthed significant associations between microbial

taxonomic and functional features and Rs components. Notably, both Ra and

Rh displayed robust posit ive correlations with the abundance of

phosphatidylinositol glycan A, a key player in microbial carbon metabolism.

Partial least squares path modeling further elucidated that soil properties and

microbial functions exerted direct and positive influences on both Ra and Rh,

whereas taxonomic features failed to register a significant impact. When

considering the combined effects of biotic and abiotic factors, microbial
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functional attributes emerged as the linchpin in dictating Rs composition.

Collectively, these findings suggest that a trait-based approach holds great

promise in more effectively revealing the response mechanisms of Rs

composition to environmental changes, thereby offering novel vistas for future

investigations into carbon cycling in terrestrial soils.
KEYWORDS

autotrophic respiration, heterotrophic respiration, microbial functional attributes, plant
traits, desert-oasis ecotone
1 Introduction

In terrestrial ecosystems, the soil carbon pool represents the

greatest carbon storage pool at about two to three times larger than

the plant carbon pool or the atmospheric carbon pool (Chen et al.,

2024; Huang et al., 2020). Soil respiration (Rs), being the primary

carbon release mechanism in the terrestrial carbon cycle (Li et al.,

2021), has garnered significant interest among ecologists over the

past few decades, emerging as a crucial factor in global carbon cycle

studies (Hashimoto et al., 2023). Rs serves as the principal conduit

for transferring carbon from soil pools to the atmosphere (Huang

et al., 2020), comprising two key elements: autotrophic respiration

(Ra), involving CO2 emissions from plant roots and associated

microbial activity, and heterotrophic respiration (Rh), stemming

from microbial breakdown of organic matter in soil. Ra contributes

between 10% and 90% to the total Rs (Yan et al., 2015). A portion of

the CO2 captured annually via photosynthesis in terrestrial plants is

immediately emitted back into the atmosphere as part of Ra,

whereas the rest is temporarily sequestered in organic matter and

later released through Rh (Hopkins et al., 2013). However, the

complexity of the different sources of CO2 produced by soils and the

factors influencing them makes a comprehensive understanding of

Rs uncertain (Bond-Lamberty, 2018), especially in more

heterogeneous arid ecosystems (Kukumägi et al., 2017; Wang

et al., 2021b). Consequently, it’s essential to distinguish between

the autotrophic and heterotrophic components of Rs and evaluate

their responses to environmental shifts, along with their consistent

contributions to Rs (Chu et al., 2023; Huang et al., 2015).

Rs variations are affected by various biotic and abiotic factors

including soil microclimate (temperature and moisture), nutrients,

microbes, and plant traits (Borden et al., 2021; Wang et al., 2022a,

2021b). In arid regions, soil moisture and temperature exhibit

extreme variability, and the scarcity of water and nutrients makes

the ecosystem highly fragile (Liu et al., 2024). For example, low

rainfall and high temperatures can lead to significant fluctuations in

soil water availability, which will have a major impact on soil

microbial activity and root physiological processes (Furtak and

Wolińska, 2023), and thus affect soil respiration (Han et al.,

2024). Unlike humid regions, where soil respiration is often

influenced by multiple factors such as high vegetation cover and

abundant water supply (Li et al., 2024b), while the limited water
0272
resources and harsh environmental conditions make soil

microclimate and nutrients the primary factors controlling soil

respiration in arid areas (Ngaba et al., 2024). This difference in

driving factors makes the study of soil respiration in arid areas

unique and provides an opportunity to understand the specific

responses of ecosystems to environmental stresses. Differences in

how Rh and Ra respond to these factors may alter their roles in Rs,

potentially leading to decreased water and nutrient availability

(Huang et al., 2015; Zheng et al., 2021). Many studies indicate

that Rh fluctuations are significantly influenced by external factors

like soil microclimate, nutrient status, and soil microbes (Kang

et al., 2022; Tang et al., 2020a), whereas Ra correlates more with

soil’s physical and chemical properties, root morphology, and

chemical makeup (Paradiso et al., 2019). Root-mediated soil

organic matter decomposition and the ensuing CO2 release

through respiration occur at the root level, involving both the

plant root system and inter-root microorganisms (Adamczyk

et al., 2019; Chari and Taylor, 2022). However, the microbial

control over Rs components, particularly the role of inter-root

microorganisms in Ra, remains largely unclear.

The vegetation in arid regions is predominantly comprised of

drought-tolerant plant species, whose root structures and

physiological characteristics are specifically adapted to the arid

environment (Liu et al., 2024). For example, certain plants

possess more developed root systems that can penetrate deeper

into the soil in pursuit of water and nutrients (Li et al., 2024a). This

distinctive vegetation structure exerts an impact on the sources

contributing to soil respiration (Borden et al., 2021; Wang et al.,

2021c), with the proportion of autotrophic respiration to

heterotrophic respiration potentially differing from that in other

ecosystems (Quoreshi et al., 2022). Traits or functional traits are

measurable characteristics of organisms that have adapted and

evolved over time in response to the external environment,

affecting the organism’s survival, growth, and reproduction and

thus its adaptations to and functions in the environment (Shen

et al., 2019). The biogeographical distribution of traits connects an

organism’s function to its habitat, enabling theoretical predictions

of how organisms, communities, and ecosystems respond to

environmental shifts through trait modifications (Vernham et al.,

2023). Trait-based microbial ecology and plant ecology research

focuses on identifying a core set of traits for microbial and plant
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adaptations to environmental changes to predict changes in

ecosystem function (Montoya, 2023; Violle et al., 2014). Root

systems, crucial for plant water and nutrient absorption, adapt to

various environmental conditions, making root traits vital for

sustaining diverse ecosystem processes. These traits serve as key

indicators for assessing plant resilience in challenging habitats

(Cortois et al., 2016; Wang et al., 2021c). Research has shown

that functional traits such as root morphology, chemical

composition, and physiological activity have a significant impact

on microbial community structure and activity (Furey and Tilman,

2023; Rathore et al., 2023; Wan et al., 2021). Most metabolic traits of

microorganisms can directly affect nutrient and elemental cycling

processes in ecosystems (Martiny et al., 2015). Microbial genetic

traits primarily manifest through specific functional genes or

metabolic pathways present in their genomes (Escalas et al.,

2019). Genomic analyses, including metagenomics, facilitate

comparisons between targeted gene sequences and databases

annotating gene or protein functions (e.g., KEGG), aiding in

deducing the roles of these sequences in carbon cycling and

microbial functionality (Dai et al., 2021). Despite methods linking

root trait and microbial data (including taxonomy and metabolism)

to Rs (Trivedi et al., 2013), understanding of how these

subterranean traits react to environmental shifts and influence Rs

components remains limited.

Desert ecosystems, covering about 22% of Earth’s land surface,

significantly influence the global carbon cycle (Wang et al., 2022b).

Desert-oasis ecotones, found in the extremely arid deserts of

northwest China, are unique ecosystems known for their high

biodiversity and primary productivity. Desert-oasis ecotones are

crucial for combating wind erosion, stabilizing riverbeds,

moderating local climates, preserving biodiversity, and ensuring

regional ecological safety (An et al., 2023; Wang et al., 2019a, 2021a;

Zhang et al., 2018c). Recently, changes in ecological processes and

natural landscapes within desert-oasis ecotones, driven by regional

climate shifts and escalating human activities, pose significant

threats to both the ecological services of these oases and the

sustainability of the regional economy (Ling et al., 2015). Desert-

oasis ecotones encompass various habitats, typically transitioning

from densely forested riparian zones to sparse desert vegetation

(Wang et al., 2021b; Williams et al., 2006). Ecological processes

shaping ecosystem structure and function can vary across these

habitats (Bennett et al., 2009; Tianjiao et al., 2022). Differences in

environmental habitat factors make desert-oasis ecotones ideal for

assessing the response of Rs components to environmental stresses.

This study employed root exclusion experiments on Nitraria

tangutorum and Alhagi sparsifolia, common desert plants in the

Ebinur Lake basin’s desert-oasis ecotone, northwest China. The

objectives were to assess (1) the proportional roles of Rh and Ra in

Rs; (2) correlations between microbial taxonomy/functionality and

Rs components; and (3) the impacts of soil properties, root traits,

microbial diversity, and functionality on Rs components. The

hypothesis posits that environmental stress decreases Rs yet

enhances Rh’s relative contribution, and that Rs components

exhibit greater sensitivity to microbial functional genes compared

to microbial taxonomic composition.
Frontiers in Plant Science 0373
2 Materials and methods

2.1 Study sites and experimental design

The study site is situated in the Ebinur Lake Wetland National

Nature Reserve, Xinjiang Uygur Autonomous Region, China (82°

36’–83°50’E, 44°30’–45°09’N), within the Ebinur Lake basin

adjacent to the southwestern border of the Gurbantunggut Desert

(Fu et al., 2021). The area experiences a characteristic temperate

continental arid climate, marked by minimal rainfall and significant

evaporation. Dominant plant communities consist primarily of

saline- and drought-tolerant species including Populus euphratica,

A. sparsifolia, and N. tangutorum. Plant distribution in the study

area forms a patchy mosaic, interspersed with bare ground, offering

an optimal natural setting for investigating Rs components (Zhao

et al., 2011). In July 2018, a transect was set up in the Ebinur

Wetland Nature Reserve, running from the Aqikesu River towards

the Mutter Desert. Three habitats were identified based on their

proximity to the riverbank: river bank (at a distance of 150 meters

from the riverbank), transitional zone (at a distance of 3000

meters from the riverbank), and desert margin (at a distance of

5000 meters from the riverbank) (Figure 1) (Wang et al., 2021b).

In mid-August 2018, a randomized block experimental design

method was used to set up three 5 m × 5 m blocks (replicates) in

each of the three different habitats (Figure 1). Each habitat group

included one N. tangutorum community and one A. sparsifolia

community as control treatments, with each plot measuring 1 m × 1

m. Additionally, a root exclusion technique (trenching combined

with gap analysis) was employed to create a 1 m × 1 m root excision

plot in a bare area approximately 0.5 m from the control treatment.

A trench, 0.2 m wide and 0.8 m deep, was excavated around the

sample (with no root presence below 0.8 m of soil), followed by the

placement of a polyvinyl chloride (PVC) sheet with a 0.2 mm mesh

size in the trench to prevent root intrusion into the plot. Lastly, the

excavated soil was returned to the trenches (Huang et al., 2015;

Lavigne et al., 2003). Ultimately, 12 plots (comprising six control

treatments and six root excision plots) were set up per habitat,

totaling 36 plots across all treatments within the three

habitats studied.
2.2 Measurements of Rs and
its components

A PVC collar, 20 cm in inner diameter and 15 cm tall, was

centrally positioned in each quadrat, exposing approximately 5 cm

above ground. The positions of these 36 collars remained

unchanged during the entire measurement period. Prior to each

Rs measurement, new growth was cleared from the root cutting

quadrat to exclude plant respiration from the Rs readings. Within

the control treatment, only above-ground live plants within the

PVC collar were removed. Rs and Rh were assessed using the LI-

8100 automated soil CO2 flux system (LI-COR, Lincoln, NE, USA)

on calm, sunny days chosen mid-month from May to August 2019.

All experimental measurements occurred between 10:00 and 12:00
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local time on the same day, aiming to accurately reflect average daily

CO2 emissions (Wang et al., 2021b). Each PVC collar underwent

three measurements, with the average serving as the respiration rate

for that location. Respiration rates in control and root excision plots

were designated as Rs and Rh, respectively. Ra was determined via

subtraction (Rs−Rh), with autotrophic and heterotrophic

respiration ratios expressed as Ra/Rs and Rh/Rs, respectively

(Borden et al., 2021). Throughout each measurement session, soil

temperature (ST) was recorded at a 10 cm depth adjacent to the

PVC collar, utilizing a temperature sensor (MS-10, Rain Root

Technology Co., Ltd., Beijing, China).
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2.3 Sample collection and measurement

Soil sampling occurred in mid-June 2019, with separate collections

of rhizosphere and bulk soil samples. For microbial analysis,

rhizosphere soil samples were taken from depths of 0–30 cm within

each control treatment plot, using sterile tweezers disinfected over an

alcohol lamp flame and cooled with sterile water to extract roots and

remove loose soil. Once loose soil was removed, it was sealed in a sterile

bag and refrigerated. Samples were transported to the lab for

rhizosphere soil collection (Li et al., 2022). Root samples were moved

to a 50mL sterile centrifuge tube containing 30 mL phosphate-buffered
FIGURE 1

Soil respiration component partitioning experiment. (A) Study area and sampling point distribution; (B) plot layout; (C) schematic diagram of the root
exclusion method (trenching + gap analysis) to differentiate soil respiration components. The polyvinyl chloride (PVC) collar (dark color) of the
control quadrat was used to measure soil respiration, and the PVC collar (light color) of the root cutting quadrat was used to measure heterotrophic
respiration. The difference between the two was autotrophic respiration. (D) Field in-situ trenching treatment.
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saline (PBS) buffer (137 mmol L−1 NaCl, 2.7 mmol L−1 KCl, 8.5 mmol

L−1 Na2HPO4, and 1.5 mmol L−1 KH2PO4 at pH 7.3) on a sterile

operating table, where root surfaces were cleaned with sterile forceps

(Edwards et al., 2015). Using sterile tweezers, the root system was

extracted from the centrifuge tube, and the remaining suspension was

centrifuged at −4°C (10,000 g, 1 min) to concentrate the rhizosphere

soil sample. Roots extracted from the rhizosphere soil were cleaned

with sterile water and dried with sterile filter paper for further root trait

analysis. Surface soil was gathered from each root-cutting plot and

placed in a 50 mL sterilized centrifuge tube as bulk soil. Due to

insufficient DNA quantity and concentration in some bulk soil

samples, metagenomic sequencing was ultimately conducted on 33

samples, comprising 18 rhizosphere and 15 bulk soils.

The soil with roots removed was split into thirds: one portion was

kept in an aluminum box for soil water content (SWC) measurement

via drying (105°C, 48h); another was refrigerated (4°C) for ammonium

nitrogen (AN) and nitrate nitrogen (NN) content analysis; the last was

air-dried for assessing soil pH, soil salinity content (SSC), soil organic

carbon (SOC), available phosphorus (AP), total phosphorus (TP), and

total nitrogen (TN). Total root surface area was determined with

WinRhizo Pro.2013 (Reagent Instruments Inc., Canada), followed by

drying roots at 65°C to a constant weight for root dry weight (RDW)

calculation. Dried root samples were pulverized and sifted through a

100-mesh screen to measure plant root carbon content (RCC), root

nitrogen content (RNC), and root phosphorus content (RPC). Specific

root area (SRA) was computed by dividing total root surface area by

RDW. Soil properties and root nutrient contents were measured

according to Wang et al.’ s method (2022a).
2.4 DNA extraction and sequencing

About 0.2 g of rhizosphere or bulk soil was placed in a 2-mL

sterile centrifuge tube, and DNA was extracted using a PowerSoil®

DNA extraction kit according to standard procedures. DNA

integrity was assessed using a 1% agarose gel (200 V, 30 min),

and DNA concentration was measured quantitatively with Qubit

2.0. DNA fragmentation was conducted with Covaris S220 based on

operational parameters to create a paired-end (PE) library

(Novogene Biotechnology Co., Ltd., Beijing, China). Paired-end

sequencing was carried out on the Illumina Genome Analyzer

(HiSeq PE150, Illumina Inc., San Diego, CA, USA). From the soil

samples collected, 1,912,296,608 high-quality metagenomic DNA

sequences were generated, and 17,590,216 sequences were derived

through assembly and gene prediction (Supplementary Table S2). A

total of 106 phyla, 737 families, 2,523 genera, and 16,981 species of

microbial communities with definite classification information were

detected. The data were submitted to the NCBI database repository

under accession number PRJNA 664310.
2.5 Bioinformatics analysis

During data quality control, fastp software (Chen et al., 2018)

was initially used to trim 3’ and 5’ adapter sequences from reads.
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Reads shorter than 50 bp, with an average base quality score below

20, or containing N bases were discarded, retaining only high-

quality paired-end and single-end reads. For data assembly,

Megahit software (Li et al., 2015), utilizing succinct de Bruijn

graph principles, was used to splice and assemble optimized

sequences, selecting contigs ≥ 300 bp for the final assembly

outcomes. Gene prediction utilized Prodigal (Hyatt et al., 2010) to

forecast open reading frames (ORFs) within contig mosaics. Genes

with a nucleic acid length ≥ 100 bp were chosen and translated into

amino acid sequences. All sample-predicted gene sequences were

clustered with CD-HIT (Fu et al., 2012), selecting the longest gene

per cluster as the representative sequence to form a non-redundant

gene set. SOAPaligner (Li et al., 2008) was employed to quantify

gene abundance in the relevant samples.

For taxonomic annotation of species, Diamond (Buchfink et al.,

2015) compared the amino acid sequences of the non-redundant

gene set against the NCBI non-redundant protein sequence (NR)

database, setting the expected e-value for BLASTP comparisons at

1e-5. Taxonomic annotations for species were derived from the

database matching the NR database, and species abundance was

determined by summing gene abundances associated with each

species. Subsequently, the abundance of carbohydrate-active

enzymes was computed using the sum of gene abundances linked

to these enzymes. Ultimately, 33 metagenomic data points from

three locations were contrasted with the NR and carbohydrate-

active enzyme databases.
2.6 Statistical analysis

Initially, the ‘randomForest’ package was used for random

forest machine learning algorithm analysis to determine the most

important microbial predictors of Rs components. The genus-level

taxonomic composition and functional genes obtained using KEGG

analyses based on the metagenomics of rhizosphere and bulk soil

microorganisms were regressed with Rs components, and the

genera or genes that contributed greatly to the prediction

accuracy of the model were found by performing five rounds of

10-fold cross-validation (Zhang et al., 2018a). The ‘rfPermute’ and

‘A3’ packages enabled 1000 random permutations to assess

predictor importance and overall model significance (Fortmann-

Roe, 2015). Spearman correlation assessed the relationship between

functional genes and Rs components. Subsequently, the ‘vegan’

package was employed for non-metric multidimensional scaling

(NMDS) using Bray-Curtis distances to analyze genus-level

microbial communities and functional genes, visualizing shifts in

microbial taxonomy and functionality (Chen et al., 2020; Liu et al.,

2019). Lastly, partial least squares path modeling (PLS-PM) was

utilized to investigate the interconnections among microbial

taxonomy and function (NMDS axes), root traits (SRA, RDW,

RCC, RNC, RPC), soil properties (pH, SSC, SOC, TN, AN, NN, TP,

AP, SWC, ST), and Rs components (Ra, Rh) via the “plspm”

package (Zhou et al., 2022). A goodness of fit (GoF) index

represented the overall predictive ability of the final PLS-PM

model (Tenenhaus et al., 2005).
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3 Results

3.1 Changes in Rs and soil properties

During the measurement process, soil respiration rates exhibited

more pronounced fluctuations in the river bank habitat as compared to

those in the transitional zone and the desert margin. Through one-way

analysis of variance (ANOVA), it was ascertained that the rates were

significantly elevated in the river bank habitat (P <0.05, Figure 2;

Table 1). From May to August 2019, the mean value of Rs was 1.82 ±

0.41 mmol m−2 s−1 for the river bank, 0.49 ± 0.15 mmol m−2 s−1 for the

transitional zone, and 0.45 ± 0.12 mmol m−2 s−1 for the desert margin

(Table 1). Between May and August, the average contribution of Ra to

Rs was 45% in river bank, 38% in the transitional zone, and 37% at the

desert margin (Figure 2C). Compared with the river bank, the Ra in the

transitional zone and the desert margin decreased by 77.8% and 79%,

respectively, and the Rh decreased by 68.6% and 74.5%, respectively

(Table 1). RCC, RNC, and RPC were the highest in the river bank plot,

while SRA was the highest in the desert margin (Table 1). The soil in

the study area had a high sand content but low silt and clay content

(Supplementary Table S1). Sand content increased gradually from the

river bank to the desert margin, while silt and clay content decreased

(Supplementary Table S1). The environmental gradient observed

primarily resulted from variations in soil properties, showing

declining SWC and soil nutrients from the river bank to the desert

margin as ST increased, suggesting greater environmental stress at the

desert margin (Supplementary Table S1). Except for TN, AN, and AP,

root exclusion treatment did not significantly affect other soil

properties (P > 0.05, Supplementary Table S1).
3.2 Structure and function of soil
microbial communities

Soil sample bacterial abundance varied, with rhizosphere >

bulk, while archaeal abundance followed the opposite pattern,

rhizosphere < bulk (P < 0.05, Table 2). Across all soil samples,

the dominant phyla were Proteobacteria, Actinobacteria,
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Bacteroidetes, Gemmatimonadetes, Planctomycetes, Chloroflexi,

Firmicutes, Cyanobacteria, and Euryarchaeota. These nine

dominant phyla collectively made up 79.46% of the community,

with Proteobacteria and Actinobacteria being the most abundant.

Proteobacteria comprised 40.77% of rhizosphere soil and 17.99% of

bulk soil, whereas Actinobacteria represented 21.54% of

rhizosphere soil and 40.67% of bulk soil (Supplementary Figure S1).

Dominant genera in rhizosphere and bulk soil varied slightly

across different habitats. These dominant genera all fell within the

major bacterial phyla: Actinobacteria, Proteobacteria,

Gemmatimonadetes, and Bacteroidetes (Figure 3). Dominant

genera in rhizosphere samples included Gemmatimonas (3.08% ±

1.10%), Streptomyces (1.88% ± 0.41%), Halomonas (1.71% ±

1.12%), Nitriliruptor (1.68% ± 0.86%), Gammaproteobacteria

noname (1.59% ± 0.29%), and Nitriliruptor (4.43% ± 3.40%). In

contrast, bulk soil samples were dominated by Rubrobacter (4.22%

± 3.96%), Gemmatimonas (3.29% ± 2.37%), Streptomyces (3.07% ±

0.93%), and Actinobacteria class noname (2.18% ± 0.62%). The

relative abundances of Gracilimonas, Rhodothermaceae noname,

and Gemmatirosa exhibited a gradual decrease from the river bank

to the desert margin in both rhizosphere and bulk soil

samples (Figure 3).

Metagenomic sequencing revealed a substantial presence of

genes encoding carbohydrate enzymes within the soil microbial

genome (Supplementary Figure S2A). Specifically, these genes were

categorized into 109 glycoside hydrolase (GH) families, 66 glycosyl

transferase (GT) families, 19 polysaccharide lyase (PL) families, 16

carbohydrate esterase (CE) families, 12 auxiliary activity (AA)

families, and 41 carbohydrate binding module (CBM) families,

with respective counts of 340,862; 367,148; 39,947; 259,918;

88,806 genes (Supplementary Figure S2B). Gene abundances for

AAs, CBMs, and PLs were notably higher in rhizosphere soil

compared to bulk soil, whereas GHs exhibited an inverse pattern

(P < 0.05). Furthermore, the abundance of carbohydrate enzyme

genes varied across different environmental gradients

(Figures 4G–L). Notably, the abundance of CBM and CE genes in

river bank was significantly greater than in transitional zone and

desert margin (Figures 4H–I).
FIGURE 2

Dynamics of soil respiration and its components along the environmental gradient during the growing season (May–August). Data shown are the
means ± SE of sampling plots (n = 6) from each habitat.
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3.3 Identification of drivers related to Rs
and its components

Utilizing a random forest model and five iterations of 10-fold cross-

validation, we identified the optimal combination of 20 genera and 10

functional genes that encapsulate sample feature information (P < 0.05).

These combinations accounted for variations inRs components ranging

from 0.329 to 0.486 (P < 0.001, Figure 5). The chosen carbon-degrading

bacteria primarily consisted of bacterial communities, with certain

selected genera and functional genes showing significant correlations

with Rs components (P < 0.05, Supplementary Table S4).

The PLS-PM model revealed that soil properties and functional

attributes exerted significant direct positive influences on both Ra and

Rh (with Goodness-of-Fit values of 0.67 and 0.62, respectively),

whereas taxonomic attributes did not show a statistically significant

impact (Figure 4). Soil properties positively influenced root traits and

functional attributes, indirectly affecting Ra through these pathways.

Consequently, alterations in Rs components across environmental

gradients were primarily achieved through modifications in root

traits and microbial functional attributes.
4 Discussion

4.1 Relative contributions of Rh and Ra to
Rs along the environmental gradient

Prior research indicates that Rs and soil physicochemical properties

exhibit high variability within desert ecosystems (Wang et al., 2021b).

Precisely categorizing observed Rs into various components and
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evaluating their environmental responsiveness is crucial for

comprehending terrestrial ecosystem carbon balances (Chin et al.,

2023). This study determined that Ra’s contribution to Rs ranged

from 37% to 45% at the research site, aligning with previously reported

ranges for desert ecosystems (13%-94%) (Zhao et al., 2011). However,

these figures differ from those in other ecosystems (Cahoon et al., 2016;

Huang et al., 2015) due to variations in site-specific conditions and

measurement methodologies affecting Ra’s contribution to Rs (Hanson

et al., 2000). Moreover, Rh accounted for over 50% of Rs in all three

plots, clearly indicating Rh as the primary driver of Rs, corroborating

earlier findings (Chen et al., 2015; Ma et al., 2019; Subke et al., 2006).

Research in an alpine meadow on the Qinghai-Tibet Plateau revealed

that warming decreased the Rh/Rs ratio, primarily attributed to

minimal Rh variation and Ra augmentation induced by warming

(Yan et al., 2022). Conversely, a study in a drier temperate evergreen

broadleaf forest indicated that diminished rainfall resulted in a 40%

reduction in root respiration, with no impact on Rh, thus elevating the

Rh/Rs ratio (Hinko-Najera et al., 2015). Notably, this study discovered

that environmental stress enhanced Rh’s relative contribution to Rs

(Table 1), typically explained by Ra experiencing a more pronounced

reduction under drought stress compared to Rh (Balogh, 2016; Li et al.,

2013). To sum up, these findings suggest that root activities are more

suppressed in arid desert ecosystems (Zhou et al., 2019), leading to a

higher percentage of carbon emissions originating from soil microbes

rather than root and rhizosphere respiration (Wang et al., 2019b). As

global climate change and drought frequency rise (Knapp et al., 2015),

future climates in arid deserts could significantly alter Rs through shifts

in component intensities and proportions (Liu et al., 2017). Soil

moisture might also play a crucial role in the carbon cycle during the

growing seasons in arid regions (Kannenberg et al., 2024).
TABLE 1 One-way analysis of variance (ANOVA) for soil respiration and its components and root traits along the environmental gradient.

Plot River bank Transitional zone Desert margin

Soil respiration (Rs; mmol m−2 s−1) 1.82 ± 0.41 a 0.49 ± 0.15 b 0.45 ± 0.12 b

Heterotrophic respiration (Rh; mmol m−2 s−1) 1.02 ± 0.48 a 0.32 ± 0.06 b 0.28 ± 0.04 b

Autotrophic respiration (Ra; mmol m−2 s−1) 0.81 ± 0.48 a 0.18 ± 0.10 b 0.17 ± 0.07 b

Specific root area (SRA; cm2 g−1) 4.89 ± 2.22 a 2.72 ± 1.39 a 5.44 ± 4.56 a

Root dry weight (RDW; g g−1) 9.18 ± 4.06 b 13.86 ± 7.06 a 13.61 ± 6.16 a

Root carbon content (RCC; mg g−1) 246.37 ± 22.53 a 244.64 ± 15.30 a 242.48 ± 7.75 a

Root nitrogen content (RNC; mg g−1) 15.14 ± 3.43 a 13.31 ± 2.89 a 14.36 ± 1.74 a

Root phosphorus content (RPC; mg g−1) 0.85 ± 0.32 a 0.48 ± 0.09 b 0.54 ± 0.14 b
The same letters indicate no significant differences (P > 0.05) between different habitat types.
TABLE 2 Distribution of different domains obtained using MetaPhlAn analysis according to metagenomic sequence samples.

Plot
River bank Transitional zone Desert margin

Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil

Bacteria 98.51 ± 0.23a 96.75 ± 1.30b 98.10 ± 1.03a 97.37 ± 0.16b 98.26 ± 0.47a 97.45 ± 0.45b

Fungi 0.11 ± 0.01a 0.09 ± 0.02a 0.14 ± 0.06a 0.11 ± 0.01a 0.11 ± 0.01a 0.10 ± 0.01a

Viruses 0.09 ± 0.06a 0.08 ± 0.02a 0.08 ± 0.04a 0.06 ± 0.01a 0.06 ± 0.01a 0.04 ± 0.01a

Archaea 1.29 ± 0.29b 3.08 ± 1.31a 1.68 ± 1.03b 2.46 ± 0.16a 1.59 ± 0.48b 2.40 ± 0.45a
The same letters indicate that there are no significant differences (P > 0.05) between rhizosphere soil and bulk soil within the same habitat type.
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4.2 Changes in Ra driven by root traits and
rhizosphere microorganisms

Consistent with the initial hypothesis, environmental stress can

affect Ra by altering microbial activity and plant physiological

structure (Vries et al., 2016). This study identified a diverse range

of microorganisms, including bacteria, archaea, fungi, and viruses,

in the rhizosphere (Table 2). Additionally, shifts in the microbial

community’s composition and structure were observed across

different environmental gradients (Figure 3; Supplementary

Figure S1). This may be due to the fact that these microorganisms

are adjacent to plant roots, and their combination can obtain

nutrients for plants to promote plant growth and health

(Abraham and Babalola, 2019). Some researchers have pointed

out that environmental stress can lead to strong changes in

rhizosphere microbial community structure and functional genes

(Argaw et al., 2021; Naseem et al., 2018; Sanaullah et al., 2011;

Segovia et al., 2013). Microorganisms that occupy the rhizosphere

and promote plant growth and tolerance can adopt certain adaptive

life history strategies to cope with changes in resource availability

and abiotic conditions (Aslam et al., 2022; Ju et al., 2020; Li et al.,

2022) , thereby affect ing Ra mediated by rhizosphere
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microorganisms. Studies have shown that life history strategies

that focus on the interaction between microorganisms and the

environment can help to link microbial ecology with ecosystem

functions (Malik et al., 2019a). Character-based microbial life

history strategies can be divided into three categories: high yield

(Y), resource acquisition (A), and stress tolerance (S) (Malik et al.,

2019a). In soils from river bank habitats to desert marginal habitats,

the abundance of PL and CE genes involved in polysaccharides and

carbohydrate esters decreased gradually, while the abundance of

GH genes involved in soil organic C decomposition increased

gradually (Figure 4), which meant that the microbial life history

strategy changed from stress tolerance (S) to resource acquisition-

stress tolerance combination (S-A) (Naseem et al., 2018). This is

because with the increase of environmental stress, microorganisms

not only need to increase their investment in extracellular

polysaccharide (EPS) to cope with drought stress (Naseem et al.,

2018) but also need to increase investment in extracellular enzyme

production to alleviate resource constraints (Allison and Vitousek,

2005; Lipson, 2015). However, this strategic shift reduces

metabolism in other physiological processes (e.g., Ra) due to

increased metabolic investment in resource acquisition, typically

resulting in slower cell growth rates (Malik et al., 2019a).
FIGURE 3

Relative abundances and proportions of dominant species in different soil samples at the genus level (showing the top 20 species with the highest
relative abundances). The right semicircle represents the species abundance composition of the sample, and the left semicircle represents the
distribution proportion of species in different samples. Circles from the outside to the inside depict the following: the first and second colored
circles: the left half circle represents the distribution proportion of different samples in dominant species, different colors represent different samples,
and the length represents the distribution proportion of the sample in a species (the percentage displayed in the second circle); the circle on the
right half represents the species composition corresponding to different samples, different colors represent different species, and the length
represents the abundance proportion of a species in the sample (the percentage shown in the second circle); the third circle: there is a colored
band in the circle, with one end connecting the sample (right semicircle), where the end width of the band represents the abundance of species in
the sample, and the other end connecting the species (left semicircle), where the end width of the band represents the distribution proportion of the
sample in the corresponding species, and the value outside the circle represents the abundance value of the corresponding species. R1–R6, T1–T6,
and D1–D6 are rhizosphere soil; R7–R12, T7–T9, and D7–D12 are bulk soils.
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In addition, the random forest model identified a new list of

key microbial classification and functional attributes (Figure 5).

These microbial attributes were significantly correlated with Ra

(P < 0.05, Figure 5), and they were important Ra predictors along

the environmental gradient. Among them, Ra was significantly

positively correlated with related genera in Firmicutes (e.g.,

Caldicellulosiruptor, Pediococcus, Succinispira, and Acetohalobium)

and significantly negatively correlated with related genera in

Proteobacteria (e.g., Paramesorhizobium, Pannonibacter, and

Pelagibacterium) (Supplementary Table S4). An increasing number

of studies have shown that archaea exist in various environments on

Earth (Flemming and Wuertz, 2019; Shu and Huang, 2022), and these

microorganisms play important roles in biochemical processes such as

carbon fixation, methane oxidation, methane production, and organic

matter degradation (Adam et al., 2017). Although archaea are

considered to be rare members of the microbial biosphere, some

archaea have been shown to be major members of ecosystems (Spang

et al., 2017). Among them, Methanobacteriales and Methanococcales,

as methanogenic archaea, conduct the anaerobic fermentation of

inorganic or organic compounds to convert them into methane and

carbon dioxide (Evans et al., 2019; Kurth et al., 2021). In this study, a

positive correlation was detected between the related genera of

Euryarchaeota (Methanomicrobia noname and Methanomicrobiales

noname) and Ra (Supplementary Table S4), which is consistent with

previous research results (Zhang and Lv, 2020). This result indicates

that archaea are also involved in the regulation of rhizosphere soil

carbonmetabolism, but the current research is still in its infancy. In the
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future, next-generation omics techniques (such as metatranscriptomics

and metaproteomics) are needed to verify the ecological functions of

these archaea, thereby increasing the understanding of carbon

metabolism in arid desert ecosystems.

There is evidence that different microorganisms can perform

similar metabolic functions due to horizontal gene transfer between

microorganisms, and their communities usually exhibit high

‘functional redundancy’ (Louca et al., 2016). The research

framework based on microbial taxonomy does not necessarily

reflect the significant impact of species diversity reduction or

community species composition changes on their mediated

ecological processes or the response to environmental changes

(Green et al., 2008). Interestingly, it was found that soil properties,

root traits, and microbial functional attributes were closely related to

Ra (Figure 6), which provides direct evidence that soil function is

driven by soil properties, root traits, and microbial functional genes

(Spitzer et al., 2021; Trivedi et al., 2016), and suggests that microbial

functional attributes rather than taxonomic attributes may provide a

more effective link between microorganisms and Ra (Chen et al.,

2020). The gene abundances of starch synthase (K00703),

phosphatidylinositol glycan A (K03857) encoding GTs and UDP-3-

O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase (K16363),

and heparan sulfate N-deacetylase/N-sulfotransferase1 (K02576)

encoding CEs were significantly positively correlated with Ra (P <

0.05, Supplementary Table S4). The CAZy annotation results showed

that these genes were key genes in carbohydrate metabolism and lipid

metabolism (Kanehisa et al., 2015). Therefore, paying attention to
FIGURE 4

Differences in the carbohydrate enzyme gene abundance between different microhabitats (A–F) and plot types (G–L). Glycoside hydrolases (GHs),
glycosyl transferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), auxiliary activities (AAs), and carbohydrate binding modules
(CBMs). GHs and GTs are involved in soil organic C decomposition and biosynthesis, respectively. PLs, CEs, and AAs are involved in the microbial
decomposition of polysaccharides, carbohydrate esters, and lignin, respectively. The gene abundance of GHs, GTs, PLs, CEs, and AAs is the sum of
the relative abundances of each specific gene belonging to a specific module. The numbers and asterisks above the horizontal line represent
significant differences between the two groups, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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these genes may be of great significance for understanding the soil

carbon cycle in desert ecosystems, and these genes may be involved in

the related processes of microbial respiration and carbon metabolism

in rhizosphere soil.

Environmental changes, altering soil water conditions and

nutrient availability, directly or indirectly affect Ra (Bloor and

Bardgett, 2012; Tang et al., 2020b). Typically, in natural

environments, low SWC leads to high ST, restricting root and

microbial metabolism (Liu et al., 2018; Luo and Zhou, 2006), and

consequently suppressing root and rhizosphere respiration (Jarvi and

Burton, 2013). Brunner et al. (2015) noted that during drought, tree

species allocate significant carbon to defense and storage, like woody

tissues, instead of acquiring external resources. This strategy

enhances plant resilience to environmental stress, aligning with

current findings. The study observed that SRA rises with drought

stress, suggesting that more carbon is directed towards increasing

underground biomass rather than respiration, significantly lowering

Ra (Figure 2; Table 1). This can be attributed to the fact that under

drought stress conditions, plants can preferentially allocate more

carbon to root storage pools and osmotic adjustment, while the

proportion used for their own metabolic consumption is relatively

reduced, and the decline in Ra is due to the reduction of metabolic

activity, which improves their adaptability (Hasibeder et al., 2014).
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In addition, because phosphorus is the main component of adenosine

triphosphate (ATP), a product of root respiration, the decrease of

phosphorus content in plant tissues inhibits the decrease of ATP

synthesis and thus limits Ra (Jarvi and Burton, 2017). Overall, the

results of this study highlight that in order to provide accurate

information on future belowground carbon partitioning and carbon

cycling, it may be effective to evaluate Ra patterns associated with soil

properties, root traits, and rhizosphere microorganisms (especially

functional genes) (Jia et al., 2013).
4.3 Revealing the subsurface driving
factors of Rh

The bare soil environment is a typical oligotrophic environment, in

which most of the microorganisms survive and grow slowly in the soil

in an adaptive oligotrophic metabolic model (Chen et al., 2021).

Evidence suggests that numerous oligotrophic microorganisms, such

as actinomycetes, facilitate soil organic matter decomposition by aiding

in the breakdown of challenging compounds like cellulose and lignin

(Kanokratana et al., 2010; Li et al., 2016). Our findings reveal

differences in microbial community structure and composition

between the rhizosphere and bulk soils (Table 2). Bulk soil
FIGURE 5

Random forest analysis identifying the significant (P < 0.05) microbial predictors of soil respiration components: the relative abundance of the soil
microbial community at the genus level (A, C), and the abundance of functional genes (B, D). These functional genes were annotated according to
the CAZy (carbohydrate active enzyme) database using metagenomic data derived from a subset of soil samples (Supplementary Table S3).
Embedded in the figure are five 10-fold cross-validation results to assess the importance of microbial variables. When the cross-validation error is at
the minimum (stable), the prediction model has the best performance. The importance of the variable is measured by the “percentage of increase of
mean square error (Increase in MSE(%))” value in the random forest. Higher MSE% values mean more important variables. In the figure, the
importance of microbial variables to model accuracy decreases in turn.
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microbiota was predominantly bacterial, with actinomycetes showing

the greatest relative abundance (Figure 3; Supplementary Figure S1),

aligning with prior research on alpine peatland microbial communities

(Kang et al., 2022). This could stem from the selective pressure of the

oligotrophic bare environment, favoring actinomycete groups adapted

to prolonged oligotrophic metabolic conditions (Zhang et al., 2018b).

Research indicates that over 90% of enzymes responsible for

carbohydrate degradation originate primarily from Firmicutes and

Bacteroidetes (Gong et al., 2020). We observed that environmental

stress decreased the relative abundance of Bacteroidetes in bulk soil

(Figure 3), potentially accounting for the reduction in Rh from river

bank to desert margin. Furthermore, our analysis identified 20

microbial genera associated with Rh, including nine from

Bacteroidetes. Consequently, we propose that Bacteroidetes could

serve as a valuable biological indicator for estimating soil Rh

variations across different environmental gradients.

It is worth noting that in the present study, a complex gene pool

composed of diverse enzyme families was identified in bulk soil

(Supplementary Figure S2), which can provide a variety of

degradation capabilities for the utilization of various carbohydrate

substrates (Gong et al., 2020). Compared with rhizosphere soil,

bulk soil had a higher abundance of GH carbohydrate active

genes (Figure 4), and these enzymes were assigned to 109

GH families (Supplementary Figure S2). This is because in bulk soils
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with low resource availability, microorganisms increase investment

in extracellular enzyme production to break down complex

resources (Allison et al., 2010), resulting in richer GH genes

and higher GH enzyme activity (Malik et al., 2019b). In addition,

beta-N-acetylhexosaminidase (K00703) and L-iduronidase (K01217)

genes encoding GHs exhibited positive effects on Rh (Supplementary

Table S4), which is consistent with other research results that these

gene predictors are significantly correlated with soil C metabolic

functioning (Yang et al., 2021). Surprisingly, the present study found

that phosphatidylinositol glycan A (K03857) could also explain the

change of Rh (Supplementary Table S4), which was consistent with Ra.

Phosphatidylinositol glycan A is a gene encoding the catalytic subunit

of GPI-N-glucosamine acetate transferase and a key enzyme in the

biosynthesis of glycosylphosphatidylinositol (GPI) (Miyata et al., 1993).

Therefore, we suggest that identifying this key functional gene is

essential if microbial communities are to be used to predict patterns

of changes in respiratory components in different environments.

Although previous studies have thoroughly demonstrated that Rh, as

a complex process, is closely related to the microbial community

composition and soil properties (Whitaker et al., 2014; Zhang et al.,

2021), this study also evaluated the effects of microbial functional

attributes on Rh on the basis of previous studies. In PLS-PM,

the relationship between Rh and microbial functional attributes

was superior to the taxonomic attributes (Figure 6), which further
FIGURE 6

Partial least squares path modeling (PLS-PM) for determining the effects of soil properties, root traits, taxonomic attributes, and functional attributes
on soil respiration components (A, B) and standardized path coefficients (C, D). Arrow widths describe the magnitude of the path coefficients, and
solid and dashed arrows indicate positive and negative effects, respectively. *P < 0.05, **P < 0.01. Microbial classification attributes and functional
attributes are represented by the first and second axes of non-metric multidimensional scale ranking (NMDS) based on the Bray–Curtis distance,
respectively. More information about NMDS is provided in Supplementary Figure S3.
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confirmed the importance of incorporating microbial functional

genes into Rs models (Liu et al., 2019; Xu et al., 2018; Yang et al., 2021).

Among the three methods for distinguishing Ra and Rh, the

root exclusion method stands out as the simplest and most

dependable for extensive in-situ separation of Rs components

(Borden et al., 2021; Zhao et al., 2011). Root exclusion methods

commonly involve root removal, trenching, and gap analysis (Chin

et al., 2023). To address the inherent limitations of the root

exclusion method (Hopkins et al., 2013; Zhao et al., 2011) and

given the ease of measuring multiple sampling points, this study

integrated trenching and gap analysis to separate various Rs

components. Despite performing the initial Rs measurement after

10 months of trenching to mitigate soil disturbance and dead root

decomposition effects (Chin et al., 2023; Schiedung et al., 2023), it’s

important to acknowledge that this approach carries uncertainties.

The fundamental premise of the root exclusion method is that Rh

stays constant post-root and associated root exudate removal (Chin

et al., 2023; Zhao et al., 2011). It’s noteworthy that even though bare

soil lacks inputs of readily decomposable organic matter like root

exudates and plant residues, microbes can influence Rh by breaking

down more recalcitrant soil carbon pools (Tian et al., 2024). To sum

up, the root exclusion method alters microbial substrate availability

by decreasing root exudates rich in labile carbon, potentially

impacting the ‘priming effect’ on soil carbon mineralization (Chin

et al., 2023). This influences soil organic carbon decomposition

rates, possibly causing variations in Rh estimates (Classen et al.,

2015). Obviously, future studies are required to investigate how the

priming effect impacts Rh under prolonged root exclusion, aiming

to resolve existing uncertainties.
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In summary, our research represents an important step in

unraveling the complex relationships between soil microbial

communities, soil properties, root traits, and Rs components within

the unique context of the desert-oasis ecotone in arid regions. Through

a comprehensive field investigation and advanced metagenomic

analysis, we have provided novel insights into the factors governing

Rs and its autotrophic and heterotrophic components.

Our findings clearly demonstrate that environmental stress,

manifested as a gradient from the relatively more favorable river

bank to the harsher desert margin, exerts a significant negative

impact on Rs and its constituent parts. This stress not only affects

the biotic drivers, such as root and microbial traits, but also the

abiotic drivers, including soil microclimate and nutrient levels

(Figure 7). Importantly, we have discovered that the components

of Rs are more responsive to microbial functional genes than to

microbial taxonomic diversity. This indicates that the balance

between microbial metabolic expenditure and the presence of

carbon-degrading genes plays a crucial role in determining the

contribution of microbial activities to Rs components.

These results have important implications for future research

on the carbon cycle in desert ecosystems. We emphasize the need to

distinguish between the autotrophic and heterotrophic components

of Rs when evaluating their responses to environmental changes.

Moreover, we recommend the utilization of traits, including

microbial functional genes, root traits, and chemical properties, as

essential regulatory elements in Rs modeling. This approach will

enhance the precision of predicting soil carbon emissions and
FIGURE 7

Underlying mechanisms of abiotic and biotic drivers on soil respiration components and their changes in a desert-oasis ecotone in an arid region.
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carbon cycling in these arid regions, thereby providing a more

accurate understanding of the role of desert ecosystems in the global

carbon cycle. Our study thus serves as a foundation for further

investigations aimed at developing effective strategies for carbon

management and ecosystem conservation in arid and semi-

arid regions.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Author contributions

JW: Data curation, Funding acquisition, Investigation,

Methodology, Resources, Software, Validation, Visualization,

Writing – original draft, Writing – review & editing. GL:

Conceptualization, Funding acquisition, Writing – review &

editing. JY: Conceptualization, Writing – review & editing. XH:

Funding acquisition, Writing – review & editing. HW: Funding

acquisition, Writing – review & editing. WL: Data curation,

Methodology, Software, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. The author(s)

declare financial support was received for the research, authorship,

and/or publication of this article. This research was supported by the

National Natural Science Foundation of China (42171026 and

32360282), the Special Project for Construction of Innovation
Frontiers in Plant Science 1383
Environment in Xinjiang Uygur Autonomous Region-Science and

Technology Innovation Base Construction Project (PT2107), the

Special Projects of the Central Government in Guidance of Local

Science and Technology Development (ZYYD2023A03), the Tianchi

T a l e n t P r o g r am o f X i n j i a n g Uygu r Au t onomou s

Region (5105240150h).
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 author(s) 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/fpls.2025.1511277/

full#supplementary-material
References
Abraham, O., and Babalola, O. (2019). Bacteria, fungi and archaea domains in
rhizospheric soil and their effects in enhancing agricultural productivity. Int. J. Environ.
Res. Public Health 16, 3873. doi: 10.3390/ijerph16203873

Adam, P., Borrel, G., Brochier-Armanet, C., and Gribaldo, S. (2017). The growing
tree of Archaea: New perspectives on their diversity, evolution and ecology. ISME J. 11,
2407–2425. doi: 10.1038/ismej.2017.122
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Silicon enhanced phosphorus
uptake in rice under dry
cultivation through root
organic acid secretion and
energy distribution in low
phosphorus conditions
Hao Jiang1,2, Wanchun Li1, Zixian Jiang1, Yunzhe Li3,
Xinru Shen1, Min Nuo1, Hongcheng Zhang1, Bei Xue1,
Guangxin Zhao1, Ping Tian1, Meiying Yang4 and Zhihai Wu1,2*

1Faculty of Agronomy, Jilin Agricultural University, Changchun, Jilin, China, 2Jilin Province Green and
High Quality Japonica Rice Engineering Research Center, Jilin Agricultural University, Changchun,
Jilin, China, 3Changchun Farmers Vocational Education Center, Changchun Agriculture and Rural
Bureau, Changchun, Jilin, China, 4College of Life Sciences, Jilin Agricultural University, Changchun,
Jilin, China
Dry cultivation of rice (DCR) is one of the important rice cultivation practices

aimed at addressing freshwater resource shortages. However, the non-

renewable nature of phosphate resources constrains agricultural development.

In the context of the contradiction between rice, water, and phosphorus, there is

little research on using the silicon phosphorus relationship to improve the

phosphorus availability and uptake of DCR. This experiment used field soil and

established five fertilization treatments: no phosphorus application, low

phosphorus and normal phosphorus (0, 25, 75 kg·ha-1 P2O5) (0P, 25P, 75P),

along with two silicon levels (0, 45kg·ha-1 SiO2), resulting in the treatments 0P,

0PSi, 25P, 25PSi, and 75P. The soil phosphorus components and plant

phosphorus uptake were analyzed. The results showed that adding silicon to

25P increased the Olsen-P content (14.37%) by increasing Ca8-P (9.04%) and Al-

P (19.31%). Additionally, root and leaf phosphorus content increased by 7.6% and

5.8%, respectively, comparable to the levels observed in the 75P treatment. On

one hand, adding silicon increases malate (40.48%) and succinate (49.73%)

content, enhances acid phosphatase activity, and increases the abundance of

Bradyrhizobium, Paenibacillus, and Bacillus, as well as the proportion of

Fusarium, forming an “organic acid microbial” activated phosphorus system.

On the other hand, the addition of silicon alleviated phosphorus limitations by

reducing ATP consumption in roots through a decrease in ATPase and P-ATPase

content. This also minimized excessive NSC transport to roots, thereby

promoting shoot growth by downregulating SUT1, SWEET11, SUS2, and CIN2.

In addition to optimizing root-to-shoot ratio and providing sufficient energy,

silicon addition also increases root volume and upregulates OsPT2, OsPT4, and
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OsPT8, thereby promoting phosphorus uptake. In summary, 25PSi optimizes the

root-to-shoot ratio and promotes phosphorus conversion and uptake through

organic acid, microbial, and energy pathways. Applying silicon is beneficial for the

sustainable and efficient management of phosphorus in DCR.
KEYWORDS

phosphorus, silicon, rice, dry cultivation, root architecture, organic acid,
microorganism, energy metabolism
Introduction

The International Food Policy Research Institute predicts that

by 2050, climate change will cause a 20% decrease in irrigated rice

production in developing countries, while available freshwater

resources are expected to decline by 50% (Aditi et al., 2020).

Insufficient moisture significantly impacts crop yields and

threatens global food security (Maryam, 2021). Rice is a food

crop with high water consumption, and addressing the “rice-

water contradiction” is a pressing issue in rice-growing regions

worldwide. In recent years, dry farming of rice has gradually

become a research hotspot in the field of agricultural ecology. The

‘blue revolution’ concept for food security through water-saving

and drought-resistant rice has been proposed, leading to the

cultivation and widespread promotion of water-saving and

drought-resistant rice varieties (Xia et al., 2022). Significant

progress has been made in variety screening (Wei et al., 2022),

quality assessment (Wang et al., 2023), and yield enhancement

strategies (Jiang et al., 2023a) for rice cultivation under drought

conditions. Numerous studies on the exploration of drought-

resistant germplasm resources and drought-resistant mechanisms

have demonstrated that dry rice cultivation has outstanding

advantages, including water conservation, saving costs and labor,

adapting to mechanization, and simplifying rice cultivation (Jiang

et al., 2023b; Bi et al., 2021; Guo et al., 2024. As a result, it is

currently a research hotspot in the field of water-saving cultivation

of rice.

Phosphorus (P) is a key nutrient element for crop growth.

Increased food production may drive the demand for phosphorus

input in farmland, but phosphate ore is a non-renewable resource.

The total amount of phosphorus fertilizer application in global

farmland continues to increase, reaching 18 TgP yr−1 in 2013, which

has exceeded the boundary value (6-12 TgP yr−1 to TgP yr−1). This

figure is projected to increase to 22-27 TgP yr−1 by 2050 (Zou et al.,

2022). Improper use of phosphorus in crop production leads to

excessive leaching of phosphorus into water bodies, posing a threat

to aquatic organisms and human health (Bouwman et al., 2017). In

order to meet the growing demand for food, address the rice-water-

phosphorus contradiction, and solve the multiple challenges of

exacerbating phosphorus pollution and depleting phosphate rock

reserves, it is essential to improve the phosphorus utilization
0288
efficiency in rice under dry cultivation production, particularly in

low phosphorus environments.

There are various strategies plants use to improve soil

phosphorus availability and uptake: (1) “P-mining”, which utilizes

root exudates such as organic anions (carboxylates) and

phosphatases to mineralize difficult to utilize inorganic and

organic phosphorus pools (Wen et al., 2020); (2) Root foraging “,

where plants alter their root system configuration to obtain more

effective soil phosphorus (Liu, 2021); (3) Symbiotic relationships,

such as root colonization with arbuscular mycorrhizal and

ectomycorrhizal fungi (Song et al., 2021); (4) Metabolic

adaptation, such as replacing phospholipids with non-

phospholipids (such as galactolipids and thiolipids) (Hans et al.,

2012); (5) Improved internal phosphorus utilization efficiency,

which increases plant yield per unit of phosphorus uptake (Liao

et al., 2020). We discovered that silicon can increase rice yield under

dry cultivation under normal phosphorus conditions (Jiang et al.,

2023a). However, the relationship between silicon and phosphorus

under low phosphorus conditions remains to be explored, and the

effects of silicon on the soil phosphorus environment and root

phosphorus uptake are not yet clear.

The relationship between rhizosphere microbial communities

and root exudates has become one of the research hotspots in root-

soil interaction (Sreejata et al., 2024). However, the impact of

silicon-phosphorus interaction in the rhizosphere of rice under

dry cultivation on root exudates and microbial communities

remains unclear. Phosphorus is well known to play a critical role

in essential life processes such as respiration and energy

metabolism. Plant metabolic activities, ion transport, ineffective

cycling, sucrose transport, and response to abiotic stress require a

significant amount of energy (Jeffrey et al., 2019). In cases of

phosphorus deficiency, the root-to-shoot ratio of crops often

increases (Xiao et al., 2022; Hermans et al., 2006). However, the

role of energy metabolism in root development of rice under dry

cultivation induced by phosphorus scarcity remains unclear.

Therefore, we propose two scientific questions (1) What is the

root-soil microbial relationship of silicon-phosphorus interaction

under dry cultivation? (2) How does silicon regulate phosphorus

absorption and development through root energy metabolism in

response to changes in phosphorus environment? This experiment

aims to develop a “water-saving, phosphorus-reducing, and
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efficiency-enhancing” technology model for rice while also

elucidating the root-soil-microbial interaction mechanism of

silicon phosphorus interaction. This will provide new solutions to

address the rice-water-phosphorus contradiction.
Materials and methods

Site description

The experiment was conducted from 2023 to 2024 at the

National Crop Variety Approval Characteristic Appraisal Station

(125°39 E, 44°46 N) of Jilin Agricultural University in Changchun,

Jilin Province, China. The 0-20 cm soil layer has a clay loam

structure with a pH value of 6.3, organic matter of 16.5 g·kg-1,

available silicon of 96.45 mg·kg-1, alkaline nitrogen of 92.3 mg·kg-1,

available phosphorus of 9.6 mg·kg-1, and available potassium of

208.46 mg·kg-1. Over the past three years, the accumulated

temperature and rainfall during the entire growth period in the

region were 2873°C and 674.6 mm, respectively.
Experimental design and
crop management

This experiment uses the rice variety ‘Suigeng 18’ (China Rice

Data Center, No. 2014021, https://www.ricedata.cn/variety/varis/

614593.htm) as the material. Research indicates that ‘Suigeng 18’ is

a rice variety suitable for dry farming in the central region of Jilin

Province (Jiang et al., 2021; Wei et al., 2022).

Potted experiments were conducted in 2023 and 2024, while

field experiments were conducted in 2024. This experiment

included three levels of phosphorus (P2O5) fertilizer (0 kg·ha-1、

25 kg·ha-1、75 kg·ha-1) and two levels of silicon (SiO2) fertilizer (0

kg·ha-1、45 kg·ha-1), resulting in five treatments: 0P, 0PSi, 25P,

25PSi, and 75P. The soil for the pot experiment was sourced from

the field, with 8.5 kg of soil used per pot. Three holes were sown per

pot, with eight seeds per hole. Each treatment was repeated three

times. The field experimental plot covers an area of 25 m2 and is

sown using the dry broadcasting method with a seeding rate of 150

kg·ha-1. The strip sowing method is used with a row spacing of 30

cm, and each treatment is repeated three times.

Silicon, phosphorus, and potassium fertilizers are applied

simultaneously as base fertilizers. The silica fertilizer is derived

from Russian mineral silica (Biotronik, Berlin, Germany), with an

effective silica content of ≥ 72% (Supporting Information,

Supplementary Figure S1). The phosphate fertilizer is composed of

superphosphate (P2O5 12%). The potassium fertilizer consists of 75

kg·ha-1 potassium chloride (K2O 60%). The nitrogen fertilizer

consists of urea (pure N 46%) applied at a rate of 160 kg·ha-1, with

a distribution ratio of 5:3:2 for base fertilizer, tiller fertilizer, and spike

fertilizer. The entire growth period is mainly rain-fed, and a soil water

potential analyzer (SYS-TSS1, Sayas Technology Co., Ltd, Liaoning,

China) is used to monitor changes in water potential in the

experimental field. When the soil water potential at a depth of 10-
Frontiers in Plant Science 0389
15 cm falls below -35 kPa, a fixed spray 360° atomizing rotary

sprinkler is used, with a spraying radius of 8 m and a water output of

0.7 m3·h-1. After replenishment, the soil water potential reaches -10

kPa. Water control in the potted plant experiment is consistent with

that in the field experiment. Other measures are implemented

according to the requirements for high-yield cultivation.
Plant and soil sampling

45 days after sowing, the rhizosphere soil attached to the surface

of the root system was collected, visible plant materials were

removed, and the soil was sieved (2 mm). The soil was then

analyzed for microorganisms, acid phosphatase activity, available

phosphorus content, and inorganic phosphorus grading. Fresh root

systems were collected for quantitative analysis of root architecture,

carboxylates, energy metabolism, and gene fluorescence. Biomass,

root phosphorus content, and non-structural carbohydrates were

measured after separating plant roots, stems, and leaves.
Morphological indicators and
plant biomass

Root system architecture
Root images were scanned using a root morphology scanner

(Epson Perfection V800 photo; EPSON, Tokyo, Japan) and stored

on a computer. Root length, root surface area, and root volume were

analyzed using the root analysis system software WinRhizo PRO

2016 (Regent Instruments, Quebec, Canada).

Leaf area and biomass
Leaf area was measured using a leaf area analyzer (CID-203;

CID Bioscience, Camas, WA, USA). The plant was decomposed

into three parts: roots, stems, and leaves, and placed in sulfuric acid

paper bags. This process was repeated three times. The drying

process was carried out at 105 °C for 30 minutes, then at 80 °C until

constant weight was reached. The weight was recorded. Root/shoot

ratio=root weight/stem and leaf weight.
Plant phosphorus content and
physicochemical properties

Plant phosphorus content
The dried samples were crushed by a powder machine and

mixed well. 0.05 g of the sample was weighed and placed in a

digestion tube, and then mixed and boiled with H2SO4-H2O2.

Repeat three times. After cooling, adjust the volume and

determine the total phosphorus content using the molybdenum

antimony colorimetric method (Siddiqi and Glass, 1981).

Non-structural carbohydrates
The soluble sugar and starch content were determined using an

improved sulfuric acid anthrone colorimetric method (DuBois et al.,
frontiersin.org
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2002). The content of total non-structural carbohydrates (NSC) was

calculated as the sum of soluble sugars and starch content. NSC root/

shoot ratio= (NSC×root weight)/(NSC×shoot weight).
Root energy metabolism

The content of ATP, ATPase, plasma membrane H+-ATPase

(P-ATPase), V-ATPase, alternative oxidase (AOX) was measured.

Frozen roots (0.01g) were ground into fine powder in liquid

nitrogen, homogenized in 0.01M PBS (pH 7.2), and centrifuged at

2000g for 20 minutes. The content of ATP, ATPase, P-ATPase, as

well as the activity of V-ATPase and AOX were measured using the

supernatant, following the manufacturer’s instructions (Shanghai

Enzyme‐Linked Biotechnology Co., Ltd.).

Measurements of mitochondrial complex activities. Frozen root

systems (0.01g) were ground and mitochondria were extracted in an

ice bath using reagents from the mitochondrial complex activity

assay kit. The extract underwent 30 cycles of ultrasound treatment

(power, 20%; ultrasound time, 3s; interval time, 10s). The activity of

complex I and complex V was measured according to the

manufacturer’s instructions (Comin Biotechnology Co., Ltd.)

using a mitochondrial complex activity assay kit (Li et al., 2023).
Root gene expression level

The root system was frozen with liquid nitrogen and transferred

to a -80°C freezer. After grinding the tissue in liquid nitrogen, total

RNA was extracted using TriPure reagent (Aidlab Biotechnologies).

RNA was reverse transcribed into single-stranded cDNA using

ReverTra Ace qPCR RT Master Mix (TOYOBO). Real-time

fluorescent quantitative PCR amplification was carried out using

cDNA as a template. The reaction system consisted of a 20 mL
reaction system, 10 mL of 2×SuperReal PreMix Plus, 8 mL ddH2O, 0.5

mL of upstream and downstream primers, and 1 mL of cDNA

template. The PCR amplification reaction system was pre-

denatured at 95°C for 15 minutes. The following 40 cycles were

performed: pre-denaturation at 95°C for 20 seconds, annealing at 60 °

C for 20 seconds, extension at 72 °C for 20 seconds, and melting for 6

seconds. Relative gene expression was analyzed using the 2–DDCT

method. Primer information is shown in Supplementary Table S1.
Collection of root exudates and
soil analysis

Soil available phosphorus and inorganic
phosphorus components

The crop roots were excavated, and the “shaking soil method”

was used to remove residual non-rhizosphere soil from the roots

while retaining rhizosphere soil. The rhizosphere soil was sealed in

plastic bags, transported to the laboratory for air drying, and stored

at room temperature (25°C). Effective phosphorus was extracted

using 0.5 mol·L-1 NaHCO3 (Olsen et al., 1954) and measured by
Frontiers in Plant Science 0490
spectrophotometry at 700 nm (T3202, Youke Instrument, Shanghai,

China). Six types of soil inorganic phosphorus components were

extracted from soil samples using a sequential extraction program,

including dicalcium phosphate (Ca2-P), octacalcium phosphate

(Ca8-P), aluminum phosphate (Al-P), iron phosphate (Fe-P),

occluded phosphate (O-P) and apatite (Ca10-P). The

measurement of inorganic phosphorus components follows the

method of Liu et al (Liu et al., 2022).

Root exudates
The roots and attached rhizosphere soil were soaked in a beaker

containing 100 mL of CaCl2 solution (0.2 mmol·L-1) (Yu et al.,

2023). After soaking the roots for 60 seconds, the root sheath soil

was removed as much as possible to reduce root damage. 10 ml of

supernatant was transferred to a centrifuge tube containing 2 drops

of microbial inhibitor and 3 drops of concentrated phosphoric acid.

The sample was stored at 20 °C until it passed through a 0.22 mm
filter and analyzed for tartrate, succinate, malate, and citrate content

by HPLC-MS/MS. The measurement of carboxylate salts follows

the method of Fiori et al. (2018). The remaining soil in the beaker

was dried and weighed to calculate the concentration of carboxylate

based on the weight of the root sheath soil.

Soil acid phosphatase and microorganisms
A portion of the rhizosphere soil was stored at 4°C for acid

phosphatase measurement, while another portion was stored

at -80°C for microbial analysis. Soil acid phosphatase was

determined using the colorimetric method with sodium

phenylene phosphate.

Genomic DNA of microbial communities was extracted from

soil samples using the magnetic bead soil DNA assay kit (RT 405-

02; TIANGEN, Beijing, China). DNA extract was detected by 2%

agarose gel electrophoresis, and DNA concentration and purity

were determined by NanoDrop 2000 (Thermo Fisher Scientific,

Waltham, MA, USA). Using a 10 ng DNA template, 0.2 µM forward

and reverse primers, and 15 µL Phusion ®High fidelity PCRMaster

Mix (New England Biolabs, Ipswich, MA, USA), the highly variable

region ITS 1 of the fungal ITS rRNA gene was amplified. The

samples were processed on the NovaSeq 6000 platform (Novogene

Technology Co, Ltd., Tianjin, China) and clustered into operational

taxonomic units (OTUs) at the 97% threshold. The DADA2module

in QIIME2 software was used to denoise and filter out sequences

with an abundance less than 5, yielding the final amplicon sequence

variations (ASVs) and feature table.
Statistical analysis

Microsoft Excel 2021 (Microsoft, Redmond, United States) was

used to organize the data. All experiments were conducted in

triplicate (n = 3). One-way analysis of variance (ANOVA) and

statistical analysis were performed to determine statistically

significant differences between the control and other treatments

using SPSS 27 software (SPSS, Chicago, United States). At P<0.05,

the difference was considered statistically significant. Origin 2022
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software (OriginLab, Northampton, USA) was used to

generate figures.
Results

Soil phosphorus components and root
phosphorus uptake under different silicon
and phosphorus conditions

Regarding the soil phosphorus environment, the addition of

silicon significantly increased the Olsen-P content in the 0P and 25P

treatments (P<0.05) (Figure 1A), with increases of 11.36% and

14.37%, respectively. In terms of the proportion of phosphorus

components. Adding silicon increased the proportion of circulating
Frontiers in Plant Science 0591
phosphorus components (Ca8-P, Al-P), which were 17.98% and

24.58% higher than the 0P treatment and 9.75% and 20.09% higher

than the 25P treatment. Silicon addition reduces the proportion of

refractory phosphorus component (Ca10-P), which is less than 0P

and 25P, respectively, by 6.78% and 4.94% (Figure 1B). In terms of

different phosphorus component contents. The easily absorbable

Ca2-P content showed a significant increase trend (P<0.05) among

different phosphorus dosages (Figure 1C). The addition of silicon

significantly increased the content of Ca8-P and Al-P components

in the medium cycle phosphorus treated with 0P and 25P (P<0.05),

while the addition of silicon under the 25P treatment increased

Ca8-P and Al-P contents by 9.04% and 19.31%, respectively

(Figures 1D, E). Conversely, silicon addition significantly reduced

the Fe-P content (P<0.05). However, no significant difference was

observed between 25PSi and 75P (P>0.05) (Figure 1F). The content
FIGURE 1

The effect of silicon and phosphorus on the phosphorus environment and root phosphorus uptake in rice under dry cultivation. (A), Olsen-P
content. (B), Proportion of phosphorus (P) components. (C–H), Phosphorus component content, (C), Ca2

-P; (D), Ca8
-P; (E), Al-P; (F), Fe-P; (G), O-P;

(H), Ca10
-P. (I), Plant phosphorus uptake. (J–L), Relative expression levels, (J), OsPT2; (K), OsPT4; (L), OsPT8. Different letters represent significant

differences in the same indicator between different treatments (P<0.05).
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of refractory phosphorus components O-P and Ca10-P, was highest

in the 75P treatment. O-P exhibited an increasing trend across the

treatments, but there was no significant difference (P>0.05)

(Figure 1G). The addition of silicon significantly reduced the

Ca10-P content in 0P and 25P treatments by 6.34% and 5.55%,

respectively (P<0.05) (Figure 1H). It is evident that silicon addition

increases the proportion of circulating phosphorus components,

reduces Ca10-P content, and increases the soil Olsen-P content.

Silicon addition significantly increased phosphorus content in

the roots and leaves of 25P by 7.6% and 5.8%, respectively (P<0.05)

(Figure 1I), but there was no significant difference between 25PSi

and 75P (P>0.05). From the overall perspective of roots, stems, and

leaves, adding silicon increased the phosphorus content of 0P and

25P plants by 2.65% and 5.58%, respectively. Silicon addition

significantly increased the expression levels of phosphorus

transport genes OsPT4 and OsPT8 in the 0P and 25P treatments

(Figures 1K, L). There was no significant change in the expression

level of OsPT2 with silicon addition at 0P; however, silicon addition

at 25P significantly upregulated the expression level of OsPT2

(Figure 1J). It is evident that silicon addition upregulates the

expression levels of phosphorus transporters in 0P and 25P

treatments, significantly increasing the phosphorus content in 25P.
Frontiers in Plant Science 0692
Plant growth and RSA under different
silicon and phosphorus conditions

The plant height was significantly lower in the 0P treatment

than in other treatments, and reached its highest at 25PSi

(Figures 2A, B). The addition of silicon increased the leaf area in

the 0P and 25P treatments by 9.31% (P>0.05) and 21.93% (P<0.05),

respectively, with no significant difference between 25PSi and 75P

(Figures 2C, F). The biomass of various parts of the plant increased

after silicon addition (Figure 2D). There was no significant

difference in root weight among the treatments (Figure 2G).

However, there was a significant difference in stem and leaf

weight between 25P and 25PSi (P<0.05), while no significant

difference was observed between 25PSi and 75P (P>0.05).

Compared with 0P, the root shoot ratio of 25PSi decreased by

27.29%, and decreased by 15.43% compared to 25P (Figure 2E).

After adding silicon, the total root length, volume, and surface area

of 0P and 25P treatments increased (Figures 2H-J), with silicon

significantly increasing the root volume of 25P treatment (P<0.05)

(Figure 2I). It is evident that silicon addition increased plant height,

leaf area, and biomass of roots, stems, and leaves in the 0P and 25P

treatments, with the 25PSi treatment showing the highest levels.
FIGURE 2

Effects of silicon and phosphorus on plant growth and RSA of rice under dry cultivation. (A), Photos of plants; (B), plant height; (C), leaf surface area;
(D), dry matter weight; (E), root/shoot ratio; (F), photos of aboveground parts of plants; (G), root photo. (H–J), Root morphology with different
diameters, (H), root length; (I), root volume; (J), root surface area. Different letters represent significant differences in the same indicator between
different treatments (P<0.05).
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The promotion effect of silicon on aboveground growth is

accompanied by a decrease in root-to-shoot ratio. The two-year

pot experiment and field experiment showed the same trend

(Supporting Information, Supplementary Figures S2, S3).
Carboxylate secretion by roots under
different silicon and phosphorus conditions

Silicon addition promotes carboxylate secretion, with the root

system treated with 25PSi exhibiting the highest carboxylate secretion

content (Figure 3A). Silicon addition significantly promoted the

content of malate and citrate in 0P and 25P treatments (P<0.05).

Malate content increased by 40.98% and 40.48%, while citrate content

increased by 73.26% and 36.52%, respectively, with the 25PSi

treatment showing higher values than the 75P treatment.

Additionally, silicon addition significantly increased the tartrate

content in the 0P treatment (P<0.05) and significantly promoted

the succinate content in the 25P treatment (P<0.05). The tartrate

content in the 0PSI treatment and the succinate content in the 25PSi

treatment were significantly higher than those in other treatments

(P<0.05). Across all treatments, citrate accounted for the highest

proportion, while tartrate had the lowest proportion (Figure 3B).

These findings indicate that the 25PSi treatment resulted in the

highest carboxylate secretion. Silicon addition primarily increased the

content and proportion of citrate and tartrate in the 0P treatment,

while enhancing the content and proportion of malate and succinate

in the 25P treatment.

Soil acid phosphatase activity exhibited a decreasing trend

among different phosphorus dosages. Silicon addition increased

enzyme activity in 0P and 25P treatments by 2.38% (P>0.05) and

8.79% (P<0.05), respectively (Figure 3C).
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Soil microbial diversity under different
silicon and phosphorus conditions

This experiment uses 16S rRNA and ITS rRNA to examine

changes in microbial communities. The larger the chao1 index, the

more low-abundance species there are in the community. Similarly,

the larger the pielou-e index and shannon index, the more evenly

distributed the species. For bacterial communities, the addition of

silicon increased the chao1 indices in the 0P and 25P treatments

(Figure 4A). The pielou-e and shannon indices were similar

between the 0P and 0PSi treatments, but showed a successive

decline in the 25P, 25PSi, and 75P treatments (Figures 4B, C).

PCoA analysis revealed that PC1 explained 16% of the variation,

while PC2 explained 10.07% of the variation (Figure 4G). These

results indicates differences in bacterial composition in soil after

silicon addition. Furthermore, compared with the 25P treatment,

the bacterial community composition in the 25PSi treatment was

more extensive.

For fungal communities, silicon addition reduced the chao1

indices in the 0P and 25P treatments, with the 75P treatment

showing the lowest values (Figure 4D). The addition of silicon

significantly decreased the pielou-e and shannon index of the 25P

treatment by 15.37% and 16.33%, respectively (Figures 4E, F). PC1

accounted for 14.19% of the fungal community variation in the

sample, while PC2 accounted for 10.31% of the fungal community

variation in the sample (Figure 4H). Significant group segregation

was observed under different phosphorus dosages. Compared with

the 0P treatment, the soil fungal composition in the 25P, 25PSi, and

75P treatments differed, leading to distinct fungal community

structures in the soil. These findings suggest that silicon addition

increases the number of bacterial species, whereas the combination

of silicon and 25P reduces fungal diversity.
FIGURE 3

Effects of silicon and phosphorus on carboxylate secretion by the rice root system under dry cultivation and soil acid phosphatase activity. (A), Carboxylates
content. (B), Carboxylate composition. (C), Activity of soil acid phosphatase. Different letters represent significant differences in the same indicator between
different treatments (P<0.05).
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Soil microbial community structure and
composition under different silicon and
phosphorus conditions

The abundance of bacterial communities at the phylum level is

shown in Figure 5A. The top 10 most abundant phyla across all

samples are Myxococcota、Chloroflexi、Verrucomicrobiota、

Bac t e r o i do ta、Cyanobac t e r i a、Gemmat imonado ta、

Acidobacteriota、Actinobacteriota、Firmicutes and Proteobacteria.

Silicon addition promotes the abundance of Acidobacteriota and

Verrucomicrobota under 0P and 25P treatments. Silicon addition

promotes the abundance of Gemmatimonadota and Myxococcata

under 0P conditions and increases the abundance of Cyanobacteria,
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Bacteroidota, and Chloroflexi treated under 25P conditions.

Conversely, the abundance of Actinobacteriota, which is

associated with phosphorus solubilization, showed a decreasing

trend after silicon addition.

The abundance of fungal communities at the phylum level is

shown in Figure 5B. Glomeromycota、Mortierellomycota、

Chytridiomycota、Basidiomycota and Ascomycota are the top 5

most abundant phyla among all samples. Adding silicon increases

the abundance of Basidiomycota by 0P and 25P treatments, and also

increases the abundance ofMortierellomycota by 0P treatment. The

abundance of Glomeromycota associated with arbuscular

mycorrhizal fungi (AMF) showed a decreasing trend after adding

silicon addition.
FIGURE 4

Effects of silicon and phosphorus on the a-diversity and b-diversity of soil microorganisms in rice under dry cultivation. (A–C) and (D-F), a-diversity
of bacteria and fungi, (A, D), chao1; (B, E), pielou_e; (C, F), shannon. (G, H), b-diversity of bacteria and fungi.
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Thirteen phosphorus solubilizing microorganisms were

identified, including nine phosphorus solubilizing bacteria

(Figure 5C) and four phosphorus solubilizing fungi (Figure 5E).

In terms of bacteria, silicon addition promoted the abundance of

Bradyrhizobium under 0P and 25P treatments, while reducing the

abundance of Flavobacteria and Pseudomonas. Among most

phosphorus-solubilizing bacteria, it was found that silicon

addition also increased the abundance and proportion of

Paenibacillus and Bacillus under 25P treatment. Additionally, it

increased the abundance and proportion of Arthrobacter under 0P

and Microcystis and Thiobacillus under 25P, although these three

bacteria accounted for a relatively small proportion of the

phosphate solubilizing bacteria (Figures 5C, D). In terms of fungi,

silicon addition reduced fungal abundance under 0P and 25P

treatments, increased the proportion of Fusarium and Penicillium

under 0P treatment, and increased the proportion of Fusarium

under 25P treatment (Figures 5E, F). In summary, silicon addition

induced distinct microbial changes under 0P and 25P treatments,

notably decreasing Actinobacteriota and Glomeromycota

abundance at the phylum level. The specific recruitment effect of

silicon on phosphate-solubilizing bacteria is primarily reflected in

the increased abundance of Bradyrhizobium and the proportion of

fungi Fusarium and Penicillium under 0P treatment, and in the
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increased abundance of Bradyrhizobium, Paenibacillus, and

Bacillus, along with the proportion of fungi Fusarium under

25P treatment.
Root sugar transport and metabolism
under different silicon and
phosphorus conditions

As the phosphorus dosage increased, starch, soluble sugar, and

NSC showed a decreasing trend. NSC and soluble sugar showed

significant differences among different phosphorus dosages

(P<0.05). Silicon addition significantly reduced the soluble sugar

content in the 0P treatment and the starch and soluble sugar

content in the 25P treatment (P<0.05) (Figures 6B, C). Silicon

addition significantly reduced the NSC content in both the 0P and

25P treatments (P<0.05) (Figure 6A), and decreased the NSC root-

to-shoot ratio (Figure 6D). However, there was no significant

difference in the root-to-shoot ratio between 25PSi and 75P

treatments (P>0.05).

SUTs and SWEETs are involved in the allocation of assimilates in

plants, and several genes involved in sucrose transport were studied.

Silicon addition downregulated the expression levels of SUT1 and
FIGURE 5

Effects of silicon and phosphorus on the abundance of soil microbial phyla and phosphorus solubilizing microbial genera in rice under dry
cultivation. (A, B), Relative abundance of bacteria and fungi. (C–F), Relative abundance and composition of phosphorus solubilizing microorganisms,
(C, D), phosphate solubilizing bacteria; (E, F), phosphate solubilizing fungi.
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SWEET11 in both the 0P and 25P treatments, reaching significant

levels between 0P and 0PSi (P<0.05). No significant difference was

found between 25PSi and 75P (P>0.05) (Figures 6E, F). SUS and CIN

play key roles in sucrose metabolism. The expression levels of SUS2

and CIN2 were downregulated with increasing phosphorus and

silicon addition. Silicon addition significantly downregulated the

expression levels of SUS2 and CIN2 in the 0P treatment (P<0.05),

and significantly reduced the expression level of SUS2 in the 25P

treatment (P<0.05). There was no significant difference between

25PSi and 75P (P>0.05) (Figures 6G, H). In summary, compared

to 75P, 0P and 25P allocate more NSC to the roots, while silicon

addition reduces the allocation of sugar to the roots.
Root energy metabolism under different
silicon and phosphorus conditions

We investigated the mitochondrial respiratory electron

transport chain complex to elucidate the role of silicon in

affecting root energy production. Silicon addition increased the

ATP content in the 25P treatment, which was similar to the 75P

treatment (Figure 7A). The activity of complex V showed significant

differences among different phosphorus dosages (P<0.05). The

addition of silicon significantly reduced the activity of complex V

in the treatments with 0P and 25P (Figure 7B). The activity of

complex I was highest in the 0P treatment and lowest in the 75P

treatment, with no significant change after silicon addition
Frontiers in Plant Science 1096
(Figure 7C). AOX is an important factor influencing the energy

production efficiency in plants. Silicon addition increased the AOX

activity in the 0P and 25P treatments, although the difference was

not significant (P>0.05) (Figure 7D).

In terms of energy utilization, the content of ATPase, P-

ATPase, and V-ATPase activity decreased with increasing

phosphorus dosage and silicon addition. Silicon addition

significantly reduced ATPase, P-ATPase content, and V-ATPase

activity in 0P and 25P treatments (Figures 7E-G). In summary,

compared to the 75P treatment, the 0P and 25P treatments promote

energy generation and increase energy consumption, while adding

silicon reduces energy consumption (Figure 7H).
Discussion

The effect of silicon addition on plant
growth and RSA under low phosphorus
conditions in rice under dry cultivation

Plant growth relies on water and mineral nutrients, and the RSA

is crucial for obtaining these resources from the soil (Hans et al.,

2006). The morphology and distribution of root systems play a

crucial role in phosphorus uptake and vary with changes in soil

phosphorus levels (Liu, 2021). This study found that the addition of

silicon did not significantly affect root weight, but it reduced root

branching strength and root length density (Supporting
FIGURE 6

Effects of silicon and phosphorus on root sugar transport and metabolism in rice under dry cultivation. (A–D), Accumulation of carbohydrates,
(A), non-structural carbohydrate (NSC) content; (B), soluble sugar content; (C), starch content; (D), NSC root/shoot ratio. (E–H), Relative expression
levels, (E), SUT1; (F), SWEET11; (G), SUS2; (H), CIN2. Different letters represent significant differences in the same indicator between different
treatments (P<0.05).
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Information, Supplementary Figure S4) and increased root

diameter. This suggests that silicon primarily influences root

diameter development rather than branching. Shallow roots are

beneficial for phosphorus absorption when phosphorus is low, as

crops inhibit the elongation of the main root and the growth of root

diameter, thereby promoting lateral root development (Sun et al.,

2018; Hans et al., 2006). When phosphorus is abundant, crops will

inhibit the growth of lateral roots and allocate nutrients for main

root elongation and increased root diameter (Lynch, 1995). The

author previously found that adding silicon under phosphorus-

sufficient conditions can promote root growth and increase root

hair quantity in rice under dry cultivation (Jiang et al., 2022, 2023a).

This experiment found that adding silicon mainly promotes root

volume under low phosphorus conditions. In the case of

phosphorus deficiency, the increase in the root-to-shoot ratio is

primarily due to the decrease in stem growth and an increase in

carbon distribution from stem to root (Hermans et al., 2006). Plant

development in this experiment under different phosphorus

dosages is consistent with previous conclusions. There is a

significant positive correlation between root NSC and root shoot

ratio (Figure 8). Further investigation revealed that silicon addition

promoted leaf area and plant biomass under both 0P and 25P

conditions. The addition of silicon significantly promoted

aboveground development under the 25P treatment, accompanied

by a decrease in the root-to-shoot ratio. The key finding is that the

increase in the root-to-shoot ratio under low phosphorus treatment
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results from enhanced root respiration, which mobilizes NSC

transport to the root system, influencing the development of

stems and leaves.
Silicon addition enhances soil phosphorus
availability through carboxylate and
microbial pathways

There are various forms of phosphorus with different

bioavailability in soil (Wei et al., 2020; Liu et al., 2019). In this

experiment, the addition of silicon had a greater phosphorus

activation effect on the 25P treatment than on the 0P treatment.

The decrease in Fe-P after silicon addition may be due to the

reduction and dissolution of trivalent iron, which is key to the

increase in Olsen-P. Silicon addition simultaneously increases the

intermediate cycle phosphorus components (Ca8-P and Al-P) as

reserves, and Olsen-P and P uptake are significantly positively

correlated with Ca8-P and Al-P (Figure 8). Ca10-P and O-P are

relatively stable and refractory phosphorus components that are

difficult for plants to absorb and utilize (Cao et al., 2020). Excessive

phosphorus application leads to the accumulation of significant

amounts of excess phosphorus (residual phosphorus) in the soil,

which pollutes surface water (Bouwman et al., 2017). We found that

adding silicon decreases the content of Ca10-P in soil, offering a new

approach to addressing phosphorus pollution. This study presents a
FIGURE 7

Effects of silicon and phosphorus on energy metabolism of rice under dry cultivation. (A), ATP content; (B), Complex V activity; (C), Complex I
activity; (D), Alternative oxidase (AOX) activity; (E), ATPase content; (F), Plasma membrane H+-ATPase (P-ATPase) content; (G), V-ATPase activity;
(H), Schematic diagram of silicon affecting energy distribution. Different letters represent significant differences in the same indicator between
different treatments (P<0.05).
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novel approach to reducing phosphorus application. Farmers may

not necessarily need to apply more phosphorus fertilizer when

practicing water-saving rice cultivation; however, this does not

imply that silicon fertilizer can be used without restrictions.

Therefore, further research is required to optimize the nutrient

efficiency of silicon-phosphorus interactions.

P deficiency triggers the release of root exudates, including acid

phosphatases and RNases (Wang and Liu, 2018), carboxylates, and

protons (Wang and Lambers, 2019), which aid in dissolving

phosphorus and releasing it from organic phosphorus

compounds, thereby increasing phosphorus availability. Organic

anions enhance the soil phosphorus effectiveness by competing with

both inorganic and organic phosphorus for adsorption sites,

promoting mineral dissolution, and stimulating plant growth and

microbial growth (Liao et al., 2020). This experiment found that

adding silicon promotes the secretion of carboxylate in the roots of

rice under dry cultivation, and also leads to an increase in the Mn

concentration in the leaves (Figure 3A; Supporting information,

Supplementary Figure S5). This aligns with the finding by Yu et al.

(2023) that using leaf Mn concentration can reflect the phosphorus

promoting effect mediated by rhizosphere organic acids. We further

discovered that the phosphorus release mechanism of silicon

through the carboxylate pathway varies under different

phosphorus conditions. The addition of silicon to the 0P

treatment primarily increases the content and proportion of

citrate and tartrate, whereas the addition of silicon to the 25P

treatment mainly increases the content and proportion of malate
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and succinate. Correlation analysis showed a significant positive

correlation between malate, succinate, Olsen-P, and P uptake

(Figure 8). The promotion effect of silicon on soil acid

phosphatase activity is more significant in the 25P treatment.

Currently, the influence of root exudates on the structure of

rhizosphere microbial communities has become one of the research

hotspots in plant-soil microorganism interactions (Afridi et al.,

2024; Bandopadhyay et al., 2024). We found that compared to the

25P treatment, the community composition in the 25Psi treatment

was more diverse. The recruitment effect of silicon on phosphate

solubilizing bacteria was most evident in Bradyrhizobium bacteria

and Fusarium and Penicillium fungi under the 0P treatment. In the

25P treatment, it was mainly reflected in bacteria Bradyrhizobium,

Paenibacillus, Bacillus, and fungi Fusarium. This indicates that the

increased secretion of organic acid anions from the root system

stimulates the formation of beneficial microbial communities

capable of activating phosphorus. It is interesting to note that this

experiment found a decrease in the abundance of Actinobacteriota

after adding silicon, as well as a decrease in soil fungal density

(Supporting information, Supplementary Figure S6). Previous

studies have shown that organic acids may promote phosphorus

uptake through direct mobilization or selection of phosphorus

solubilizing microorganisms (Zhang et al., 2023; Bandopadhyay et

al., 2024). However, there are multiple phosphorus solubilizing

bacteria in the soil that work independently or cross over, and

Actinobacteriota is just one of them. Silicon addition promotes the

secretion of organic acids under low phosphorus conditions in rice
FIGURE 8

Correlation analysis.
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under dry cultivation and increases the abundance of phosphorus

solubilizing bacteria Bradyrhizobium, Paenibacillus, and Bacillus,

thereby increasing available phosphorus. Although silicon alleviates

low phosphorus limitation, which may weaken the effect and

abundance of Actinobacteriota, it does not affect plant regulation

of root shoot ratio and energy metabolism to absorb phosphorus

from the soil and increase phosphorus content. We found that the

hydrolysis of phosphorus by silicon is neither an acid phosphatase

process driven by actinomycetes nor an AMF driven process. The

potential of silicon addition to promote AMF colonization in roots

remains to be explored. This experiment indicates that the

hydrolysis of phosphorus by silicon is achieved through the

selection of phosphorus-solubilizing microorganisms by

organic acids.
Silicon addition regulates phosphorus
absorption and glucose metabolism
through energy metabolism

Plants obtain phosphorus from the soil in the form of

orthophosphate (H2PO4
−) through phosphorus transporters

located on the cytoplasmic membrane of their roots (Raghothama
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and Karthikeyan, 2005). This experiment found that the addition of

silicon upregulated the expression levels of phosphorus transporters

in the 0P and 25P treatments, significantly increasing the root

phosphorus content in the 25P treatment. Plants often adjust their

respiration to adapt to stressful conditions such as low temperature

(Yu et al., 2020), high temperature (Li et al., 2021), and low light (Li

et al., 2023), primarily using energy to sustain respiration rather

than growth respiration. This study found that compared to normal

phosphorus, the 0P and 25P treatments promote energy production

and increase energy consumption, whereas silicon addition reduces

energy consumption. This occurs because rice under dry cultivation

enhances root respiration and increases the activity of complex V

and complex I in response to low phosphorus. The decrease in ATP

content during low phosphorus is due to an increase in ATPase,

which is primarily activated in response to low phosphorus and

helps sustain plant growth. Plasma membrane H+-ATPase (P-

ATPase) generates energy by hydrolyzing ATP to actively pump

H+ out of the cell, creating a proton driving force that facilitates the

transport of nutrient ions into the cell (Palmgren, 2001). Adding

silicon increases soil phosphorus availability, reduces phosphorus

uptake and energy consumption, decreases P-ATPase content and

V-ATPase activity, reduces energy consumption for sustaining

respiration, and allocates more energy to growth and respiration,
FIGURE 9

Functional description model of silicon phosphorus interaction in phosphorus conversion and absorption in rice under dry cultivation. (Left) Under
low phosphorus conditions, there are fewer root exudates and phosphorus solubilizing microorganisms, with a higher proportion of stubborn
phosphorus and less Olsen-P. Root perception of low phosphorus environment enhances respiration and increases Complex V activity. NSC
distributes to the roots under the action of SUT1, SWEET11, SUS2, and CIN2 to supply respiration. Resulting in an increase in R/S. A low phosphorus
environment leads to an increase in ATPase, which mainly distributes energy to maintain respiration. Phosphorus transport genes (OsPT2, OsPT4,
OsPT8) are downregulated, resulting in lower phosphorus uptake. (Right) After adding low phosphorus and silicon, root exudates recruit phosphorus
solubilizing microorganisms to form phosphorus solubilizing groups, increasing the proportion of medium cycle phosphorus and Olsen-P. The
activity of Complex V decreased. The increase of NSC in the aboveground part leads to a decrease in R/S. After the improvement of phosphorus
environment, ATPase decreases, energy mainly supplies growth respiration, phosphorus transport genes are upregulated, and phosphorus
absorption increases. In the figure, red font indicates activation, blue font indicates inhibition. NSC, non-structural carbohydrates; R/S, root/
shoot ratio.
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thereby promoting plant development. Respiration consumes

glucose, and when phosphorus is deficient, the aboveground parts

of the plant allocate more sucrose to the roots (John and Philip,

2011). Correlation analysis showed that root SUT1, SWEET11,

SUS2, CIN2 were significantly positively correlated with NSC and

ATPase (Figure 8). We found that compared to the 75P treatment,

the 0P and 25P treatments allocated more NSC to the roots. Silicon

addition down regulated the sucrose transport genes SUT1 and

SWEET11 in the 25P treatment, reducing sucrose allocation to roots

and promoting aboveground development. The root-to-shoot ratio

of NSC significantly decreased (Figure 6D). Conversion enzymes

promote sucrose metabolism and ATP production, primarily

responsible for breaking down sucrose into two monosaccharides

(Jiang et al., 2020). The downregulation of the sucrose metabolism

gene SUS2 and invertase gene CIN2 after silicon addition indirectly

proves that a phosphorus rich environment reduces the sugar

required for root respiration, aligning with changes in energy. In

summary, adding silicon regulates energy allocation, facilitates

sugar transport, and balances phosphorus uptake, energy

consumption, and plant growth in response to changes in

phosphorus environment. We found that adding silicon increased

the accumulation of phosphorus in roots, but the absorption and

utilization of phosphorus in aboveground parts of the plant, along

with their underlying mechanisms, require further experimental

verification and research.
Conclusion

We have discovered a crucial production technology—the

“silicon-phosphorus partnership” (Figure 9)—to enhance

phosphorus efficiency and mitigate phosphorus levels in rice

under dry cultivation. Silicon addition in low phosphorus

conditions can enhance the proportion of circulating phosphorus

components in rhizosphere soil, reduce recalcitrant phosphorus

components, and thereby increase Olsen-P by 14.37% and root

phosphorus content by 7.6%. Silicon addition promotes root

volume, phosphatase activity, and carboxylate production,

facilitating the targeted recruitment of phosphorus-solubilizing

microorganisms. This process improves soil phosphorus

availability, and helps regulate energy allocation to maintain a

balance between phosphorus uptake and plant growth under

fluctuating phosphorus conditions. These findings provide new

solutions for efficient cultivation in low phosphorus conditions

and enhance our understanding of the role of root-soil-microbe

interactions within the silicon-phosphorus partnership in

improving the phosphorus environment and regulating

phosphorus uptake in rice under dry cultivation. Future research

should focus on developing products that integrate silicon-

phosphorus composite granulation with phosphorus-solubilizing

engineered microbial agents, optimizing nutrient release rates, and

exploring the relationship between nutrient release rates of silicon
Frontiers in Plant Science 14100
phosphorus partners and nutrient utilization at the plant-root-

soil interface.
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Exogenous carbon inputs
alleviated salt-induced
oxidative stress to cotton in
salinized field by improving
soil aggregate structure and
microbial community
Weidi Li1,2†, Mingtao Zhong1,2†, Haijiang Wang1,2*, Xiaoyan Shi1,2,
Jianghui Song1,2, Jingang Wang1,2 and Wenxu Zhang1,2

1Agricultural College, Shihezi University, Shihezi, Xinjiang, China, 2Key Laboratory of Oasis Ecological
Agriculture of Xinjiang Production and Construction Corps, Shihezi University, Shihezi, Xinjiang, China
High concentrations of salt ions in salinized soils not only destroy soil structure,

but also inhibit crop growth. Straw and straw-derived biochar have great

potential in improving soil structure, reducing soil salinity, improving soil

environment, and alleviating salt stress. However, the effects and mechanisms

of exogenous addition of different carbon sources on the aggregate structure

and microbial community of soils with different salinization degrees in cotton

fields as well as the antioxidant defense system of cotton are still unclear. In this

column experiment since 15 March, 2023, three soil salt contents (1.5 (S1), 5 (S2),

and 10 (S3) g/kg) and five carbon treatments (straw incorporation: 6 t/hm2 (C1),

12 t/hm2 (C2); biochar incorporation: 2.25 t/hm2 (B1), 4.5 t/hm2 (B2); CK: no straw

and biochar incorporation) were designed. Then, the effects of straw and biochar

incorporation on the particle size distribution of soil aggregates, bacterial and

fungal communities, and cotton leaf antioxidant system in S1, S2, and S3 soils

were explored. The results showed that straw and biochar incorporation,

especially B2, significantly reduced the salt content of S1, S2, and S3 soils, but

increased the proportion of macroaggregates by 7.01%–13.12%, 5.03%–10.24%,

and 4.16%–8.31%, respectively, compared with those of CK. Straw and biochar

incorporation, especially C2, increased the abundances of Actinobacteria,

Acidobacteria, and Enterobacteriaceae, but decreased that of Proteobacteria,

compared with CK. Besides, straw and biochar incorporation significantly

increased the superoxide dismutase (SOD) and catalase (CAT) activities in salt-

stressed cotton leaves, and decreased the malondialdehyde (MDA) content and

peroxidase (POD) activity, compared with CK. It should be noted that the

alleviating effect of straw and biochar incorporation on salt stress gradually

decreased with the growth of cotton and the increase of soil salinity. In
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summary, straw and biochar incorporation could significantly reduce the salt

content of salinized soils, increase the proportion of soil macroaggregates and

microbial diversity, and alleviate the salt stress in cotton. This study will provide a

scientific basis for the improvement and utilization of salinized soils.
KEYWORDS

biochar, cotton physiology, straw, salt gradient, soil aggregates
1 Introduction

Soil salinization is a global environmental problem that needs to

be solved urgently. About 25% of arable land worldwide is affected

by soil salinization. The accumulation of large amounts of salt ions

such as Na+ and Cl− in salinized soils leads to reduced soil cohesion

and stability (Xie et al., 2020), soil aggregate disintegration

(Rengasamy and Olsson, 1991), and soil compaction, decreasing

soil permeability (Tang et al., 2020). Soil microorganisms play an

important role in soil nutrient cycling and ecosystem function

(Sahu et al., 2019). However, the increase of soil salinity changes

the soil microbial ecological function and metabolic pathways (Haj

Amor et al., 2022), causing decreases in the ability of soil

microorganisms to utilize substrates as well as the diversity and

abundance of bacterial and fungal communities (Feng et al., 2024;

Wei et al., 2024; Kumawat et al., 2022). Soil microbial communities

have a close relationship with soil aggregates (Luo et al., 2018;

Zhang et al., 2021). However, differences in the effects of different

soil salinity on soil aggregate structure and microbial community

and their interactions are still unclear.

Massive accumulation of base cations in the soil causes osmotic

stress, ionic toxicity, and physiological drought in crops (Liu et al.,

2018; Arif et al., 2020). At the same time, crops adsorb large

amounts of Na+ from soil, and the Ca2+ on crop cell membrane is

replaced by Na+ (Jin et al., 2017), causing membrane leakage and

limited crops’ absorption of mineral elements. In addition, salt

stress leads to the production of excessive reactive oxygen species

(ROS), causing oxidative damage to crops’ cell structure and

suppression on the nutrient synthesis and transport (Liu et al.,

2018; Arif et al., 2020). Crops could resist salt stress through

regulating its redox system, i.e., the activities of superoxide

dismutase (SOD), catalase (CAT), and POD (Nefissi Ouertani

et al., 2021). However, under high soil salinity conditions, the

negative impacts on crops remains significant (Zhao et al., 2021).

Straw and straw-derived biochar have great potential in

improving soil structure and alleviate salt stress in crops (Cen

et al., 2021; Singh et al., 2021). Straw incorporation can improve soil

aeration porosity, cut off soil capillaries, and prevent salt

aggregation (Bai et al., 2024). In addition, straw incorporation

promotes the dissolution of soluble salts in salinized soils,

reducing the accumulation of salts in the soils (Ran C, et al.,

2023). Biochar, with characteristics of large pores and specific
02104
surface area, can increase soil aeration and permeability,

promoting salt leaching (Da Silva Mendes et al., 2021). Biochar

can also adsorb salt ions on its surface or in its pores, reducing the

salts in the soil (Siedt et al., 2021). The stable, loose, and porous

structure and strong adsorption capacity of biochar can

significantly promote the polymerization and cementation of soil

particles and nutrients, promoting the formation of aggregates

(Ghorbani and Amirahmadi, 2024). Duan et al. (2021) showed

that Ca2+ and Mg2+ contained in biochar could replace Na+ in

salinized soils, stimulate the combination of polyvalent cations and

soil particles, increase soil aggregates, and reduce salt content. Zhao

et al. (2020) reported that straw and biochar incorporation

significantly increased the Shannon and Simpson diversity

indexes of soil microbial communities by increasing the soil C/N

ratio compared with the control. Wang et al. (2021) reported that

straw incorporation significantly increased the relative abundances

of Proteobacteria and Actinobacteria, while biochar incorporation

significantly increased the relative abundances of Acidobacteria and

Nitrospira, compared with the control. In addition, Zhu et al. (2022)

found that straw and biochar incorporation significantly reduced

the malondialdehyde (MDA) content and relative conductivity in

crops, increased the activity of leaf antioxidant enzymes, and

maintained the stability of cell membrane structure and function.

In summary, high soil salinity damages soil structure (Tang et al.,

2020), inhibits soil microbial activity (Feng et al., 2024), and causes

adverse impacts on plants such as metabolic disorders (Zhang W,

et al., 2019). Straw and biochar incorporation can improve the

physicochemical properties of salinized soils. However, it is not

clear whether straw and biochar incorporation for soils with

different salinization degrees can improve the physiological

responses of crops to salt stress by adjusting soil aggregate

structure and microbial community. Especially, the interaction

effect of crops, aggregates, and microorganisms in different

salinized soils mediated by straw and biochar application also

needs to be further explored. In this study, straw and straw-derived

biochar were incorporated into salinized soils with different salt

contents, aiming to clarify their effects on the soil salinity and salt

stress in cotton. The following hypotheses were proposed: (1) Straw

and biochar incorporationmight improve the aggregate structure and

microbial community structure of soils with different salinization

degrees; (2) The improved soil aggregate structure and microbial

community might regulate the antioxidative system of cotton,
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alleviating the salt stress; (3) There might be a specific interaction

between salinized soil aggregates, microorganisms, and crops

mediated by straw and biochar application. This study will provide

a scientific basis for the remediation and utilization of salinized soils

in arid and semi-arid areas.
2 Materials and methods

2.1 Test materials

2.1.1 Study area
This study was carried out in 2023 at the experimental field of

Agricultural College of Shihezi University (44°19′N, 86°58′E) in

Shihezi, Xinjiang, China. The region had a temperate continental

climate. The average annual precipitation was only about 220 mm,

while the average annual evaporation was about 1500 mm. The

average annual precipitation was only about 220 mm, while the

average annual evaporation was about 1500 mm (Figure 1). The soil

type was calcareous soil, and the texture was loam. For the soil used

in this experiment, one part was collected from the nearby cotton

fields under continuous cropping for more than 10 years (salt

content of the 0–30 cm layer: 1.50 g·kg−1). The other part was

collected from the salinized wasteland of Beiwucha in Manas

County, Xinjiang, China (salt content of the 0–30 cm layer: 22.35

g·kg−1). The salt ions in the two soils were similar, mainly including

Na+, Ca2+, K+, SO4
2−, and Cl−. The wasteland soil and the cotton

field soil were mixed in different proportions to obtain soils with

different salt contents (Table 1).

2.1.2 Biochar preparation
Cotton straw was collected from the cotton fields in the study

area after the cotton harvest. After removing the roots and

impurities on the surface of the straw with deionized water, the

straw was air-dried, crushed, and passed through a 2 mm sieve for

later use. The crushed cotton straw was pyrolyzed in a muffle

furnace under oxygen limiting condition. The temperature was

raised to 450 ℃ at a uniform rate for 6-hour continuous pyrolysis.

After cooling to room temperature, the straw was dried at 75 ℃ for

24 h, crushed, and passed through a 2 mm sieve. Finally, the

prepared cotton straw-derived biochar was collected.
2.2 Experimental design

This column experiment began on 15 March, 2023.

Experimental plots were arranged in a randomized block design.

By mixing the soils from the above two sources, three soil salt

contents were obtained, namely non-salinization (S1): 1.5 g·kg−1,

mild salinization (S2): 5 g·kg−1, and moderate salinization (S3): 10

g·kg−1. Cotton straw and biochar were used as exogenous carbons,

and five carbon treatments were designed, including no carbon

(CK), 6 t·hm−2 of straw incorporation (C1), 12 t·hm−2 of straw

incorporation (C2), 2.25 t·hm−2 of biochar incorporation (B1, equal
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to C1 in carbon content), 4.5 t·hm−2 of biochar incorporation (B2,

equal to C2 in carbon content). There were a total of 15 treatments,

and each treatment had three replicates/columns. The pre-

processed straw and biochar were evenly mixed into the 0–30 cm

soil layer. Cotton seeds (variety Xinluzao 43) were sown after thirty

days (16 April, 2023). The soil columns were 36 cm in diameter and

80 cm in height (Figure 2). To avoid the leaching of water and salts,

the bottom of the soil columns was sealed with an impermeable

membrane. One month before planting, the prepared straw and

biochar were evenly mixed with the 0–30 cm soil layer. The mixed

soils were layered into the soil columns while keeping the bulk

density at 1.42 g·cm−3. Then, the columns were buried into the field,

keeping the soil column top flush with the ground surface. Film

mulching and drip irrigation were adopted. Four cotton were

planted under one film, and each drip tape supplied water for two

rows of cotton. Eight cotton seeds were evenly sown in each soil

column, and four seedlings were retained in each soil column after

emergence. During the whole growth period of cotton, cotton plants

were irrigated every 15 days (10 times in total), and the total

irrigation volume was 5400 m3·hm−2. The irrigation volume was

controlled by water meters. According to the local fertilization

scheme, 360 kg·hm−2 of urea (N, 46.2%), 105 kg·hm−2 of calcium

superphosphate (P2O5, 46%), and 75 kg·hm−2 of potassium sulfate

(K2O, 50%) were applied. Two-fifths of the fertilizers were applied

before sowing, and the remaining were topdressed through the drip

irrigation system after dissolving in water. Other management

measures were consistent with those in the local fields.
2.3 Sampling

2.3.1 Collection and preservation of soil samples
At the bolling stage (18 July, 2023), 200 g of soil (0–30 cm layer)

was collected from each treatment by a ring cutter. After removing

the soil sample part contacting with the shovel, the time, place, and

amount of sampling were recorded in detail. Then, the samples were

taken back to the laboratory, and shaking and tipping over were

avoided when transporting samples. In the laboratory, the

impurities such as roots and stones were removed from the soil

samples. Then, the soil samples were placed in a ventilated place to

dry naturally for the determination of soil aggregates.

In addition, soil drills were used to collect soil samples of the 0–

30 cm layer (three replicates per treatment). About 100 g of soil was

collected from each column. A total of 45 soil samples were

collected. The soil samples were put into sealed bags, air-purged,

sealed, and stored in an ice box, to prevent moisture evaporation

and ensure sample activity. After taking back to the laboratory, the

soil samples were divided into two parts. One part was subjected to

impurity (stones and animal residues) removing and sieving (2

mm). Then, the samples were stored in sterile sealed bags for the

determination of soil moisture content (SMC) and soil microbial

composition. The other part was air-dried, ground, and sieved

through a 2 mm sieve for the determination of soil conductivity,

cation exchange capacity (CEC), and pH.
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2.3.2 Cotton plant sampling
In the budding (1 June, 2023), flowering (20 June), and bolling

(18 July) stages of cotton, three cotton plants were randomly

selected from each treatment for destructive sampling. The third

and fourth leaves on the plant top were put into an ice box and

brought back to the laboratory. The samples were washed separately

with water, 1% hydrochloric acid, and deionized water. After drying

with absorbent paper, the samples were wrapped with silver paper

and stored in an ultra-low temperature refrigerator at −80°C for the

determination of oxidative stress-related indicators.
2.4 Determination methods

2.4.1 Determination of soil properties
The weight of each particle-size fraction of soil aggregates was

determined by drying-sieving method. Specifically, 100 g of air-

dried soil samples were sequentially sieved with sieves with pore

sizes of 1, 0.5, and 0.25 mm (the sieves had a bottom and cover), to

obtained the aggregates larger than 1 mm (AGG>1) and in the range

of 1–0.5 mm (AGG1–0.5) and 0.5–0.25 mm (AGG0.5–0.25) in

diameter. After sieving, the aggregates on each sieve and the soil

particles with a particle size smaller than 0.25 mm (AGG<0.25) were

separately weighed, to obtain the weight of the aggregates of

different particle sizes. Then, the proportion of the aggregates of

each particle size was calculated, followed by the calculation of

geometric mean diameter (GMD) (Equation 1), mean weight

diameter (MWD) (Equation 2), and proportion of soil aggregates

greater than 0.25 mm (AGG>0.25) in the total aggregates (R0.25)

(Equation 3) (Wan et al., 2024). Soil pH was determined by a pH

meter (Shilu Instrument Co. Ltd, Shanghai, China) (soil: water = 1:

2.5). Soil electrical conductivity (EC) (soil: water = 1: 5) was

determined by a conductivity meter (Mettler Toledo, Shanghai,

China). Soil CEC was determined by ammonium acetate extraction

(Bao, 2000). The SMC was determined by drying method.

GMD = exp(o
n
i=1Wi� ln di

on
i=1Wi

) (1)

MWD =on
i=1

�RiWi (2)

R0:25 = (M>0:25=MT )� 100% (3)

Where �Ri is the averagediameter (mm)of the aggregates in anyparticle

size range,Wi is the fraction of the mass of aggregates in any particle

size range to thedrymassof soil samples (%),M>0.25 is theweight of the

aggregates greater than 0.25mm,MT is the total weight of soil samples

of each treatment, di is the average diameter of the ith-size aggregates,

Wi is the proportion of the mass of the ith-size aggregates in the total

mass, and n is the number of aggregates of each size.

2.4.2 Determination of antioxidant enzyme
activities of cotton plant samples

The content of MDA was determined by the thiobarbituric acid

method. The activity of superoxide dismutase (SOD) was
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determined by NBT photoreduction method. The activity of

peroxidase (POD) was determined by the guaiacol method. The

activity of catalase (CAT) was determine by ultraviolet absorption

(Li et al., 2016).

2.4.3 Determination of soil microbial composition
According to the results of a pre-test, the S1 and S3 treatments

had significant differences. Therefore, the composition of soil

microbial community of the two treatments were determined.

The DNA extraction kit (Shanghai Meiji Biotechnology Co., Ltd.,

China) was used to extract microbial DNA from soil samples. The

extracted DNA was used as a template, and 338F/806R and ITS1F/

ITS2R were used as primers to amplify the gene sequence of soil

bacterial 16S rRNA and fungal ITS. The PCR products of each

sample were mixed and detected by 2% agarose gel electrophoresis.

The qualified PCR library was subjected to double-end sequencing

by Shanghai Meiji Biotechnology Co., Ltd. using the Illumina

NovaSeq sequencing platform.
2.5 Statistical analysis

SPSS 26.0 (Statistical, Product and Service Solutions, Chicago,

USA) was used for one-way ANOVA. Duncan’s multiple range test

was used to analyze the significance of differences between means of

different treatments at p< 0.05. Pearson correlation coefficients were

calculated to analyze the correlation between indicators. Origin

2023 (Origin Lab, Massachusetts, USA) was use for charting.
3 Results

3.1 Effects of exogenous carbon addition
on the physicochemical properties of
different salinized soils

3.1.1 Soil aggregation and stability
Straw and biochar incorporation had a significant effect on the

number of aggregates of different particle sizes in different salinized

soils (Figure 3). The number of AGG>1 and AGG1–0.5 decreased

with the increase of soil salinity, while that of AGG0.5–0.25 and

AGG<0.25 increased. Straw (C1, C2) and biochar (B1, B2)

incorporation increased the number of AGG>1, AGG1–0.5, and

AGG0.5–0.25 in the S1, S2 and S3 soils, compared with CK, and

the effect of biochar incorporation was stronger than that of straw

incorporation. At each soil salinity level, biochar incorporation (B1,

B2) significantly increased the number of AGG>1, AGG1–0.5, and

AGG0.5–0.25 compared with CK, with the most significant increase

in the number of AGG0.5–0.25. Among the straw treatments, only the

C2 significantly increased the number of AGG>0.25 compared with

CK. There was no significant difference between CK and

C1 treatments.

The GMD, MWD, and R0.25 decreased with the increase of soil

salinity (Figure 3). The GMD, MWD, and R0.25 of the S2CK
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treatment significantly decreased by 7.75%, 5.79%, and 5.22%,

respectively, and those of the S3CK treatment significantly

decreased by 13.24%, 11.17%, and 9.19%, respectively, compared

with those of the S1CK treatment. Straw and biochar incorporation

increased the GMD, MWD, and R0.25 of the S1, S2, and S3 soils

compared with the CK (B2 > B1 > C2 > C1 > CK). The GMD,

MWD, and R0.25 of the B2 treatments (S1B2, S2B2, S3B2)

significantly increased by 9.31%–11.63%, 6.75%–7.35%, and

12.42%–13.24%, respectively compared with those of the

corresponding CK treatment.

3.1.2 Soil moisture content, electrical
conductivity, and cation exchange capacity

Straw and biochar incorporation significantly impacted soil

physicochemical properties (Table 2). Without straw and biochar

incorporation, soil EC increased significantly with the increase of soil

salinity, SMC and CEC decreased significantly, and soil pH did not

change significantly (Table 2). At each soil salinity level, soil CEC and

SMC increasedwith the increase of straw and biochar application rate,

and B2 treatments had the highest CEC and SMC, followed by C2, B1,

C1, andCK. Straw and biochar incorporation significantly reduced the
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soil EC at each soil salinity level, and the effect of biochar incorporation

was more significant (B2 > B1 > C2 > C1 > CK).
3.2 Effects of exogenous carbon addition
on antioxidant defense system in cotton

3.2.1 Malondialdehyde content and
peroxidase activity

Under the conditions without straw and biochar incorporation,

the MDA content and POD activity of cotton leaves increased with

the increase of soil salinity, and showed an increasing trend with the

growth of cotton, reaching the peak at the bolling stage. At each soil

salinity level, the leaf MDA content of the straw and biochar

treatments showed an increasing trend during the whole growth

period, while the POD content increased first and then decreased.

Under straw and biochar incorporation, at each soil salinity level,

the MDA content and POD activity decreased with the growth of

cotton. The MDA content and POD activity of the B2 treatments

were significantly lower than those of the other treatments (CK >

C1 > B1 > C2 > B2), and the MDA content and POD activity of the
FIGURE 1

Salinized soil classifications (a), precipitation and temperature (b) in the study area.
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C2 treatments (S1C2, S2C2, S3C2) were significantly lower than

those of CK (Figure 4).

3.2.2 Superoxide dismutase and catalase activities
Under the conditions without straw and biochar incorporation,

the activity of SOD and CAT in cotton leaves increased with the

increase of soil salinity. The SOD activity of the S1CK, S2CK, and

S3CK treatments continued to increase with the growth of cotton,

reaching the maximum at the bolling stage (increasing by 61.01% −

85.8% compared with that of the budding stage). However, the CAT

activity of the S1CK, S2CK, and S3CK treatments showed a trend of

increasing first and then decreasing, reaching the peak at the

flowering stage (increasing by 56.50% − 58.62% compared with

that of the budding stage). Straw and biochar incorporation

increased the leaf SOD and CAT activities of cotton in salinized

soils. At each salinity level, the activity of SOD and CAT increased

significantly with the increase of straw and biochar application rates

(CK< C1< B1< C2< B2). The activity of SOD and CAT of the B2

treatments were significantly higher than those of the other

treatments, and the activity of SOD and CAT of the C2

treatments were significantly higher than those of the C1 (S1C1,

S2C1, S3C1) and CK (S1CK, S2CK, S3CK) treatments.

Interestingly, after the flowering stage of cotton, the activity of
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SOD and CAT of the S3B1 and S3B2 treatments were higher than

those of S3C1 and S3C2 treatments (CK< C1< C2< B1<

B2) (Figure 5).
3.3 Effects of straw and biochar
incorporation on microbial activity in
different salinized soils

3.3.1 Changes of soil microbial diversity
The number of bacterial Operational Taxonomic Units (OTUs)

shared by all treatments was 2021, and the number of bacterial OUTs

specific to S1CK, S1C2, S1B2, S3CK, S3C2, and S3B2 treatments were

279 (accounting for 12.13%), 525 (20.62%), 431 (17.58%), 218

(9.74%), 428 (17.48%), and 316 (13.52%), respectively. The number

of fungal OTUs shared by all treatments was 194, and the number of

fungal OTUs specific to S1CK, S1C2, S1B2, S3CK, S3C2, and S3B2

treatments were 59 (23.32%), 89 (31.45%), 84 (30.21%), 50 (20.49%),

74 (27.61%), and 66 (23.66%), respectively. The number of bacterial

and fungal OUTs in each treatment decreased with the increase of soil

salinity. At each soil salinity level, the effect of the straw treatments on

soil bacterial and fungal communities was more significant than that

of the biochar treatments (C2 > B2 > CK) (Figure 6).
FIGURE 2

Soil column design (a) and layout (b). S1, S2, and S3 represent soil salt content of 1.5, 5, and 10 g·kg-1, respectively. CK, no carbon addition; C1, 6 t·hm-2

of straw incorporation; C2, 12 t·hm-2 of straw incorporation; B1 (equal to C1), 2.25 t·hm-2 of biochar incorporation; B2 (equal to C2), 4.5 t·hm-2 of
biochar incorporation. The same below.
TABLE 1 Soil physical and chemical properties.

Soil
source

pH
Total

salt content

Total
nitrogen
content

Organic
matter content

Available
phosphorus
content

Available
potassium
content

Salinized
soil type

g·kg-1 g·kg-1 g·kg-1 mg·kg-1 mg·kg-1

Salinized
wasteland

8.86 22.35 0.43 8.46 10.53 136.79
Chloride-
sulfate type

Cotton field 7.91 1.5 0.78 15.12 22.26 235.16
Chloride-
sulfate type
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3.3.2 Changes of soil microbial
community composition

At the phylum level (Figure 7a), the top five bacterial phyla by

relative abundance in all treatments were Actinobacteria (25.74%),

Proteobacteria (22.94%), Chloroflexi (15.11%), Acidobacteria

(9.18%), and Gemmatimonadetes (5.31%), accounting for 78.28%

in total. The relative abundances of Proteobacteria and Bacteroidete

of the S1CK, S2CK, and S3CK treatments increased with the

increase of soil salinity, while those of Chloroflexi and

Acidobacteria showed an opposite variation trend. At each soil

salinity level, the relative abundances of Actinobacteria and

Acidobacteria of the C2 (S1C2, S2C2, S3C2) and B2 (S1B2, S2B2,

and S3B2) treatments increased compared with those of the CK

treatments, while the relative abundances of Gemmatimonadetes

and Bacteroidetes decreased. Besides, there was no significant

change in the relative abundances of Proteobacteria and

Chloroflexi. In general, the effect of the C2 treatments on the

relative abundances of soil bacteria was stronger than that of the

B2 treatments.

At the genus level (Figure 7b), the top five dominant bacterial

genera by relative abundance were Arthrobacter (11.61%), JG30-KF-

CM45 (5.95%), Vicinamibacterales (3.38%), Vicinamibacteraceae
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(2.86%), and Sphingomonas (1.98%), accounting for 25.33% in total.

The relative abundances of Arthrobacter, JG30-KF-CM45,

Aicinamibacterales, and Vicinamibacteraceae of the S1CK, S2CK,

and S3CK treatments reduced with the increase of soil salinity,

while that of Sphingomonas increased. The relative abundance of

Arthrobacter of the C2 (S1C2, S3C2) and B2 (S1B2, S3B2)

treatments increased (S1C2 > S1B2; S3C2 > S3B2) compared with

that of the S1CK treatment. The relative abundance of

Vicinamibacterales of the S3C2 and S3B2 treatments increased,

while that of Sphingomonas decreased, compared with those of the

S3CK treatment. There was no significant change in the relative

abundance of JG30-KF-CM45.

At the phylum level (Figure 8a), the top five fungal phyla by

relative abundance in all treatments were Ascomycota (89.75%),

Mortierella (7.23%), Chytridiomycota (1.33%), Basidiomycota

(1.02%), and unclassified_k_Fungi (0.55%), accounting for about

90% in total. The relative abundance of Ascomycota of the S1CK,

S2CK, and S3CK treatments increased with the increase of soil

sal inity, while that of Ascomycota, Chytridiomycota,

Basidiomycota, and unclassified_k_Fungi decreased. The relative

abundances of Ascomycota and Chytridiomycota of the S1C2

treatment and Mortierella and Chytridiomycota of the S1B2
TABLE 2 Changes of soil moisture content, electrical conductivity, pH, and cation exchange capacity in different salinized soils under straw and
biochar incorporation.

Index Treatment S1 S2 S3

Soil moisture content
(%)

CK 14.81 ± 0.74e 16.04 ± 0.79d 17.3 ± 0.87bc

C1 16.51 ± 0.82cd 16.85 ± 0.85c 17.64 ± 0.93bc

C2 17.27 ± 0.85bc 17.92 ± 0.9b 18.37 ± 0.93ab

B1 16.81 ± 0.85cd 17.42 ± 0.87bc 18.22 ± 0.87ab

B2 18.47 ± 0.93ab 18.68 ± 0.95a 18.85 ± 0.94a

Electrical conductivity
(mS/cm)

CK 0.85 ± 0.10i 1.61 ± 0.13e 2.52 ± 0.13a

C1 0.56 ± 0.11j 1.41 ± 0.14f 2.37 ± 0.12b

C2 0.51 ± 0.11j 1.32 ± 0.13f 2.28 ± 0.11c

B1 0.42 ± 0.10j 1.24 ± 0.12g 2.10 ± 0.12d

B2 0.29 ± 0.08k 1.15 ± 0.11h 2.05 ± 0.11d

pH

CK 7.88 ± 0.07ab 8.00 ± 0.09ab 7.93 ± 0.18ab

C1 7.82 ± 0.13ab 7.75 ± 0.13ab 7.84 ± 0.09ab

C2 7.72 ± 0.08ab 7.67 ± 0.16a 7.81 ± 0.13ab

B1 7.95 ± 0.17ab 7.97 ± 0.14ab 8.02 ± 0.15ab

B2 8.05 ± 0.11ab 8.07 ± 0.13ab 8.17 ± 0.20b

Cation exchange capacity
(cmol·kg-1)

CK 2.3 ± 0.14f 2.23 ± 0.16f 2.22 ± 0.13f

C1 2.63 ± 0.16e 2.83 ± 0.17de 2.53 ± 0.15e

C2 2.99 ± 0.19cd 3.16 ± 0.21bc 2.73 ± 0.16de

B1 2.74 ± 0.15de 2.87 ± 0.18de 2.97 ± 0.16cd

B2 3.42 ± 0.22ab 3.56 ± 0.22a 3.25 ± 0.23ab
S1: non-salinization (1.5 g·kg-1), S2: mild salinization (5 g·kg-1), S3: moderate salinization (10 g·kg-1). CK: no carbon, C1: 6 t·hm-2 of straw incorporation, C2:12 t·hm-2 of straw incorporation, B1:
2.25 t·hm-2 of biochar incorporation (B1, equal to C1), B2:4.5 t·hm-2 of biochar incorporation (B2, equal to C2). All values are means ± SD (n = 3). Different lowercase letters indicate significant
differences between different biochar application rates at p< 0.05.
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treatment increased, while the relative abundance of Basidiomycetes

of the S1C2 treatment decreased, compared with those of the S1CK

treatment. The relative abundance of Basidiomycetes of the S3C2

and S3B2 treatments increased compared with that of the S3CK

treatment, while that of Ascomycota did not change significantly.

At the genus level (Figure 8b), the top five dominant genera by

relative abundance were Lectera (15.68%), Cladosporium (12.18%),

Alternaria (10.81%), Chactomium (9.36%) and Fusarium (8.15%),

accounting for 56.24% in total. The relative abundances of Lectera

and Fusarium of the S1CK, S2CK, and S3CK treatments reduced

with the increase of soil salinity, while those of Alternaria and

Chactomium increased. The relative abundances of Cladosporium

and Chactomium of the S1C2 and S1B2 treatments increased

(S1C2 > S1B2) compared with those of the S1CK treatment, while

the relative abundance of Lectera decreased. The relative

abundances of Cladosporium and Fusarium of the S3C2 and S3B2

treatments increased (S3B2 > S3C2), while the relative abundance of

Lectera decreased, compared with those of the S3CK treatment. The

relative abundance of Alternaria of the S3B2 treatment reduced
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compared with that of the S3CK treatment, while there was no

significant difference between S3C2 treatment and S3CK treatment.

3.3.3 Microbial species differences
At the phylum level (Figure 9a), the relative abundances of

Actinobacteria (19%), Chloroflexi (20%), and Acidobacteria (24%)

were significantly higher in the S1C2 treatment than in other

treatments (S1C2 > S3C2 > S1B2 > S1CK > S3B2 > S3CK). However,

the relative abundances ofProteobacteria (20%) andBlastomonas (23%)

were significantlyhigher in theS3CKtreatment than inother treatments.

At the genus level (Figure 9b), the relative abundances of Arthrobacter

(20%) and Vicinamibacteraceae (27%) were significantly higher in the

S1C2 treatment than in other treatments. The relative abundances of

Vicinamibacterales (26%) and JG30-KF-CM45 (21%) were significantly

higher in the S1CK treatment than in other treatments. The relative

abundance of Sphingomonas (26%)was significantly higher in the S3CK

treatment than in other treatments. In general, straw incorporation

treatments had a more significant effect on soil bacterial community

structure than biochar incorporation treatments.
FIGURE 3

Changes of particle size distribution of aggregates in different degrees of salinized soil induced by straw and biochar incorporation. GMD, Geometric
mean diameter of soil aggregates; MWD, The average weight diameter of soil aggregates R0.25: Proportion of 0.25mm particle size aggregates.
Different lowercase letters in the same column indicate significant difference between groups (p< 0.05).
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At the phylum level (Figure 9c), the relative abundances of

Proteobacteria (p = 0.0014) and Bacteroidetes (p = 0.0268) of the S3

treatments (S3C1, S3C2, S3B1, S3B2) were significantly higher than

those of the S1 treatments (S1C1, S1C2, S1B1, S1B2), while the

relative abundances of Chloroflexi (p = 0.0019), Acidobacteria (p =

0.008), and Gemmatimonadetes (p = 0.0422) were significantly

lower than those of the S1 treatments. At the genus level (Figure 9d),

the relative abundances of Arthrobacter (p = 0.0422), Subgroup_10

(p = 0.0242), Microvirga (p = 0.0080), Massilia (p = 0.0272),

AKIW781 (p = 0.0007), and Ramlibacter (p = 0.0104) of the S3

treatments were significantly higher than those of the S1 treatments.

However, the relative abundances of G30-KF-CM45 (p = 0.0026),
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Vicinamibacterales (p = 0.0216), Gemmatimonadaceae (p = 0.0242),

KD4-96 (p = 0.0422), RB41 (p = 0.0080), Soilrubrobacter (p =

0.0104), and Stenotrophobacter (p = 0.0468) of the S3 treatments

were significantly lower than those of the S1 treatments.

At the phylum level (Figure 10a), the relative abundances of

Mortierellomycota (31%), unclassified_k_Fungi (29%), and

Basidiomycota (29%) were significantly higher in the S1C2

treatment than in other treatments. The relative abundance of

Chytridiomycota (20%) was significantly higher in the S3C2

treatment than in other treatments. The relative abundance of

Ascomycetes (19%) was significantly higher in the S3CK

treatment than in other treatments. At the genus level
FIGURE 4

Changes of malondialdehyde (MDA) content (a), budding stage; (b) flowering stage; (c) boll-forming stage) and peroxidase (POD) activity (d),
budding stage; (e) flowering stage; (f) boll-forming stage) with the growth of cotton in salinized soils under straw and biochar incorporation.
Different lowercase letters in the same column indicate significant difference between groups (p< 0.05).
frontiersin.org

https://doi.org/10.3389/fpls.2025.1522534
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Li et al. 10.3389/fpls.2025.1522534
(Figure 10b), the relative abundance of Lectera (32%) was

significantly higher in the S1C2 treatment than in other

treatments. The relative abundance of Cladosporium (34%) was

significantly higher in the S3CK treatment than in other treatments.

The relative abundances of Alternaria (36%), Chactomium (40%),

and Fusarium (24%) was significantly higher in the S3C2 treatment

than in other treatments. In general, the effect of straw

incorporation treatment on soil fungal community structure was

more significant than that of biochar incorporation treatment.

At the phylum level (Figure 10c), there were significant

differences in the relative abundances of Ascomycota and

Rhodomycota between S1, S2, and S3 treatments, and the relative
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abundances of Ascomycota (p = 0.0017) and Rhodomycota (p =

0.0214) of the S3 treatment were significantly higher than those of

the S1 treatments. At the genus level (Figure 10d), the relative

abundances of Penicillium (p = 0.0014), Vishniacozyma (p =

0.0047), and Ochroconis (p = 0.0339) of the S3 treatments were

significantly higher than those of the S1 treatments, while the

relative abundances of Alternaria (p = 0.0272), Retroconis (p =

0.0019), Cephalotrichum (p = 0.0104), Acaulium (p = 0.0340), and

Sordariales (p = 0.0104) were significantly lower than those of the

S1 treatments.

At the phylum level (Figure 11a), there were significant

correlations between dominant soil bacterial phyla (i.e.,
FIGURE 5

Changes of superoxide dismutase (SOD) (a), budding stage; (b) flowering stage; (c) boll-forming stage) and catalase (CAT) (d), budding stage; (e)
flowering stage; (f) boll-forming stage) activities with the growth of cotton in salinized soils under straw and biochar incorporation. Different
lowercase letters in the same column indicate significant difference between groups (p< 0.05).
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Acidobacteria, Abditibacteriot, Strangeococcus, Actinobacteria,

Chloroflexi, and Proteobacteria) and environmental factors (soil

factors and cotton parameters). Specifically, the relative abundance

of Acidobacteria was positively correlated with AGG>1 number,

AGG1−0.5 number, leaf SOD activity, and leaf CAT activity (p<

0.05), and negatively correlated with AGG<0.25 number, soil EC, and

leaf MDA content (p< 0.05). The relative abundance of

Abditibacteriot was positively correlated with the number of

AGG>1 and AGG1−0.5 (p< 0.01), and negatively correlated with

soil EC (p< 0.01) and leaf MDA content (p< 0.05). The relative

abundance of Strangeococcus was negatively correlated with soil EC

(p< 0.05), and positively correlated with the number of AGG>1 and

AGG1−0.5, leaf SOD activity, and CAT activity. The relative

abundances of Actinobacteria and Chloroflexi were positively

correlated with the number of AGG>1 and AGG1−0.5 (p< 0.05),

and negatively correlated with AGG<0.25 number, soil EC, and leaf

MDA content (p< 0.05). The relative abundance of Proteobacteria

was negatively correlated with the number of AGG>1 and AGG1−0.5

(p< 0.01), and positively correlated with soil EC and leaf MDA

content (p< 0.01). At the genus level (Figure 11b), the relative
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abundances of dominant bacterial genera Ramlibacter ,

Roseiflexaceae, AKIW781, AKYG1722, RB41, Microvinga,

Subgroup_10, Blastococcus, Vicinamibacterales, and JG30-KF-

CM45 were significantly correlated with environmental factors.

Among them, the relative abundance of AKIW781 was positively

correlated with the number of AGG<0.25 (p< 0.001). The relative

abundance of Microvinga was negatively correlated with the

number of AGG>1 and AGG1−0.5, and positively correlated with

leaf MDA content. The relative abundance of Ubgroup_10 was

negatively correlated with the number of AGG>1 and AGG1−0.5 (p<

0.01), and positively correlated with leaf MDA content (p< 0.001).

The relative abundance of Vicinamibacterales was positively

correlated with the number of AGG>1 and AGG1−0.5. The relative

abundance of JG30-KF-CM45 was positively correlated with the

number of AGG>1 and AGG1−0.5 (p< 0.05), and negatively

correlated with the number of AGG<0.25 (p< 0.001).

At the phylum level (Figure 12a), there were significant

correlations between dominant soil fungi (i.e, Ascomycota,

Calcosporangia, and Basidiomycetes) and environmental factors.

Among them, the relative abundances of Ascomycota and
FIGURE 6

Venn diagram of bacterial (a) and fungal (b) operational taxonomic units (OTUs).
FIGURE 7

Changes of phylum-level (a) and genus-level (b) bacterial community composition in different salinized soils under straw and biochar incorporation.
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Calcosporangia were negatively correlated with AGG>1 number,

AGG1−0.5 number and leaf CAT activity (p< 0.01), and positively

correlated with AGG0.5−0.25 number, soil EC, and leaf POD activity

(p< 0.01). The relative abundance of Roselle was negatively

correlated with AGG>1 number, AGG1−0.5 number and leaf CAT

activity (p< 0.05), and positively correlated with AGG0.5−0.25
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number, soil EC, and leaf POD activity (p< 0.05). The relative

abundance of Basidiomycota was positively correlated with CEC

and SMC (p< 0.01), and negatively correlated with leaf POD activity

(p< 0.05).

At the genus level (Figure 12b), there were significant

correlations between dominant soil fungal genera (i.e.,
FIGURE 8

Changes of phylum-level (a) and genus-level (b) fungal community composition in different salinized soils under straw and biochar incorporation.
FIGURE 9

Analysis of differences in bacterial abundance in different salinized soils under straw and biochar incorporation. (a) Differences in the relative
abundances of bacterial phyla under straw and biochar incorporation; (b) Differences in the relative abundances of bacterial genera under straw and
biochar incorporation; (c) Differences in the relative abundances of bacterial phyla under salt treatments; (d) Differences in the relative abundances
of bacterial genera under salt treatments.
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Chytridiomycota, Ochroconis, Cladosporium, Purpureoclilium,

Microascus, Vishniacozyma, Retroconis, and Alternaria) and

environmental factors. Among them, the relative abundances of

Chytridiomycota and Retroconis were positively correlated with

AGG>1 number, AGG1−0.5 number and CEC (p< 0.01), and

negatively correlated with leaf MDA content (p< 0.01). The

relative abundance of Chytridiomycota was negatively correlated

with the number of AGG0.5−0.25 (p< 0.01). The relative abundance

of Retroconis was negatively correlated with the number of

AGG<0.25(p< 0.05). The relative abundance of Ochroconis was

positively correlated with soil EC (p< 0.01), AGG0.5−0.25 number

(p< 0.05), and leaf MDA content (p< 0.05), and negatively

correlated with leaf SOD activity (p< 0.01). The relative

abundances of Purpureoclilium and Microascus were positively

correlated with AGG0.5−0.25 number and leaf POD activity (p<

0.01), and negatively correlated with CEC and CAT activity (p<

0.01). The relative abundance of Vishniacozyma was negatively

correlated with AGG>1 number, AGG1−0.5 number, leaf SOD

activity, and CAT activity (p< 0.01), and positively correlated

with AGG0.5−0.25 number, soil EC, and leaf MDA content (p< 0.01).
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4 Discussion

4.1 Effects of straw and biochar
incorporation on the physicochemical
properties of different salinized soils

Soil salinization greatly affects the productivity of cultivated

lands. High soil salinity damages soil aggregate structure, leading to

soil compaction and reduced permeability (Wong et al., 2010). This

may ultimately lead to the abandonment of cultivated lands.

Previous studies have shown that straw and biochar

incorporation can significantly reduce soil salinity, improve soil

environment, and promote the leaching of base ions in salinized

soils (Yue et al., 2016; Xie et al., 2017). Similarly, this study found

that straw and biochar incorporation significantly reduced soil EC,

but increased soil CEC (Table 2). This may be due the fact that (1)

straw and biochar incorporation increase soil porosity and aeration

(Artiola et al., 2012) and accelerate the leaching of Na+. (2) Biochar

has a large surface area and strong adsorption capacity, thus it can

adsorb base ions and reduce salt content in salinized soils (Yang
FIGURE 10

Analysis of differences in fungal abundance in different salinized soils under straw and biochar incorporation. (a) Differences in the relative
abundances of fungal phyla under straw and biochar incorporation; (b) Differences in the relative abundances of fungal genera under straw and
biochar incorporation; (c) Differences in the relative abundances of fungal phyla under salt treatments; (d) Differences in the relative abundances of
fungal genera under salt treatments.
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et al., 2024). (3) Straw and biochar have a large number of oxygen-

containing functional groups such as hydroxyl and carboxyl groups,

which can combined with Ca2+, Mg2+, K+, and Al3+ to stabilize in

the soil. This may be the main reason for the increase of CEC. This

study also found that straw incorporation reduced soil pH

compared with CK, while biochar incorporation had no

significant impact on soil pH. This may be due to that the soil

pH (8.35) in the study area is high causing an insignificant effect of

biochar incorporation on soil pH.

Soil aggregate is not only a fundamental unit of soil structure,

but also an important carrier of soil moisture, organic matter, and

nutrients. Its stability and the proportion of each size of particles

largely determine the soil structure, water and fertilizer retention

capacity (Guidi et al., 2017). In this study, the number of soil

macroaggregates in high-salinity soil was significantly lower than

that in low- and medium-salinity soils, and the GMD, MWD, and

R0.25 were smaller. This is consistent with the results of Duan et al.

(2021). This may be due to the fact that the Na+ content of high-

salinity soil is higher than that of low- and medium-salinity soils,

and the larger hydration radius of Na+ weakens the force between

soil particles, thus reducing the number of macroaggregates in the

soil (Shen et al., 2024). In addition, the large accumulation of Na+

reduces the soil osmotic potential, resulting in loose aggregate

structure and soil compaction (Guo et al., 2019). Straw and

biochar incorporation can increase the number and average

diameter of macroaggregates and the stability of soil aggregates

by reducing the soil Na+ content and increasing organic and

inorganic cementing substances (Zheng et al., 2018). In this

study, straw and biochar incorporation increased the number of

soil macroaggregates in low-, medium-, and high-salinity soils by
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7.01%−13.12%, 5.03%−10.24%, and 4.16%−8.31%, respectively,

compared with CK (Figure 3). Among them, the increase in the

soil macroaggregates in low-salinity soil was the largest, and the

effect of biochar incorporation was better than that of straw

incorporation. However, the mechanisms of action of straw and

biochar incorporation are different. Lignin and protein released

during straw decomposition are important factors to maintain the

stability of aggregates (Xie et al., 2020). The surface of biochar is

rich in divalent cations such as Ca2+ and Mg2+, which can replace

excess Na+ in salinized soil and inhibit the Na+-induced cohesion

reduction of soil aggregates (Duan et al., 2021). In addition, biochar

can also act as an intermediate between soil organic matter and soil

minerals, promoting the formation of an organic matter-biochar-

mineral complex through adsorption and cationic bridging (Kim

et al., 2016). This ultimately enhances the stability of aggregates.
4.2 Response of antioxidant defense
system of cotton to salt stress and
exogenous carbon addition

Soil salinization causes salt stress, which limits crop growth by

inducing physiological drought, ion toxicity, and oxidative damage

(Bose et al., 2014; Nefissi Ouertani et al., 2021). Kesawat et al. (2023)

found that salt stress led to excess accumulation of reactive oxygen

species (ROS) in crop organelles (i.e., mitochondria and

peroxisomes), and disrupted cell membrane integrity and

functional molecules such as nucleic acids, proteins, and lipids. In

this study, the MDA content in cotton leaves continued to increase

under high salinity treatment. This is due to the fact that under salt
FIGURE 11

Correlation analysis of soil bacterial community ((a) bacterial phyla; (b) bacterial genera) and environmental factors.
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stress, the reaction of excess ROS with unsaturated fatty acids on the

cell membrane causes increasing membrane lipid peroxidation in

cotton leaves (Zhao et al., 2023). In addition, excess Na+ competes

with K+ and Ca2+ to destroy the ion balance in crops, leading to a

large accumulation of MDA (Hussain et al., 2021). In this study, the

activities of POD, SOD, and CAT in cotton of the straw and biochar

incorporation treatments significantly increased compared with those

of the CK treatment. This indicates that crops can resist salt stress by

regulating the antioxidant defense system to remove excess ROS and

reduce the damage of oxidative stress to cells (Hossain and

Dietz, 2016).

In this study, the straw and biochar incorporation significantly

increased the leaf SOD and CAT activities in cotton in salinized soils

(Figure 5), and decreased the MDA content and POD activity,

compared with CK (Figure 4). This is consistent with the results of

previous studies (Abbas et al., 2022; Hamoud et al., 2022; Zhang J, et

al., 2019). This may be due to the fact that straw and biochar contains

rich nutrients, which can promote the nutrient absorption of cotton

roots and provide a material basis for the synthesis of SOD and CAT.

SOD catalyzes superoxide anions to undergo dismutation reaction

and decomposes superoxide anions (O2
−) into H2O2 and water, and

CAT further decomposes H2O2 into H2O and (O2). The two

synergistically alleviate the oxidative stress caused by excess ROS

under salt stress (Hossain and Dietz, 2016; Muchate et al., 2016). In

addition, straw and biochar incorporation can promote the leaching

of soil base ions (especially Na+) by improving soil physical properties

(Huang et al., 2023; Jin et al., 2024), reduce the absorption of Na+ by

cotton, thus alleviating the inhibition of soil salts on the synthesis of
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SOD and CAT. It should be noted that in this study, the leaf SOD and

POD activities continued to increase with the growth of cotton, while

the CAT activity increased first and then decreased (Figures 4d-f and

5). This may be due to the continuous accumulation of ROS in cotton

caused by salt stress. Excess Na+ intake in cotton affects the molecular

structure and active site of CAT, resulting in a decrease in CAT

activity (Mishra et al., 2013).
4.3 Effects of straw and biochar
incorporation on microbial community in
different salinized soils

Soil salts greatly impact the composition and diversity of soil

microbial communities (Rath and Rousk, 2015). Straw and biochar

incorporation can regulate the microbial community structure by

reducing soil salinity and increasing soil fertility. This study found

that the relative abundances of Proteobacteria (p = 0.0014) and

Bacteroidetes (p = 0.0268) increased with the increase of soil

salinity, while those of Chloroflexi (p = 0.0019), Acidobacteria (p

= 0.008), and Gemmatimonadetes (p = 0.0422) decreased

(Figure 9c). This may be due to the fact that Proteobacteria can

absorb and accumulate compatible solutes such as glycine betaine,

and maintain normal metabolic activity under salt stress by

changing osmotic balance and antioxidant defense system.

Bacteroidetes is an aerobic organism, which can cooperate with

other bacteria to increase nutrient uptake by using the matrix in

salinized soil (Li et al., 2021) to resist salt stress. Besides, soil
FIGURE 12

Correlation analysis of soil fungal community ((a) fungal phyla; (b) fungal genera) and environmental factors.
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microbial competition is also one of the important reasons. High

soil sal inity inhibits the activity of non-salt-tolerant

microorganisms, thus enabling salt-tolerant microorganisms (such

as Proteobacteria and Bacteroidetes) to obtain greater living space

and more resources (Zheng et al., 2017).

Actinobacteria and Ascomycota, as the main bacterial and

fungal phyla, play a very important role in carbon and nitrogen

cycling in soil ecosystems (Chen et al., 2023; Xu et al., 2012).

Acidobacteria and Chytridiomycota can decompose organic

matters such as cellulose and chitin (Ran T, et al., 2023).

Mortierella significantly affects the contents of available nitrogen

and available phosphorus in soil. Song et al. (2017) and Guan et al.

(2022) showed that the total carbon content, total nitrogen content,

and C/N ratio in the soil under straw and biochar incorporation

significantly increased by 31.3%, 40%, and 44%, respectively

compared with the control. In this study, straw and biochar

incorporation increased the relative abundances of beneficial

bacterial (i.e., Actinobacteria and Acidobacteria) and fungal (i.e.,

Enterobacteriaceae) phyla in salinized soils (Figures 6-8). This may

be due to that straw and biochar incorporation regulate carbon and

nitrogen cycles and C/N ratio in salinized soils (Dong et al., 2023).

Importantly, the relative abundance of Ascomycota in high-salinity

soil (p = 0.0017) increased compared with that in the low-salinity

soil in this study (Figure 10c). This may be due to the fact that salt-

tolerant bacteria such as Ascomycota can resist Na+ stress through

special mechanisms (Egidi et al., 2019), that is, they can use ion

pumps (such as H+−ATPASE and Na+/H+ retrotransporters) and

ion channels to regulate the ion concentration difference inside and

outside the cell, and excrete Na+ out of the cell, to adapt to the high-

salinity environment. In summary, under stress conditions, soil

microbial communities adapt to the environment by adjusting the

community structure, while straw and biochar incorporation can

enhance the stability of soil ecosystems to help to resist the stresses.

It has been found that biochar incorporation leads to a wider

and higher intensity in the absorption peak of polysaccharides

(Wang et al., 2024), and increases the accumulation of

chlorophyll and photosynthetic metabolites (such as soluble

sugar, sucrose, fructose, and starch) in crop leaves, enhancing the

photosynthetic capacity of crops (Zahra et al., 2022). Zhang et al.

(2023) showed that biochar incorporation increased the net

photosynthetic rate of crops by improving stomatal restriction

and intercellular carbon dioxide concentration in crop leaves

compared with the control. Wang et al. (2021) showed that

exogenous carbon addition significantly improved the structure,

growth, and photosynthetic capacity of crop canopy, i.e., leaf

number, leaf area expansion, leaf area duration, and canopy

openness, which further leads to an increase in photosynthetic

rate, leaf area index, chlorophyll content, and other photosynthetic

traits of crops. Therefore, straw and biochar can enhance the

photosynthetic capacity of crops, but how exogenous carbon

incorporation improve soil physical, chemical, and biological

properties and the accumulation of photosynthetic metabolites in

crops needs to be further explored. In the follow-up research, we

will further explore the effects of straw and biochar incorporation

on the photosynthetic processes of cotton.
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5 Conclusion

Straw and biochar incorporation, especially 4.5 t·hm–2 of

biochar incorporation (B2), significantly reduced the salt content

of soils with different salinization degrees, and increased the

proportion of macroaggregates, compared with the control. Straw

and biochar incorporation, especially 12 t·hm−2 of straw

incorporation (C2), significantly increased the relative abundance

of dominant bacteria such as Actinomycetes and Acidobacteria, and

the diversity of soil microorganisms, compared with the control.

Besides, straw and biochar incorporation significantly alleviated the

salt stress by regulating the antioxidant defense system of cotton

leaves (increasing the activities of SOD and CAT as well as

decreasing the MDA content and POD activity). In conclusion,

straw and biochar incorporation could significantly reduce the salt

content of salinized soils by improving soil structure and regulating

soil microbial community structure and abundance. Therefore,

straw and biochar incorporation are effective strategies to

remediate salinized soils, alleviate the salt stress in cotton, and

achieve the efficient utilization of salinized soils by cotton planting.

Apart from biochar, modified biochar also shows good

performance in the remediation of salinized soils. Therefore,

more types of exogenous carbon will be combined to achieve

better performance in the future.
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Specific soil factors drive the
differed stochastic assembly
of rhizosphere and root
endosphere fungal communities
in pear trees across different
habitats
Yunfeng Liu1,2, Zhenzhou Wang2, Xiang Sun2, Xueli He2*

and Yuxing Zhang1*

1College of Horticulture, Hebei Agricultural University, Baoding, China, 2College of Life Sciences,
Hebei University, Baoding, China
Introduction: Pyrus betulifolia is tolerant to diverse environmental conditions

and is commonly planted in infertile habitats (such as beaches and ridges) to

conserve arable land for cereal crops. Symbiotic fungi in the rhizosphere and root

endosphere benefit host plants by enhancing their resilience to nutritional

deficiencies under stressful conditions. However, the mechanisms underlying

the assembly of these symbiotic fungal communities in the roots of P. betulifolia

across different habitats remain poorly understood.

Methods: Pyrus betulifolia of 30-year-old were selected from five sites in northern

China to investigate the assembly of fungal communities in the rhizosphere and

root endosphere. Soil samples were collected to assess the heterogeneity of the

environment surrounding each plant. Procrustes analysis, variance partitioning

analysis, and ordination regression analysis were employed to explore the

ecological relationships between soil factors and fungal community composition.

Results: The rhizosphere fungal community exhibited higher richness, greater

diversity and lower structural variability compared to the root endosphere.

Additionally, the rhizosphere supported a fungal network with higher

abundance and stronger connectivity than the root endosphere. The

composition of fungal communities varies significantly among different

regions. In both the rhizosphere and root endosphere fungal communities, the

number of genera specific to mountainous regions was larger than those in plain

areas and saline-alkali areas. Null model-based analyses indicated that the

assembly of rhizosphere and root endosphere fungal communities in P.

betulifolia was mainly governed by stochastic processes. Specifically, in non-

saline-alkali soils, the assembly of rhizosphere fungi was primarily driven by

dispersal limitation, whereas the assembly of root endosphere fungi was

dominated by ecological drift. In saline-alkali soils, both rhizosphere and root

endosphere fungal communities were primarily influenced by ecological drift.

Conclusion: The assembly of root-associated fungal communities in P.

betulifolia is not only driven by soil physicochemical properties but also

influenced by root compartment niche and topography. Moreover, the impact
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intensity of the root compartment niche is greater than topography.

Specifically, the assembly of the rhizosphere fungal community was primarily

influenced by alkaline nitrogen (AN) and alkaline phosphatase (ALP), while the

root endosphere fungal community was more strongly affected by pH and

sucrase (SUC). These findings could provide valuable insights for the design of

beneficial root-associated microbiomes to enhance fruit tree performance.
KEYWORDS

fungal community, rhizosphere, root endosphere, assembly, ecological relationship
1 Introduction

The soil-root interface is a hotspot for microbial activity, where

plant roots provide abundant organic compounds, attracting a

diverse array of microorganisms. These microorganisms establish

complex symbiotic relationships with plant roots. Along the soil-root

continuum, plant roots organize soil microorganisms into three

distinct microhabitats, based on differences in the plant-inhabiting

niches: the rhizosphere (the microbial community surrounding the

roots), the rhizoplane (the epiphytic microbial community on the

root surface), and the root endosphere (the microbial community

living inside the roots) (Lee et al., 2019). Among plant-associated

microbial communities, fungi dominate and play a crucial role in

plant health and functionality (Trivedi et al., 2020). In recent years,

significant progress has been made in understanding the

characteristics and assembly mechanisms of microbial communities

in the rhizosphere and root endosphere. Different root niches support

distinct microbial communities, and the process of community

assembly is a key mechanism that determines microbial

composition. This process is influenced either by the filtering

effects of environmental parameters or by stochastic processes, such

as random dispersal. While research on root-associated

microorganisms has predominantly focused on grasses and crops

(Latz et al., 2021), studies on woody plants, particularly pears, remain

limited. Therefore, understanding the assembly rules of fungal

communities in pears and their ecological relationships with soil

physicochemical properties is crucial for advancing our knowledge of

fruit trees ecosystem structure and function.

Rhizosphere fungi form symbiotic relationships with plants,

directly influencing plant growth and health (Bakker et al., 2013).

These fungi convert nutrients that are difficult for plant roots to absorb,

such as organic phosphorus, into more accessible forms, thereby

enhancing nutrient utilization efficiency in plants. The assembly of

rhizosphere fungi is shaped by multiple factors, including soil

environmental conditions and root compartment niches. On one

hand, changes in the physicochemical properties of the soil can

directly or indirectly alter the living conditions of rhizosphere fungi,

affecting their assembly patterns. On the other hand, host plants

interact with rhizosphere fungi through root exudates and other

mechanisms, exerting either inducing or inhibitory effects on fungal
02122
assembly (Hassani et al., 2018). However, the primary factors

influencing the assembly of rhizosphere fungi remain unclear.

The biological relationship between plants and root endophytes

is symbiotic and co-evolutionary. These endophyte taxa are

considered the “second genome” of plants and play a crucial role

in the health of multicellular hosts (Trivedi et al., 2020). For

example, mycorrhizal fungi expand the root system’s absorption

area, enhancing water and phosphorus uptake (Basiru et al., 2023).

Endophytic fungi such as Paraphoma sp. derived from the root

system can help plants neutralize heavy metal toxicity and improve

stress resistance. Investigating the composition and assembly

process of fungal communities in the root endosphere of pear

trees under different habitats, as well as their interrelationships

with soil physicochemical properties, is crucial for comprehensively

understanding the plant-microbe symbiotic system.

Pyrus betulifolia belongs to the deciduous trees of Rosaceae. As a

wild species widely distributed in northern China, it is native to the

deciduous forest areas in northern, central China and Tibet. Its root

system is well-developed with numerous fibrous roots, and it has

excellent abilities of drought tolerance, cold tolerance and salt-alkali

stress tolerance (Li et al., 2016). Moreover, it can tolerate lime-induced

iron chlorosis (Zhao et al., 2020). Due to its excellent grafting

compatibility, P. betulifolia is the main rootstock in the commercial

pear production in northern China, and also a crucial parental

material in the cultivation of dwarf pear rootstocks and the

resistance breeding work. Although P. betulifolia can adapt to

various extreme soil types such as mountainous areas and saline

-alkali lands, it is extremely sensitive to the changes in soil fertility.

Therefore, regulating the soil physicochemical properties is of great

significance for the growth and development of P. betulifolia plants

and even the improvement of the pear yields above-ground.

Traditional soil improvement methods, such as deep plowing and

the application of organic fertilizers, are effective but costly. Adjusting

the structure of the fungal community in the rhizosphere and

endosphere, as a “green” strategy, can enhance the rhizosphere

micro-ecological environment and optimize soil properties (Edwards

et al., 2015). Previous studies have reported the soil physicochemical

properties and fungal community composition of pear trees in

different regions, but the research remains relatively superficial. For

example, Huang et al. reported the effects of soil chemical properties
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and geographical distance on the composition of arbuscular

mycorrhizal fungal communities in pear orchards (Huang et al.,

2019). Currently, the role of the holobiome system composed of P.

betulifolia and its microbial symbionts has received little attention. In

this study, 30-year-old P. betulifolia pear trees were selected from five

sites in Northern China to investigate the composition of rhizosphere

and root endosphere fungal communities and their assembly

processes. We formulated three hypotheses: (1) The root

compartment niches (rhizosphere and root endosphere) of pear

trees significantly influence the diversity and composition of fungal

communities. (2) The assembly of rhizosphere and root endosphere

fungal communities in pear trees is primarily governed by stochastic

processes and is influenced by soil physicochemical factors. (3) Fungal

community composition varied significantly across regions, with

topography influencing fungal assembly. This study contributes to a

better understanding of the relationship between plants and their

microbiota, providing a foundation for engineering beneficial plant

microbiota in sustainable agricultural production.
2 Materials and methods

2.1 Experimental sites

Pear’s root and rhizosphere soil samples were collected in May

2023 from five pear-growing regions in Hebei Province, China: WX,

XJ, BT, QY, and YT. At the regional scale, topography is a crucial

determinant of the patterns of species diversity and species

composition within forest communities. Moreover, various

habitat types have often been proven to be defined by

topographic features, such as altitude (Wang et al., 2022).

According to the geomorphic features and altitudes, five regions

were classified into two types: the mountainous type, which includes

YT and QY regions, and the plain type, which encompasses BT

region, WX region, and XJ region. Since P. betulaefolia plants in YT

region mostly grow in valley areas, while a large number of pear

trees in QY region are planted at relatively high altitudes, the

altitudes of the sampling sites in YT region are relatively low, and

those in QY region are relatively high. As the samples in this study

were collected from the salinized soil area of BT region, and

according to the measurement results of soil pH, which were

significantly higher than those of other regions, BT region was

classified as a saline-alkali land type. Finally, these three different

types of ecological environments were uniformly defined as habitat

types, namely the mountainous type, the plain type, and the saline-

alkali land type. These regions share a temperate semi-arid

monsoon climate with distinct seasonal variations. Detailed

regional information was provided in Supplementary Table S1.
2.2 Collection strategy and laboratory
process of samples

Three plots of 30 m × 20 m were established at each site (WX,

XJ, QY, and BT), and two plots were set up at YT, for a total of 14
Frontiers in Plant Science 03123
plots, in May, 2023. Nine healthy 30-year-old pear trees at the full

fruiting stage were randomly selected in each plot (126 individuals

in total). Dead branches and leaves around each tree were removed.

Root and rhizosphere soil samples were collected from each selected

tree using a shovel that was sprayed with 75% ethanol and wiped

with sterilized paper before use. Fine roots (approximately 50 g)

were carefully picked from a hole 30 cm deep, 30–50 cm away from

the main trunk with sterile plastic bags. Rhizosphere soil

(approximately 1000 g) was gently shaken off the roots and

collected with sterile plastic bags. The root and soil samples were

labeled and transported to the laboratory on ice immediately.

Rhizosphere soil for DNA extraction was gently brushed off the

roots with a fine brush, collected into 5 mL centrifuge tubes, and

stored at -80°C. Root samples were brushed and washed with

deionized water, then surface-sterilized with 70% ethanol for 5

minutes and 5% sodium hypochlorite for 2 minutes, followed by

rinsing with sterile distilled water. These samples were then frozen

in liquid nitrogen and stored at -80°C for DNA extraction. Fifty

grams of bagged rhizosphere soil were stored at 4°C for subsequent

enzyme activity assays. The remaining soil was air-dried, sieved

through a 2-mm mesh, and used for physical and chemical

property measurements.
2.3 Extraction of total DNA and high-
throughput sequencing

Root and rhizosphere soil samples of 0.1 g each were used for

DNA extraction. Total genomic DNA was extracted using the

E.Z.N.A.®Soil DNA Kit (Omega Bio-tek) following the

manufacturer’s instructions. DNA concentration and purity were

assessed using a NanoDrop 2000 (Thermo Fisher Scientific, USA)

and checked for quality by 1% agarose gel electrophoresis. PCR

amplification of the fungal ITS1 region was performed using

barcoded primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-

3’) and ITS2R (5’-GCTGCGTTCTTCATCGATGC-3’). The PCR

mixture contained 4 mL of 5×TransStart FastPfu buffer, 2 mL of 2.5

mM dNTPs, 0.8 mL of each primer (5 mM), 0.4 mL of TransStart

FastPfu DNA polymerase, 10 ng of DNA, and nuclease-free water to

a final volume of 20 mL. Amplification conditions were as follows:

95°C for 3 min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s,

and 72°C for 30 s, with a final extension at 72°C for 10 min. PCR

products were purified by 2% agarose gel electrophoresis and

extracted using the AxyPrep DNA Gel Extraction Kit (Axygen

Biosciences, Union City, CA, USA). The purified products were

quantified using the Quantus™ Fluorometer (Promega, USA).

Library construction was performed using the NEXTFLEX Rapid

DNA-Seq Kit, including adapter ligation, magnetic bead selection,

PCR enrichment, and bead recovery. Sequencing was conducted on

the Illumina PE300 platform (Shanghai Meiji Biomedical

Technology Co., Ltd.), and raw data were uploaded to the NCBI

SRA database (PRJNA1161009, PRJNA1160469).

Quality control of paired-end raw sequencing reads was

conducted using fastp (Chen et al., 2018) (https://github.com/

OpenGene/fastp, version 0.19.6). Read merging was performed
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with FLASH (http://www.cbcb.umd.edu/software/flash, version

1.2.11), filtering out bases with a quality score below 20 at read

tails using a 50 bp sliding window. Reads shorter than 50 bp or

containing N bases were discarded. Paired reads were merged with a

minimum overlap of 10 bp and a maximum allowed mismatch ratio

of 0.2. Sequences were filtered based on barcode (0 mismatches) and

primer mismatches (up to 2 mismatches). Quality-controlled and

merged sequences were clustered into Operational Taxonomic

Units (OTUs) with 97% similarity using UPARSE v7.1 (Edgar,

2013) (http://drive5.com/uparse/), and chimeric sequences were

removed. Sequences annotated as non-fungi organisms were

excluded. Samples were rarefied to the minimum sequence count.

OTU taxonomic classification was conducted using the RDP

classifier (http://rdp.cme.msu.edu/, version 2.11) against UNITE

database (version 8.0). Functional guild annotation was performed

using FUNGuild software v1.0 (http://www.funguild.org/).
2.4 Soil physicochemical properties
analysis

SM was measured using a FieldScout TDR 350 (Spectrum, Aurora,

Illinois, US) soil moisture meter. Soil pH was determined with a

portable pH meter (pH 3000, STEP Systems GmbH, Germany). OC

was assessed by loss-on-ignition in a TMF-4-10 T muffle furnace

(Gemtop, Shanghai, China) at 550°C for 4 h (Heiri et al., 2001). TNwas

measured using the semi-micro Kjeldahl method, and TP was

quantified by sulfuric acid-hypochlorite digestion (Valderrama,

1981). Alkaline nitrogen (AN) and AP were measured using the

alkaline diffusion method and sodium bicarbonate extraction-

molybdenum antimony colorimetric method, respectively (Bever

et al., 1996; Tarafdar and Marschner, 1994). AK was determined by

NH4OAc extraction-flame photometry. EC was measured with a DDS-

307W conductivity meter (Lida Instruments, Shanghai, China). The C/

N ratio was calculated from soil OC and TN. ALP activity was

measured using the modified Bremner and Tabatabai method

(Tarafdar and Marschner, 1994), assessing the conversion of pNPP

(µg/g) per gram of soil per hour. UR activity was assessed by the

method described by Kandeler and Gerber (1988), measuring NH3-N

production (µg) from urea decomposition per gram of soil per hour.

SUC activity was assessed using the 3,5-dinitrosalicylic acid method,

measuring glucose (mg/g) produced from sucrose hydrolysis per gram

of soil. Altitude and latitude-longitude data were obtained from a GPS

device. MAT and MAP were sourced from the China Meteorological

Data Network (http://cdc.cma.gov.cn).
2.5 Statistical analysis

Alpha diversity was calculated using mothur (Rzehak et al.,

2024) software (http://www.mothur.org/wiki/Calculators), with

differences analyzed using the Wilcoxon rank-sum test (P < 0.05).

PCoA based on Bray-Curtis distance was used to assess the

similarity in fungal community structure, while Beta diversity

analysis evaluated within-group dispersion of rhizosphere and
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root endosphere fungal communities. PERMANOVA non-

parametric tests and ANOSIM similarity analysis were conducted

to explore differences between rhizosphere and root endosphere

fungi, as well as variations across different regions. Based on the

results of the taxonomic analysis, the species compositions at the

phylum and class levels of different groups were analyzed. The

Wilcoxon rank-sum test was used to analyze whether microbial

community relative abundances were significantly different between

rhizosphere and root endosphere (P < 0.05). Differences among

regions were analyzed using a Kruskal-Wallis H test (P < 0.05). R

(version 3.3.1) software was used to achieve the Venn diagram at

the genus level. Circos software (Circos-0.67-7, http://circos.ca/)

was used to visualize the relationships between rhizocompartment

types or regions types and the relative abundances of fungal trophic

modes. Soil physicochemical properties were analyzed using SPSS

24.0, and mean values were compared using Duncan’s test (P <

0.05). Procrustes analysis via PCA plots was used to assess

correlations between fungal communities and soil properties.

VPA investigated the effects of soil, geographical, and climatic

factors on fungal communities. Mantel analysis in R 3.3.1 with

the vegan package (version 2.4.3) examined the influence of soil

physicochemical properties on microbial structure. Spearman

correlation was used to assess the association between soil

physicochemical properties and fungal phyla.

Network parameters were analyzed using R packages (igraph,

psych, Hmisc, vegan, dplyr, reshape2), and network modularity was

assessed in Gephi. Microbial diversity and ecological evolution were

studied within a deterministic versus stochastic framework. The

bNTI index (based on bMNTD and phylogenetic quantification)

was used to determine process dominance: |bNTI| ≥ 2 indicated

deterministic processes, while |bNTI| < 2 indicated stochastic

processes. The relative contributions of deterministic

(homogeneous and heterogeneous selection) and stochastic

processes (dispersal limitation, homogeneous dispersal, ecological

drift) were quantified using bNTI and RCBray.
3 Results

3.1 Analysis of rhizosphere soil
physicochemical properties

Analysis of the physicochemical properties of rhizosphere soil

across regions revealed that YT had the highest levels of soil TN

(1.56 mg/g), AN (156.14 mg/g), and OC (31.92 mg/g), but the lowest

TP (0.19 mg/g) (Figures 1A–C, F). The C/N ratio was highest in XJ

(37.42), significantly exceeding that of WX, BT, and YT, with no

significant difference from QY (Figure 1G). WX had the highest TP

and AP at 0.25 mg/g and 38.59 mg/g, respectively (Figure 1B, D).

Soil AK was significantly higher in WX and YT, at 124.83 mg/g and
129 mg/g, respectively, compared to other regions (Figure 1E). Soil

pH was the highest in BT at 8.22 and lowest in QY at 6.79

(Figure 1H). Soil EC was the highest in BT (486.67 mS/cm) and

lowest in QY (162.25 mS/cm) (Figure 1I). Soil ALP activity was the

highest in YT at 249.87 mg/g/h (Figure 1J). Soil UR activity was the
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highest inWX (33.28 mg/g/h) and XJ (27.44 mg/g/h), followed by YT
(26.09 mg/g/h), with BT and QY having the lowest values at 10.11

mg/g/h and 13.74 mg/g/h, respectively (Figure 1L). SUC activity was

the highest in YT at 18.41 mg/g/h and lowest in QY at 4.61 mg/g/h
(Figure 1K). SM was highest in BT (144.29%vwc) and lowest in QY

(77.98%vwc) (Supplementary Figure S1).
3.2 Diversity and symbiotic patterns of
rhizosphere and root endosphere fungi

Alpha and Beta diversity metrics were used to assess fungal

community heterogeneity. The abundance and Shannon index (a-
diversity) of rhizosphere fungi were significantly higher than those

of root endosphere fungi (P < 0.001). Specifically, the Sobs index for

rhizosphere fungi in YT was significantly higher than in other

regions (P < 0.001). The Shannon index of rhizosphere fungi in BT

was significantly higher than in XJ, QY and YT (P < 0.001). For root

endosphere fungi, the Sobs index in QY was the highest,

significantly greater than in WX (P < 0.05) and YT (P < 0.001).

The Shannon index of root endosphere fungi was significantly

higher in BT than in WX (P < 0.01) and QY (P < 0.001).

Additionally, the Shannon index of root endosphere fungi was

significantly higher in YT than in QY (P < 0.01) (Figures 2A–C).

PCoA based on Bray-Curtis distance revealed that rhizosphere

and root endosphere fungal communities formed two distinct

clusters along the first coordinate axis, which explained 25.66% of

the total variation, indicating distinct spatial differentiation

(Permutational multivariate analysis of variance (PERMANOVA):

R² = 0.16, P < 0.001; ANOSIM: R = 0.64, P < 0.001). Root

endosphere fungal communities exhibited significantly higher
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variation in sample classification compared to rhizosphere fungi

(P < 0.001). PCoA analysis of rhizosphere fungi across regions

showed significant compositional differences (PERMANOVA: R² =

0.36, P < 0.001; ANOSIM: R = 0.82, P < 0.001). Rhizosphere fungal

communities in QY, YT, and WX did not significantly separate

along the first coordinate axis but were clearly distinct from those in

BT and XJ. Rhizosphere fungi in BT and XJ formed independent

clusters along the second coordinate axis, indicating differences

from other regions. For root endosphere fungi, PCoA analysis also

revealed significant compositional differences among regions

(PERMANOVA: R² = 0.23, P < 0.001; ANOSIM: R = 0.40, P <

0.001) (Figures 2D–F). PERMANOVA of fungal data showed that

variations in microbial communities were influenced by both region

types and root compartment niches (R2 = 0.40, P < 0.001). In

addition, niches (R2 = 0.16, P < 0.001) explained more differences in

the microbial community than region type (R2 = 0.14, P < 0.001).

Particularly, region types (R2 = 0.14, P < 0.001) explained more

differences in the microbial community than topography (R2 = 0.08,

P < 0.001). All regions rendered rhizosphere and root endosphere

fungal microbiota significantly dissimilar from each other (P values

listed in Table 1).

Co-occurrence networks analysis revealed that the rhizosphere

fungal community formed a highly interconnected network with a

larger scale (nodes = 351) and higher connectivity (edges = 1171)

(Supplementary Table S2). Positive correlations dominated in both

networks, accounting for 87.36% and 99.19%, respectively, while

negative correlations were less common (12.64% and 0.81%)

(Figure 2G). Comparative analysis across regions showed notable

differences in network structures, despite high connectivity of

rhizosphere and root endosphere fungi in various regions

(Supplementary Figure S2). In BT, the rhizosphere fungal
FIGURE 1

Characteristics of physicochemical properties and enzyme activity of the pear trees rhizospheric soil among different regions. The error bars
illustrate the standard error of the mean. Different lowercase letter above the error bars indicates significant difference at P < 0.05. (A) TN. (B) TP. (C)
AN. (D) AP. (E) AK. (F) OC. (G) C/N: OC/TN. (H) pH. (I) EC. (J) ALP. (K) SUC. (L) UR. The WC, XC, BC, QC and YC represent rhizosphere soils from WX,
XJ, BT, QY and YT regions, respectively.
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network had the most nodes (nodes = 279), whereas XJ had the

highest number of edges, clustering coefficient, and network density

(edges = 4434; clustering coefficient = 0.575; network density =

0.146), but the lowest modularity (modularity = 0.228). Conversely,

YT’s rhizosphere fungal network had the fewest nodes but the

highest modularity (nodes = 175; modularity = 0.424). WX’s

rhizosphere fungal network showed lower connectivity and

clustering coefficient (edges = 1401; clustering coefficient =

0.399). For root endosphere fungi, YT’s network had the most

nodes (nodes = 97), while XJ led in edges, clustering coefficient, and

network density (edges = 548; clustering coefficient = 0.663;

network density = 0.173). WX’s root endosphere fungal network

had the lowest node connectivity but the highest modularity (nodes

= 38; edges = 38; modularity = 0.798) (Supplementary Table S2).
3.3 Taxonomic and functional composition
of rhizosphere and root endosphere fungi

Taxonomic analysis revealed the OTUs were classified into 14

phyla, 46 classes, 111 orders, 249 families, and 560 genera. The

dominant fungal phyla were Ascomycota (70.63–93.58%),
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Basidiomycota (5.43–25.61%) and Mortierellomycota (8.04–

15.66%) (Figure 3A). At the class level, the dominant classes were

Sordariomycetes (36.98–51.42%) and Dothideomycetes (8.72–

22.46%). Notably, Dothideomycetes (54.82%) was the most

abundant in the root endosphere of QY (Figure 3B). Fungal

taxonomic distributions showed significant differences between

the rhizosphere and root endosphere microhabitats. Ascomycota

was significantly (P < 0.05) enriched in the root endosphere, while

Mortierellomycetes was depleted in this compartment compared to

the rhizosphere (Figure 3C). Dothideomycetes, Agaricomycetes, and

Leotiomycetes were significantly (P < 0.05) enriched in the root

endosphere, whereas Mortierellomycetes, Eurotiomycetes,

Tremellomycetes and Pezizomycetes were depleted, as compared to

the rhizosphere (Figure 3D). Region-specific patterns were

observed, with Leotiomycetes (29.17%) being significantly (P <

0.05) enriched in the root endosphere of Yutian (YT), and

Tremellomycetes (15.70%) enriched in the rhizosphere of YT.

Agaricomycetes was significantly (P < 0.05) enriched in the root

endosphere of XJ and BT (Supplementary Figure S3).

Venn analysis revealed that the rhizosphere and root

endosphere fungal genera numbered 411 and 544, respectively,

with 395 shared genera, representing 53.55% of the total. The
FIGURE 2

The a diversity and b diversity of fungal communities inhabiting the rhizosphere (Rhizo) and root endosphere (Endo). (A) Sobs and Shannon indices of fungal
communities in the rhizosphere and root endosphere. (B) Sobs and Shannon indices of fungal communities in the rhizosphere of different regions. (C) Sobs
and Shannon indices of fungal communities in the root endosphere of different regions. (D) PCoA plot depicting the b diversity patterns of rhizospheric and
root endospheric fungal communities. (E) PCoA plot depicting the b diversity patterns of rhizospheric fungal communities of different regions. (F) PCoA plot
depicting the b diversity patterns of root endospheric fungal communities of different regions. (G) Co-occurrence networks of fungal communities in the
rhizosphere (Rhizo) and root endosphere (Endo). Nodes represent fungal OTUs. Edges represent significant interactive correlations between pairs of OTUs.
Node colors represent fungal OTUs species information (phylum level) and the size of nodes corresponds to the relative abundances of specific fungus. Red
edges indicate positive relationships, and green edges indicate negative relationships. *P < 0.05; **P < 0.01; ***P < 0.001. WCS (WCR), XCS (XCR), BCS (BCR),
QCS (QCR) and YCS (YCR) represent rhizosphere (root endosphere) fungi in WX, XJ, BT, QY, and YT regions, respectively.
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rhizosphere contained 149 unique genera, while the root

endosphere had only 16 unique genera, indicating substantial

differences in community composition. Regional comparisons

revealed that 298 genera were shared across regions in the

rhizosphere (30.13% of total), while the number of unique genera

varied across regions: YT and QY had 21 and 7 unique genera
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(5.64% and 3.80%, respectively); BT had 6 unique genera (2.63%);

WX and XJ had 3 and 5 unique genera (1.57% and 1.88%,

respectively). For root endosphere fungi, 101 unique genera were

shared across regions (10.14% of total), with YT and QY having the

most unique genera (29 and 23, respectively), followed by WX (21),

XJ (18), and BT (15) (Supplementary Figure S4).

Functional annotation of fungal taxa using the FunGuild

database categorized fungi into three primary trophic modes:

pathotrophs, symbiotrophs, and saprotrophs. The major trophic

modes were further divided into specific guilds, including

arbuscular mycorrhizal fungi, plant pathogens, and animal

pathogens (Schmidt et al., 2019). In terms of trophic modes,

saprotrophs (38.49%) and pathotroph-saprotroph-symbiotrophs

(29.4%) dominated both rhizosphere and root endosphere fungal

assemblages (Supplementary Figure S5A). No significant differences

in trophic modes were observed among rhizosphere fungi across

regions (Supplementary Figure S5B). Notably, pathotroph-

saprotrophs accounted for a larger proportion (32%) in the

composition of root endophytic fungi in YT compared to other

regions (Supplementary Figure S5C). From the perspective of fungal

guilds, undefined saprotrophs (22.00%–29.97%) and unknown

fungi (10.52%–32.98%) were predominant in both the

rhizosphere and root endosphere across the five regions.

Unknown fungi (32.98%) were the most abundant in the root

endosphere of BT, while wood saprotrophs (37.92%) were most

abundant in the root endosphere of QY. The Endophyte-Plant

Pathogen-Undefined Saprotroph guild (26.92%) was a prominent

category in the root endosphere of YT. Ectomycorrhizal fungi and

endophytes were found in both rhizosphere and root endosphere

across the five regions but in small quantities. Ericoid Mycorrhizal

fungi were present in the rhizosphere and root endosphere of YT,
FIGURE 3

Fungal composition of the rhizosphere (S) and root endosphere (R) of P. betulifolia: relative abundances of fungal community structure at the phyla
(A) and class (B) levels. (C) and (D) show taxa differences of fungi between the rhizosphere and root endosphere at the phyla and class levels,
respectively. The vertical axis shows taxa at class level with mean sums in the top 10, and different colored boxes indicate different groups. The
horizontal axis represents the average relative abundance of taxa. *P < 0.05; **P < 0.01; ***P < 0.001, Rhizo and Endo, Rhizosphere and root
endosphere, respectively.
TABLE 1 R2 and P values calculated by PERMANOVA for the variance of
fungal communities among different regions.

Factors

Results
by factor

Results by
regions/niche

R2 P
valuea

R2 P
valuea

Root compartment niche
(Rhizo vs Endo)

0.16 0.001 WX 0.28 0.001

XJ 0.25 0.001

BT 0.29 0.001

QY 0.30 0.001

YT 0.35 0.001

region type 0.14 0.001 Rhizo 0.36 0.001

Endo 0.23 0.001

Topography 0.08 0.001 Rhizo 0.20 0.001

Endo 0.11 0.001

Compartment
niche×region type 0.40 0.001

Compartment
niche×topography 0.28 0.001
Rhizo, rhizosphere; Endo, root endosphere.
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WX, and QY, particularly in the QY root endosphere

(Supplementary Figures S5D, E).
3.4 Ecological evolution of fungal
community assemblage aggregation in the
rhizosphere and root endosphere

The ecological and evolutionary mechanisms driving the assembly

of rhizosphere and root endosphere fungal communities were explored

using the bNTI and Raup-Crick (RC-Bray) models based on Bray-

Curtis dissimilarity. The results revealed that stochastic processes

predominated in both community types. Specifically, rhizosphere

fungi were mainly influenced by dispersal limitation (72.68%), while

root endosphere fungi were primarily shaped by ecological drift

(84.24%) (Figures 4A–C). Regional analysis showed that the

assembly of rhizosphere fungi in WX, XJ, QY, and YT was primarily

controlled by dispersal limitation, contributing 52.67%, 53.50%,

68.04%, and 67.28%, respectively, to microbial community structure.

In contrast, the assembly of rhizosphere fungi in BT was mainly driven

by ecological drift (39.37%) (Figure 4D). For root endosphere fungi,

ecological drift dominated across all regions, contributing 69.82%,

60.77%, 76.41%, 48.42%, and 58.64% in WX, XJ, BT, QY, and YT,

respectively. Notably, in the QY region, dispersal limitation played a

significant role, contributing 43.07%, which was nearly equivalent to

the effect of ecological drift. Compared with other regions,

homogeneous selection occupied a larger proportion (about 37.65%)

of the root endosphere fungal assemblage in YT (Figure 4E).
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3.5 Relationship between fungal
assemblages in rhizosphere and root
endosphere, and rhizosphere soil
physicochemical properties

Procrustes analysis was used to compare the alignment between

rhizosphere and root endosphere fungal community structures and

environmental factors (e.g. soil properties, geography, and climate),

revealing significant correlations with environmental factors (P <

0.001) (Figures 5A, B). Variance partitioning analysis (VPA) further

indicated that rhizosphere soil physicochemical properties were key

determinants of fungal community composition in both rhizosphere

and root endosphere, explaining 32.86% and 37.12% of the variance,

respectively (Figures 5C, D). Mantel analysis demonstrated significant

relationships between fungal communities and rhizosphere soil

physicochemical properties (Supplementary Figure S6). To reveal

potential relationships, ordination regression analysis showed

significant correlations (P < 0.05) between rhizosphere fungal

composition and rhizosphere soil factors (TN, TP, AN, AP, OC, C/

N, pH, ALP, SUC, and AK), except UR and SM. Similarly, root

endosphere fungi displayed significant correlations (P < 0.05) with TN,

TP, AN, AP, OC, C/N, pH, ALP, SUC, and SM, excluding UR and AK.

In specific, the assembly of rhizosphere fungi community was mainly

affected by AN (44.6%) and ALP (31.9%), while the assembly of root

endosphere fungi was primarily affected by pH (42.3%) and SUC

(27.7%) (Figure 6).

Spearman correlation analysis revealed that rhizosphere soil

physicochemical properties had a stronger association with the
FIGURE 4

The relative importance of ecological processes that determine fungal community assembly in the rhizosphere (Rhizo) and root endosphere
(Endo). (A) Variation in the bNTI and RCBray for fungal communities in the rhizosphere. (B) Variation in the bNTI and RCBray for fungal
communities in the root endosphere. (C) The percentages depicted in stacked bar charts represent the proportions at which homogeneous
selection, heterogeneous selection, dispersal limitation, homogenizing dispersal and ecological drift contribute to fungal community assembly.
(D) Variation in the bNTI and RCBray for fungal communities in the rhizosphere of different regions. (E) Variation in the bNTI and RCBray for
fungal communities in the root endosphere of different regions. bNTI > 2 indicates variable selection, and bNTI < –2 indicates homogenous
selection. |bNTI| < 2 and RCBray < –0.95 indicate homogenous dispersal. |bNTI| < 2 and RCBray > 0.95 indicate dispersal limitation. |bNTI| < 2
and |RCBray| < 0.95 mainly indicate ecological drift.
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relative abundances of major fungal orders in the rhizosphere

community compared to the root endosphere. Correlation heatmap

showed that pH was significantly positively correlated with the relative

abundances of Tubeufiales, Glomerellales, and Capnodiales, but was

negatively related to the relative abundances of Pleosporales,

Sebacinales, Cystofilobasidiales, and Chaetothyriales in root

endosphere of pear trees. In addition, pH was also significantly

negatively correlated with the relative abundances of Filobasidiales,

Eurotiales, and Microascales, but was positively related to the relative

abundances of Hypocreales in rhizosphere of pear trees. These results

indicated that the above-mentioned fungal taxa prefer the pH of the

habitat. Furthermore, in terms of root endosphere of pear trees, the

relative abundances of Glomerellales, Tubeufiales, and Capnodiales had

a negative relationship with the contents of AP and UR, but had a

positive relationship with the content of OC, pH and SM. Interestingly,

Pleosporales showed an opposite correlation pattern with the above-
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mentioned taxa. In terms of rhizosphere of pear trees, the relative

abundances of Cystofilobasidiales, and Filobasidiales had a positive

relationship with the contents of AK, UR, SUC, ALP, TN, AN, and AP,

but had a negative relationship with the content of pH and C/N

(Supplementary Figure S7).
4 Discussion

4.1 Diversity and community structure of
fungal communities in the rhizosphere and
root endosphere

Fungal communities in the rhizosphere and root endosphere

form a diverse micro-ecosystem surrounding and inhabiting plant

roots, playing a critical role in assessing rhizosphere soil health and
FIGURE 5

Analysis of correlation between the rhizospheric (Rhizo) and root endospheric (Endo) fungal taxonomic compositions and environmental factors.
(A) Procrustes analysis of the rhizosphere fungal taxonomic compositions and environmental factors. (B) Procrustes analysis of the root
endosphere fungal taxonomic compositions and environmental factors. M2 indicates the sum of the squared distances between matched sample
pairs. R represents the correlation in a symmetric Procrustes rotation; the P value is determined from 999 labeled permutations. (C) Variance
partitioning analysis (VPA) of the relative contributions of edaphic (TN, TP, AN, AP, AK, OC, C/N, pH, EC, ALP, SUC, UR, SM), geographic (Altitude),
and climatic (MAT and MAP) variables to the rhizosphere fungal taxonomic compositions. (D) Variance partitioning analysis (VPA) of the relative
contributions of edaphic (TN, TP, AN, AP, AK, OC, C/N, pH, EC, ALP, SUC, UR, SM), geographic (Altitude), and climatic (MAT and MAP) variables to
the root endosphere fungal taxonomic compositions.
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crop growth (Tan et al., 2017). A significant decline in the Sobs and

Shannon indices of fungal communities from the rhizosphere to the

root endosphere indicated that the barrier between these two

compartments in pear trees exerts a strong filtering effect on the

recruitment of specific microorganisms (Figure 2A) (Lumibao et al.,

2020). This finding aligned with the theory of plant-microbiota

coevolution, which posited that plants attract and select beneficial

microbiota through the release of signaling molecules, immune

system activation, and the provision of specialized nutrients and

habitat types, thereby exerting selective pressure. Microbiota

capable of recognizing signaling molecules and colonizing specific

niches are preferentially enriched, while others are filtered out

(Boyno and Demir, 2022). The structural variability of fungal

communities in the root endosphere was greater than that in the

rhizosphere, suggesting that the processes of colonization and

community formation in the root endosphere are more variable

(Figure 2D) (Zhang et al., 2023). Co-occurrence network analysis

revealed that rhizosphere fungal networks exhibited higher

connectivity, reflecting greater stability, functionality, and

adaptability (Figure 2G). The rhizosphere, with its abundant

resources, supports extensive fungal cooperation and complex
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networks, whereas the more isolated environment of the root

endosphere reduces diversity and limits innately specific taxa to

thrive (Wu et al., 2024a).

The results indicated that Ascractions, thus allowing onomycota

were dominant in the root-associated fungal communities of pear

trees across all regions (Figure 3A). The prevalence of Ascomycota

in most plants can be attributed to their strong spore production

and rapid growth, which enable them to quickly establish

dominance under favorable conditions. Moreover, Ascomycota are

saprophytes that decomposed recalcitrant organic matter, playing a

crucial role in nutrient cycling in the rhizosphere and maximizing

nutrient recovery for pear trees in situ. In the rhizosphere of YT,

many Leotiomycetes were present (Figure 3B), exhibiting rich

species diversity. Some of these groups could produce secondary

metabolites with complex structures and broad activities, which

have significant potential for development in plant pest control and

other applications (Fujita et al., 2021). Furthermore, fungal species

identification revealed that 0.8–3.92% of the fungal taxa in the

rhizosphere and 0.12–0.83% in the root endosphere were

unidentified across the five regions, underscoring a substantial

reservoir of undiscovered fungal taxa.
FIGURE 6

Relationships between the rhizosphere (Rhizo) and root endosphere (Endo) fungal taxonomic compositions and specific soil physicochemical
properties. Linear regression model fittings illustrated significant relationships between the rhizosphere fungal taxonomic compositions and (A1) TN,
(B1) TP, (C1) AN, (D1) AP, (E1) OC, (F1) C/N ratio, (G1) pH, (H1) ALP, (I1) SUC, and (J1) AK. Linear regression model fittings illustrated significant
relationships between the root endosphere fungal taxonomic compositions and (A2) TN, (B2) TP, (C2) AN, (D2) AP, (E2) OC, (F2) C/N ratio, (G2) pH,
(H2) ALP, (I2) SUC, and (J2) SM. R2 represents the deviance explained by the linear regression model.
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In the rhizosphere of pear trees, undefined and unknown

saprotrophic fungi predominated, constituting a significant

proportion of the fungal community (Supplementary Figure S5D).

These fungi contribute to soil nutrient enhancement and fertility by

decomposing organic matter. Similarly, in the root endosphere fungal

communities across the five regions, saprotrophs and pathotrophs were

also dominant (Supplementary Figure S5E). This may be due to

improper agricultural practices or the fact that pear trees, aged

approximately 30 years, have gradually entered a stage of decline,

leading to weakened resistance in the root systems of these trees to

pathogenic fungi. Under favorable environmental conditions, these

pathogens may proliferate rapidly, potentially inducing diseases in pear

trees (Hardoim et al., 2015). However, numerous probiotic fungi, such

as Ericoid, Mycorrhizal, and Ectomycorrhizal fungi (Supplementary

Figure S5D), also inhabit the rhizosphere, indicating that this

ecosystem retains a certain degree of adaptability and self-regulation

(Ward et al., 2021).
4.2 Stochastic processes govern the
assembly of rhizospheric and root
endospheric fungal microbiota at the full-
fruiting stage of pear

The assembly of plant fungal communities is crucial for plant

adaptability and ecological functions (Xu et al., 2023). bNTI
analysis revealed that the composition of fungal communities in

the rhizosphere and root endosphere of pear trees was

predominantly shaped by stochastic processes (Figures 4A–C),

aligning with previous studies on the mechanisms underlying the

construction of rhizosphere fungal communities in Phoebe bournei

plantations (Yan et al., 2024). The abundance of nutrients can

enhance ecological randomness and reduce competitive pressures,

leading to stochastic dominance in fungal assembly under

anthropogenic disturbances (Dini-Andreote et al., 2015).

Additionally, the stochastic processes governing fungal

community assembly varied across different regions of the pear

roots. Although fungi produce numerous spores, their limited

dispersal constrains the spread of the rhizosphere community,

making its assembly more influenced by dispersal limitations (Li

et al., 2021). In contrast, the root endosphere, with its smaller and

less diverse community, was more susceptible to ecological drift,

resulting in greater stochasticity (Fitzpatrick et al., 2020). The

assembly process of the fungal community is significantly

influenced by the habitat type (R² = 0.08, P < 0.001), and the

response of the rhizosphere fungal community to the habitat type is

stronger than that of the endosphere (Rhizo: R² = 0.20, P < 0.001;

Endo: R² = 0.11, P < 0.001) (Table 1). For example, the assembly

processes of the rhizosphere fungal communities in YT and QY

exhibit remarkable similarities (Figure 4D). It is speculated that it

may be attributed to the fact that the terrain significantly affects the

structure of the rhizosphere fungal community through driving

rhizosphere sedimentation, and then regulates its ecological
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functions. Specifically, the differences in hydrothermal conditions

caused by different altitude gradients may prompt changes in the

secretion patterns of plant roots, leading to the differentiation of

carbon metabolic functions and the ecological filtering effect of

allelochemicals in root exudates. Eventually, a spatially

heterogeneous community structure is formed, thus promoting

the adaptive evolution of plants and the stability of ecosystem

functions (Yang et al., 2023). Studies have shown that plant roots

can recruit rhizosphere microorganisms in a targeted manner by

secreting specific metabolites (Bi et al., 2021), and these

microorganisms promote nutrient cycling in the root zone

through nutritional interactions (Zhao et al., 2022). In

mountainous ecosystems, microbial diversity has been confirmed

to maintain the stability of soil organic carbon decomposition (Xu

et al., 2021). The YT area, situated in the Yanshan Mountains, may

experience geographical isolation and hinder the free migration of

species, resulting in a relatively limited species pool. Consequently,

during root endosphere community assembly, this limitation allows

species with similar characteristics to dominate, leading to a

significant contribution of homogeneous selection, second only to

ecological drift (Fitzpatrick et al., 2020) (Figure 4E).
4.3 Effects of rhizosphere soil factors on
the assembly of fungal communities in
pear trees within different habitats

An increasing number of studies have indicated that various soil

characteristics, including soil pH (Naz et al., 2022), soil texture

(Girvan et al., 2003), and soil nitrogen availability (Frey et al., 2004),

may be related to the changes in the composition of fungal

communities (Qiu et al., 2022). Similarly, correlation analysis

revealed that the physicochemical properties of the soil were the

primary factors driving the assembly of rhizosphere and root

endosphere fungal communities in pear trees across regions

(Figure 6). YT exhibited the highest rhizosphere fungal richness

(Figure 2B), likely due to its abundant organic matter, which

promoted fungal growth. In contrast, BT showed the lowest

rhizosphere fungal abundance (Figure 2B), possibly due to high

soil pH and EC, which may stress fungi and limit their growth

(Zhang et al., 2016). Co-occurrence networks analysis of

rhizosphere soil fungi demonstrated high connectivity and

notable regional differences (Figure 2G). For example, rhizosphere

fungal network in XJ displayed increased competition, potentially

attributed to a high C/N ratio that favors nitrogen-efficient fungi

(Yang et al., 2017). The study also revealed significant regional

differences in the Sobs and Shannon indices of root endosphere

fungi. QY exhibited the highest abundance of root endosphere fungi

(Figure 2C), likely due to its high AP, high C/N ratio, and weakly

acidic environment, which were favorable for saprophytic fungi

(Yang et al., 2017). BT showed the highest Shannon index for both

rhizosphere and root endosphere fungi (Figures 2B, C), potentially

reflecting the presence of diverse fungal communities that were
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adapted to high soil pH stress. Co-occurrence network analysis of

root endosphere fungi across regions confirmed high connectivity

among species and highlighted regional differences in community

structures (Supplementary Figures S2A, B). The network structure

of endophytic fungi in WX was relatively simple, which may be due

to the traditional agricultural management practices in WX, which

often involve the extensive use of chemical fertilizers and pesticides.

These practices may reduce the diversity of endophytic fungi,

leading to a more simplified network structure (Wu et al., 2024b;

Ye et al., 2021). Venn diagram analysis revealed that more unique

genera were found in the rhizosphere and root endosphere of pear

trees in the YT and QY regions, respectively (Supplementary

Figures S4B, C). This may be due to the variable terrain, altitude,

and complex soil types that provide diverse habitats for fungi (Siles

and Margesin, 2016). Overall, these findings confirmed that fungal

community composition varied significantly across regions, and

that the effect of topography on fungal community assembly was

less pronounced than the effects of regional types and root

compartment niches.
5 Conclusions

Stochastic processes dominate the assembly of both rhizosphere

and root endosphere fungal communities at the soil-root interface

during the full fruiting stage of perennial fruit trees. The

composition of fungal communities varies significantly among

different regions. In both the rhizosphere and root endosphere

fungal communities, the number of genera specific to mountainous

regions was larger than those in plain areas and saline-alkali areas.

The assembly of root-associated fungal communities in P.

betulifolia is not only driven by soil physicochemical properties

but also influenced by root compartment niche and topography.

Moreover, the impact intensity of the root compartment niche is

greater than topography. Specifically, the assembly of rhizosphere

fungal communities primarily driven by AN and ALP, while the

assembly of root endophytic fungi was mainly influenced by pH and

SUC. The barrier between the rhizosphere-root endosphere in pear

trees exerted a strong filtering effect on the recruitment of specific

microorganisms. Our study not only describes the diversity of

fungal microbiota in the rhizosphere and endosphere of perennial

woody fruit trees, but also elucidates the assembly mechanisms of

these microbiota and clarifies the impacts of rhizosphere soil factors

on fungal community assembly. These findings provide

fundamental data for designing beneficial root-associated

microbiomes to enhance fruit tree performance.
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YCS Rhizosphere fungi in YT
WCR Root endosphere fungi in WX
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SM Soil moisture
OC Organic carbon
TN Total nitrogen
nce 14134
TP Total phosphorus
AN Alkaline nitrogen
AP Available phosphorus
AK Available potassium
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ALP Alkaline phosphatase
UR Urease
SUC Sucrase
MAT Mean annual temperature
MAP Mean annual precipitation
OTUs Operational Taxonomic Units
PCoA Principal Coordinates Analysis
pNPP p-nitrophenyl phosphate
PCoA Principal Coordinates Analysis
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Soil and climate factors affect
the nutrient resorption
characteristics of desert shrub
roots in Xinjiang, China
Yan Luo1,2,3*†, Wenya Wei1†, Yaxuan Wang1, Tianai Xue1

and Kaijuan Du1

1College of Ecology and Environment, Xinjiang University, Urumqi, China, 2Key Laboratory of Oasis
Ecology, Ministry of Education, Xinjiang University, Urumqi, China, 3Xinjiang Jinghe Observation and
Research Station of Temperate Desert Ecosystem, Ministry of Education, Xinjiang University,
Urumqi, China
Introduction: Nutrient resorption is a vital nutrient utilization strategy in desert

plants and is essential for understanding desert ecosystems and addressing

climate change. Although the resorption characteristics in plants have been

studied extensively, those of desert plant roots remain insufficiently explored.

Methods: This study investigated the concentrations of nitrogen, phosphorus,

and potassium, as well as their resorption efficiencies, in 21 shrubs within a desert

ecosystem in Xinjiang, Northwest China. Our study was designed to compare

nutrient resorption efficiency patterns among shrub species and assess how the

these patterns respond to variat ions in cl imatic condit ions and

edaphic properties.

Results: The results indicated that nitrogen resorption efficiency (NRE),

phosphorus resorption efficiency (PRE), and potassium resorption efficiency

(KRE) for all plants were 29.14 ± 0.98%, 37.58 ± 0.92%, and 42.20 ± 0.93%,

respectively. Among functional groups, angiosperms exhibited higher PRE (36.31

± 1.00%) and KRE (41.85 ± 0.98%) than gymnosperms. C4 plants (44.88 ± 1.53%)

had significantly higher KRE than C3 plants (40.85 ± 1.17%). Among different

families, Tamaricaceae had significantly higher NRE (33.84 ± 2.07%) and PRE

(46.23 ± 1.72%) compared to others, while Solanaceae had the lowest KRE (33.84

± 2.07%). Plant nutrient resorption efficiency is regulated by multiple

environmental factors. Specifically, soil total phosphorus (STP) and total

potassium (STK) serve as the primary drivers of NRE, while electrical

conductivity (EC) and aridity index (AI) play critical roles in modulating PRE.

Climate factors exhibit distinct influences: AI shows positive correlations with

PRE in C3 plants and with NRE in C4 plants. MAT negatively affects KRE in C4

plants, whereas MAP exerts a positive effect on it. Notably, Polygonaceae plants

demonstrate unique response patterns: NRE is jointly regulated by MAP and MAT,

PRE is predominantly influenced by MAT and AI, and KRE depends on the

combined influence of MAP and AI.
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Discussion: Our research further explores the mechanisms of nutrient cycling in

desert ecosystems by analyzing the root nutrient resorption strategies of desert

plants. This provides theoretical support for understanding how plants in desert

ecosystems efficiently utilize limited nutrient resources under extreme

drought conditions.
KEYWORDS

desert shrub, root, nutr ient resorption efficiency, nutrient l imitation,
environmental factors
1 Introduction

Nitrogen (N), phosphorus (P), and potassium (K) are three

essential nutrients for plant growth and play crucial roles in various

physiological functions (Chapin, 1980; Elser et al., 2007; Du et al.,

2020; Lopez et al., 2023). N and P are typically regarded as the

primary limiting factors in terrestrial ecosystems (Sardans et al.,

2014; Liao et al., 2024), while K not only plays a crucial role in key

processes such as photosynthesis, water regulation, and stress

resistance, but it is also vital for plant growth and development.

Especially in arid ecosystems, the demand for K in plants is actually

higher than for P (Sardans and Peñuelas, 2015; Jungová et al., 2023;

Das and Mondal, 2024). When nutrient supplies are limited, plants

have evolved nutrient resorption strategies to enhance nutrient use

efficiency and reduce reliance on external sources. This process

involves resorbing nutrients from senesced tissues and transferring

them to green tissues, thereby enhancing their adaptation to

nutrient-poor environments (Killingbeck, 1996; Reed et al., 2012;

Brant and Chen, 2015; Zhang J. et al., 2024). Nutrient resorption

efficiency (NuRE), as a measure of nutrient resorption, is defined as

the nutrient difference between mature and senescent leaves and the

ratio of nutrients in mature leaves (Reich and Oleksyn, 2004).

Desert ecosystems exhibit extremely low soil nutrient

concentrations, prompting plants to depend on internal recycling

and resorption to adapt to nutrient-poor conditions (Lambers,

2022; Tariq et al., 2024; Gao et al., 2025). By maximizing nutrient

reclamation, these plants can enhance their utilization efficiency. To

gain a deeper understanding of nutrient cycling and resource-use

strategies, studying nutrient resorption in desert areas is essential.

Nutrient resorption is a vital strategy used by desert plants to

thrive in arid, low-nutrient environments (Drenovsky and Richards,

2006; Reichert et al., 2022; Zhao et al., 2024). Desert plants mitigate

nutrient limitation by improving nutrient resorption efficiency. For

instance, shrub leaves in the Chihuahua Desert exhibit significantly

higher NRE and PRE compared to other regions (Killingbeck, 1993).

However, studies suggest that the nitrogen resorption efficiency

(NRE) and phosphorus resorption efficiency (PRE) of shrub leaves

in the Chihuahua and Gurbantunggut deserts are not significantly

higher than those in other areas (Killingbeck and Whitford, 2001;

Zhang et al., 2018). Additionally, studies have shown that the PRE in
02136
desert plant leaves is generally higher than the NRE. This

phenomenon is consistent with the relative resorption hypothesis,

which posits that plants tend to preferentially absorb limiting

nutrients (Han et al., 2013). K is of crucial significance, under

drought-stress conditions, it maintains ion homeostasis and

regulates osmotic balance, enabling plants to better adapt to water

deficits, thereby enhancing their survival and ecological adaptability

(Lebaudy et al., 2007; Sardans and Peñuelas, 2015; Gupta et al., 2020;

Johnson et al., 2022). The potassium resorption efficiency (KRE) of

leaves in the Xinjiang Desert is lower than that of global woody

plants, likely due to soil nutrient scarcity and the adaptation strategies

of the plants (Luo et al., 2020). Previous studies on plant nutrient

resorption have predominantly focused on leaf tissues, with limited

research on nutrient resorption characteristics of roots (Zheng et al.,

2018). Roots are vital structures for water and nutrient absorption in

plants and play crucial roles in nutrient acquisition and storage

(Bardgett et al., 2014; Weemstra et al., 2016; Freschet and Roumet,

2017; Liu et al., 2022, 2024). Some studies have reported minimal or

no significant changes in nutrient concentrations between live and

dead roots (Aerts, 1996). Gordon and Jackson (2000) emphasized

that roots function as sites for nutrient accumulation and as potential

sources of nutrients. Desert plants enhance their ability to absorb

limited water and nutrients by increasing root hair density and length

and accumulating osmoregulatory substances, which helps maintain

cellular osmotic pressure, prevents dehydration, and ensures normal

nutrient resorption (Freschet et al., 2010; Gao et al., 2024; Wang et al.,

2025). Additionally, they often form symbiotic relationships with

arbuscular mycorrhizal fungi, significantly improving their efficiency

in absorbing soil nutrients, especially phosphorus (Tariq et al., 2024).

However, the extent to which roots contribute to nutrient resorption

remains inadequately documented, primarily because of challenges in

collection methods and associated costs. Further investigation into

root nutrient resorption characteristics will deepen our

understanding of plant resource utilization strategies in nutrient-

poor environments and provide insights into their performance and

ecological adaptation mechanisms.

The climate, soil nutrients, and plant characteristics are among

the key driving forces of nutrient resorption (Reed et al., 2012; Yan

et al., 2018; Huang et al., 2018). Climate, soil nutrients, and plant

characteristics drive nutrient resorption (She et al., 2024; Wang
frontiersin.org
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et al., 2025). Key climatic factors include temperature, precipitation,

and the aridity index. Suitable temperatures boost enzyme and

transporter activities, enhancing nutrient absorption and transport,

and increase fine root biomass and absorption area (Zhang S. et al.,

2024). Precipitation enhances soil moisture, aeration, and microbial

activity, promoting nutrient availability and root zone access.

Under drought, plants adapt by increasing root hairs and

accumulating osmoregulatory substances to maintain osmotic

pressure and prevent dehydration (Li et al., 2025a). High

temperatures in deserts can both enhance and inhibit enzyme

activity, depending on thresholds, and induce stress hormones

like ABA, affecting nutrient uptake and distribution (Beugnon

et al., 2024). Plants also adapt to water stress by adjusting root

architecture, leaf morphology, and physiological metabolism (Li

et al., 2025b). Studies indicate that plants adapt to water stress

through various strategies, including adjusting root architecture to

increase water uptake capacity, changing leaf morphology to reduce

transpiration, and regulating physiological metabolic processes

(Delgado-Baquerizo et al., 2013; Williams and de Vries, 2020).

These response mechanisms help plants to more efficient nutrient

acquisition and utilization in nutrient-poor environments.

Resorption efficiency may decrease due to drought (Zhang et al.,

2018). However, some studies have indicated that drought does not

inhibit resorption but rather plays a positive role in this process

(Lobo-do-Vale et al., 2019; Luo et al., 2024). Soil nutrients directly

influence resorption efficiency and are fundamental for plant

growth (He et al., 2015). Studies have demonstrated that reduced

soil moisture in arid regions adversely affects the resorption

capacity of plants. This limitation occurs primarily because the

soil nutrient diffusion is restricted. Moreover, the activities of soil
Frontiers in Plant Science 03137
and root enzymes decrease simultaneously, contributing to a

nutrient-limiting ecological state (Sardans et al., 2017; Li et al.,

2022). In arid regions, soil salinity is a major limiting factor for

plant growth (James et al., 2005; Zhang S. et al., 2024). Conversely,

some studies have shown that soil salinity has a minimal effect on

the nutrient resorption of desert plant leaves (Wang L. et al., 2020).

Desert plants employ various strategies to manage drought stress

and the efficiency of nutrient resorption varies among species.

Previous studies have demonstrated that the NRE of Lycium

ruthenicum surpasses that of other elements, whereas the PRE of

Halostachys caspica is greater than that of other shrubs in desert

environments (Luo et al., 2020). Angiosperms and gymnosperms

differ in their adaptations to high temperatures and drought stress.

Angiosperms have complex roots and metabolic regulation,

enhancing nutrient absorption through root hair density and

organic acid secretion (Langguth et al., 2024). In contrast,

gymnosperms have drought-resistant features like thick cuticles

and low stomatal density, reducing water loss. Under prolonged

drought, they optimize stomatal closure and root growth via ABA

signaling (Kim et al., 2024; Rizzuto et al., 2024). Investigating the

nutrient resorption mechanisms of desert plants and their responses

to environmental changes will elucidate how these plants adapt to

extreme conditions and provide a scientific basis for the restoration

and management of desert ecosystems.

Desert plants are able to adapt to poor environments for a long

time, so they have developed unique nutrient utilization strategies

including optimized root architecture, efficient nutrient recovery

mechanisms, and special photosynthesis mechanisms. Although the

resorption of nutrients from the leaves has been extensively studied,

the mechanisms underlying root nutrient resorption remain
FIGURE 1

Overview of the study area.
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unclear. Xinjiang is the most widely distributed desert province in

China, where shrubs occupy a significant ecological niche. In this

study, we selected 21 shrub species from the Xinjiang desert region

to analyze the concentration of N, P, and K in their roots. Aims to

answer the following scientific questions: (1) What are the N, P and

K stoichiometric characteristics of desert shrub plant roots and

what is the relationship between these characteristic and nutrient

resorption? (2) how do climate and soil factors affect the nutrient

resorption characteristics of desert shrub roots? Our study aimed to

elucidate nutrient utilization strategies for shrub roots in arid desert

ecosystems. Understanding how desert shrubs optimize resorption

of essential nutrients will improve our knowledge of plant

adaptation to extreme environments.
2 Materials and methods

2.1 Study area

This study was conducted across 42 field sites located in the

desert region of Xinjiang (38.86-48.19°N, 77.06-93.44°E), with

altitudes ranging from 270 to 1451 m (Figure 1; Supplementary

Table S1). The study area is characterized by a temperate,

continental arid climate featuring high temperatures and

drought conditions during the summer months and low

temperatures in winter. The mean annual temperature (MAT)

ranged from 5.29 to 14.35 °C, while the mean annual precipitation

(MAP) varied from 38 to 226 mm. The precipitation levels were

higher during the summer months and lower in the winter,

exhibiting a significant disparity in distribution throughout the

year. The shrub species in the area include plants such as Lycium

ruthenicum, Nitraria tangutorum, Tamarix ramosissima, and

Reaumuria soongorica (Supplementary Table S2). According to

the soil classification system established by the United States

Department of Agriculture, the predominant soil types in the

region are grey desert soil, gray-brown desert soil, and aeolian

sandy soil. Soil salt concentration was assessed by electrical

conductivity (EC), and the soil salt concentration in the study

area was relatively high, as shown in Supplementary Tables S3, S4.
2.2 Sampling and measurement

We collected plant samples in mid-to-late July and mid-

September in 2021. These specific sampling time periods were

selected based on the phenological characteristics of desert plants

in Xinjiang. In mid-to-late July, plants in Xinjiang desert areas are

usually in their peak growth period. By mid-September, many desert

plants in Xinjiang began to show signs of decline. Our study was

conducted at 42 sampling sites in the desert region of Xinjiang. At

each sampling point, we set a 20×20m quadrat. In each plot, 3 to 5

dominan plants with vigorous growth and consistent morphology
Frontiers in Plant Science 04138
were randomly selected, and 3–5 replicate icates were performed for

each plant to ensure sample representativeness and reliability of

ecological data. Coarse roots with diameters greater than 2 mm

and a depth of approximately 50 cm below the surface were

excavated. Soil particles and other substances were removed from

the root surfaces. The roots were carefully rinsed with deionized

water to remove any adhering soil particles and debris. Dried at 105 °

C for 30 min and subsequently dried at 65 °C until a constant weight

was achieved. They were then ground and stored for chemical

analysis. Five soil samples at a depth of 0–50 cm were collected

from each block using a soil sampler (XDB-Y, Jiangsu Xindacheng

Instrument Co., Ltd, China.), and these samples were pooled together

and fully mixed to remove organic debris and stones. Then a “four

section” was used to spread the pooled soil into a thin layer, divided

into four equal parts, and the four samples were recombined and

mixed again. After screening, the samples were stored separately,

transported to the laboratory, and spread the soil samples on a clean,

non-reactive surface and placed them in a well-ventilated, cool, and

shaded environment to ensure that the samples were protected from

direct sunlight, dust, and chemical contamination. The dried soil was

ground and then stored for chemical analysis.

At each sampling point, we collected 3–5 replicates based on the

actual distribution. For the statistical analysis of the original dataset,

we collected a total of 55 plants, 3 replicates, 58 plants, and 5

replicates for a total of 455 plant samples. The N concentration was

determined using an Alpkem autoanalyzer (Kjektec System 1026

distillation unit, Sweden). Plant and soil samples were dried and

ground to ensure uniformity. Subsequently, the N in the sample was

distilled using the Kjeldahl method. After sulfuric acid digestion, the

N was released as ammonia, and its concentration was determined

by acid titration. The P content was determined using the

molybdate/ascorbate blue colorimetric method with a ICP-OES

instrument (7300 DV, PerkinElmer, United States). After

chemical treatment, molybdate was added under specific pH

conditions to generate a phosphorus-molybdenum blue complex.

Using ascorbic acid as a reducing agent, this complex was further

reduced to a blue compound, which was quantified by colorimetry.

The method for determining potassium (K) concentration is

described as follows: Accurately weigh 0.5 g of plant powder

sample and place it into a polytetrafluoroethylene (PTFE)

digestion vessel. Add 10 mL of concentrated nitric acid (HNO3,

65%) and 3 mL of hydrogen peroxide (H2O2, 30%). Seal the

digestion vessel and place it into the microwave digestion system

(Mars Xpress, CEM Corporation, USA) for digestion. After

digestion, the sample is analyzed using inductively coupled

plasma-optical emission spectrometry (ICP-OES). The instrument

used is the Optima 7000 DV (PerkinElmer Inc., USA). The sample

solution is nebulized and introduced into the plasma torch, where it

is ionized into a plasma state at high temperature. Potassium emits

characteristic spectra at a specific wavelength (766.49 nm), and its

concentration is quantitatively determined by measuring the

emission intensity (Ebrahim et al., 2014).
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2.3 Meteorological data acquisition

MAT (°C) and MAP (mm) data were derived from WorldClim

version 2.0 (http://worldclim.org/version2), and the drought index

(AI) was derived from the meteorological database of the

International Centre for Agricultural Research Spatial

Information Consortium (http://www.cgiar-csi.org).
2.4 Nutrient resorption efficiency

Nutrient resorption efficiency (NuRE) was calculated as

described by Vergutz et al. (2012):

NuRE =
Numature − Nusenesced

Numature
� 100% (1)

where, NuRE is the nutrient resorption efficiency, Numature is

the nutrient concentration in the roots during summer, and

Nusenesced is the nutrient concentration in the roots during autumn.

Relative nutrient resorption (RNuR) is calculated as described

by Han et al. (2013):

RNuR1 = NRE − PRE (2)
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RNuR2 = NRE − KRE (3)

RNuR3 = KRE − PRE (4)

where, NRE, PRE, and KRE are the nutrient resorption

efficiencies of N, P, and K, respectively.
2.5 Statistical analyses

One-way analysis of variance was employed to determine the

differences in N, P, and K stoichiometry and nutrient resorption

efficiency among the course roots of the sampled individuals.

Tukey’s HSD test was used to assess significant differences

between multiple groups (p< 0.05). The relative nutrient

resorption proportion between N and P was quantified as the

difference between NRE and PRE, i.e. , NRE-PRE. The

stoichiometric ratio N:P was used to indicate the relative

limitation of N versus P in plants. To identify critical thresholds,

we performed regression analysis between the relative resorption

efficiency (NRE-PRE) and the N:P ratio (log-transformed), with the

results visualized in Figure 2. In the figure: The horizontal dashed

line marks the equilibrium point where NRE equals PRE (NRE-
FIGURE 2

Ratios of N, P, K and relative resorption efficiency in summer and autumn roots Note: (a) N: Pm and NRE-KRE; (b) N: Km and NRE-KRE; (c) K: Pm and
KRE-PRE; (d) N: Ps and NRE-KRE; (e) N: Ks and NRE-KRE; (f) K: Ps and KRE-PRE. Horizontal black dashed line indicates the NRE equal to the critical
N: P ratio of the PRE. The vertical blue dashed line crosses the black dashed line and the intersection of the red fitted curve is the
corresponding ratio.
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PRE=0). The vertical dashed line indicates the critical N:P ratio

derived from the regression model after logarithmic transformation

(Han et al., 2013).

The impact of environmental variables on NRE, PRE, and

KRE was investigated using a linear mixed model (LMM).

Regression analysis of environmental factors was performed

using the restricted maximum likelihood estimation method,

with the model constructed using the nlme package in R version

4.3.3. The LMM was designed using NRE, PRE, and KRE as

response variables. The analysis incorporated various plant types

as random effects and climatic (MAT, MAP, and AI) and soil

factors (STN, STP, STK, pH, EC, and Ksoil) as fixed effects. The

RDA analysis of climate and nutrient reabsorption efficiency was

performed using the “vegan” package in R. All data processing,

analyses, and visualizations were performed using Microsoft Excel

2013, Origin 2024, and R version 4.3.3.
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3 Results

3.1 Stoichiometric characteristics of N, P
and K in roots of desert shrubs

The concentrations and stoichiometric ratios of N, P, and K

were analyzed in the roots of the entire shrub population during

summer and autumn using classical statistical methods

(Figures 3, 4). The N, P, and K content in the roots of shrub

plants in summer were 11.20 ± 0.20 mg g−¹, 0.81 ± 0.02 mg g−¹,

and 12.26 ± 0.24 mg g−¹, respectively. In autumn, the root content

was 7.91 ± 0.17 mg g−¹ for N, 0.49 ± 0.01 mg g−¹ for P, and 6.93 ±

0.16 mg g−¹ for K. The ratios of N:P, N:K, and K:P for summer

roots were 16.47 ± 0.37, 1.21 ± 0.08, and 13.61 ± 0.98,

respectively, while the ratios for autumn roots were 20.04 ±

0.64, 2.04 ± 0.32, and 18.64 ± 0.89.
FIGURE 3

Root N, P, and K contents in different photosynthetic pathway plants in Xinjiang deserts across summer and autumn Note: Figures (a-c) show N, P,
and K contents in roots of C3 and C4 plants; (d-f) in roots of gymnosperms and angiosperms; and (g-i) in roots of different families. m and se
represent summer and autumn, respectively. Where C3 and C4 represent different photosynthetic pathway. CH, Chenopodiaceae; EP, Ephedraceae;
LE, Leguminosae; PO, Polygonaceae; SO, Solanaceae; TA, Tamaricaceae; ZY, Zygophyllaceae. Different lowercase letters for different groups in the
same column indicate a significant difference in element content (Turkey's HSD test, ANOVA: p<0.05).
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For different functional groups of plants, the mean N, P, and K

content in the summer roots of C3 plants were 11.47 ± 0.24 mg g−¹,

0.81 ± 0.03 mg g−¹, and 12.44 ± 0.30 mg g−¹, respectively. In

contrast, the mean N, P, and K content in the summer roots of C4

plants were 10.66 ± 0.35 mg g−¹, 0.79 ± 0.03 mg g−¹, and 11.89 ±

0.42 mg g−¹, respectively. The N and K content in the summer roots

of C3 plants were significantly higher than those in C4 plants. In

autumn, the mean N, P, and K content in the roots of C3 plants were

8.02 ± 0.22 mg g−¹, 0.49 ± 0.02 mg g−¹, and 7.11 ± 0.20 mg g−¹,

respectively. For C4 plants in autumn, the mean content values were

7.70 ± 0.26 mg g−¹ for N, 0.49 ± 0.07 mg g−¹ for P, and 6.54 ± 0.25

mg g−¹ for K. There were no significant differences in N, P, and K

content between the autumn roots of C3 and C4 plants.

Additionally, the ratios of N:P and K:P in the summer roots of C3

plants were significantly higher than those of C4 plants. Conversely,

the N:P ratio in autumn was significantly lower in C3 plants

compared to C4 plants.

The mean N, P, and K content in the summer roots of

angiosperms were 11.10 ± 0.22 mg g−¹, 0.78 ± 0.02 mg g−¹, and

11.96 ± 0.25 mg g−¹, respectively. For gymnosperms, the mean

values were 11.93 ± 0.39 mg g−¹ for N, 1.00 ± 0.06 mg g−¹ for P, and

14.41 ± 0.89 mg g−¹ for K. The P and K content in the summer roots

of angiosperms were significantly lower than those in

gymnosperms. In autumn, the mean N, P, and K content in the

roots of angiosperms were 7.81 ± 0.19 mg g−¹, 0.49 ± 0.05 mg g−¹,

and 6.89 ± 0.17 mg g−¹, respectively, while the mean values for

gymnosperms were 8.58 ± 0.30 mg g−¹ for N, 0.53 ± 0.03 mg g−¹ for

P, and 7.21 ± 0.43 mg g−¹ for K. There were no significant

differences in nutrient content between the autumn roots of

angiosperms and gymnosperms. The ratios of N:P, N:K, and K:P

for the summer roots of angiosperms were 16.47 ± 0.37, 1.21 ± 0.08,

and 13.61 ± 0.98, respectively, while in autumn, the ratios were

20.04 ± 0.64, 2.04 ± 0.32, and 18.64 ± 0.89. The N:P ratio in summer

and the K:P ratios in both summer and autumn were significantly

higher in angiosperms compared to gymnosperms.

For different plant families, the N, P, and K content in the

autumn roots of Solanaceae plants was significantly higher than that

of other families. The N content in the summer and autumn roots,
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as well as the P content in the autumn roots of Polygonaceae and

Tamaricaceae plants, was significantly lower than that of plants

from other families. The N:P and K:P ratios in the summer and

autumn roots of Tamaricaceae plants were significantly higher

compared to other families. In contrast, the N:P ratio in the

summer roots of Ephedraceae and Polygonaceae was significantly

lower than that observed in other families.
3.2 Nutrient resorption efficiency of the
desert shrub roots

3.2.1 Root nutrient resorption characteristics of
desert shrub plants

The analysis of N, P, and K nutrient resorption efficiencies in

the summer and autumn roots of different functional groups

revealed average resorption efficiencies of 29.14 ± 0.98% for

NRE, 37.58 ± 0.92% for PRE, and 42.20 ± 0.93% for KRE

(Figure 5, the resorption characteristics of specific species are

shown in Supplementary Table S3) (Equation 1). Notably, KRE

was significantly higher than PRE and NRE. Among the plant

functional groups, C3 plants exhibited significantly higher NRE

and PRE than C4 plants, whereas C4 plants had a significantly

higher KRE (Figure 5B). For angiosperms, the NRE, PRE, and

KRE were 29.46 ± 1.06%, 36.31 ± 1.00%, and 41.85 ± 0.98%,

respectively, with gymnosperms showing a significantly higher

PRE than angiosperms (Figure 5C).

The results of N, P and K nutrient resorption efficiencies in the

roots of shrubs from different families during summer and autumn

are presented in Figure 5D, Significant differences in NRE, PRE, and

KRE were observed among families (p< 0.05). NRE ranged from

24.45% to 33.84%, PRE from 28.20% to 46.41%, and KRE from

22.22% to 47.08%. Notably, Tamaricaceae had a significantly higher

NRE (33.84%) than Chenopodiaceae (24.45%). The PRE of

Ephedraceae (46.41%) and Tamaricaceae (46.23%) were

significantly higher than those of other families. In contrast,

Solanaceae had a significantly lower KRE (22.22%) compared to

other families.
FIGURE 4

Root N, P, and K ratio of shrubs in different families in Xinjiang desert in summer and autumn Note: Figure (a-c) show the ratio of nutrient content in
different light and pathway plants, gymnosperms and angiosperms, and plants in different families. Different lowercase letters for different groups in
the same column indicate a significant difference in element content (Turkey's HSD test, ANOVA: p<0.05).
frontiersin.org

https://doi.org/10.3389/fpls.2025.1518846
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Luo et al. 10.3389/fpls.2025.1518846
3.2.2 Relative resorption efficiency and nutrient
limitation of desert shrub roots

The stoichiometric ratio and relative resorption efficiencies are

crucial indicators for assessing the nutrient limitations of N and P, and

their effectiveness. In summer, the relative resorption efficiency of the

roots positively correlated with the ratios N:Pm, N:Km, and K:Pm (NRE-

PRE (Equation 2) and N:Pm: r
2 = 0.03, p< 0.5 (Figure 2A); NRE-KRE

(Equation 3) and N:Km: r
2 = 0.01, p< 0.5 (Figure 2B); and KRE-PRE

(Equation 4) and K:Pm: r
2 = 0.03, p< 0.5 (Figure 2C)). Conversely, in

autumn, the relative resorption efficiency in roots demonstrated a

consistent negative correlation with the N:Pse, N:Kse, and K:Pse ratios

(NRE-PRE and N:Pse: r
2 = 0.31, p< 0.01; NRE-KRE and N:Kse: r

2 =

0.36, p< 0.01 (Figure 2E); and KRE-PRE and K:Pse: r
2 = 0.25, p< 0.01

(Figure 2F)). The horizontal black dotted line indicates the position

where the NRE equals PRE, and the vertical blue dotted line indicates

the corresponding critical N:P ratio. The critical N:P, N:K, and K:P

ratios for the summer roots were 38.58, 11.36, and 8.43, respectively,

while for the autumn roots were 12.01, 0.60, and 18.85, respectively.
3.3 Effects of environmental factors on
nutrient resorption efficiency of shrub
roots

LMM results (Table 1) indicated that both soil total phosphorus

(STP) and soil total potassium (STK) had a significant impact on

the response variable NRE. Specifically, STP was negatively

correlated with NRE, whereas STK was positively correlated.

Additionally, pH significantly affected NRE. For PRE, Electrical

conductivity (EC), and aridity index (AI) demonstrated highly

significant effects, with EC showing a positive correlation and AI

a negative correlation. Soil water stress coefficient (Ksoil) also

influenced the PRE. For KRE, only STK had a significant effect.

For plants in different functional groups (Table 2), Ksoil and AI

significantly influenced NRE of C4 plants. Ksoil was negatively

correlated with NRE, whereas AI was positively correlated.
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Additionally, Ksoil positively affected the NRE of angiosperms.

Both Ksoil and AI significantly affected the PRE of C3 plants, with

Ksoil negatively correlated and AI positively correlated.

Furthermore, MAT and MAP had significant effects on KRE of

C4 plants, with negative and positive correlations, respectively.

Among different families (Table 3) NRE of Chenopodiaceae and

Polygonaceae families exhibited significant responses to various

environmental factors. Among these, Ksoil, Soil total nitrogen

(STN), and MAT had the most pronounced effects on the NRE of

Chenopodiaceae plants. In contrast, pH, Ksoil, STN, STK, MAP, and

MAT significantly affected the NRE of Polygonaceae plants. In

addition, Ksoil, STK, MAT, and AI had the most significant effects

on the PRE of Polygonaceae plants. MAP and AI significantly

affected the KRE of Polygonaceae plants.

The relationship between climate and nutrient resorption

efficiency was illustrated in Figure 6. The RDA results showed

that the first axis (RDA 1) explained 82.32% of the variation, while

the second axis (RDA 2) explained 15.75% of the variation. Overall,

the first two axes accounted for over 98% of the ecological data

variation, indicating that the selected environmental variables

significantly explained species distribution. RDA 1 was primarily

driven by MAP and MAT, suggesting that under warm and humid

conditions, plants exhibited significantly higher PRE and KRE.

RDA 2 was closely related to the AI, implying that high soil

nitrogen availability reduced NRE.
4 Discussion

4.1 Stoichiometric characteristics and
stoichiometric ratios of N, P, and K in
desert shrub roots

N and P are essential components of important biomolecules

such as proteins, nucleic acids, and amino acids in plants. K plays

important physiological regulatory functions in plant cells (Lopez
TABLE 1 Responses of all plants' NRE, PRE, and KRE to climate and soil variables.

Estimate NRE
Std

p Estimate PRE
Std

p Estimate KRE
Std

p

pH -2.86 2.82 0.03* 3.13 2.87 0.28 3.86 2.92 0.89

EC 0.09 0.08 0.31 0.26 0.08 0.0009*** 3.51 7.93 0.66

Ksoil 0.98 1.66 0.23 4.04 1.69 0.017* 3.06 1.73 0.08

STN -0.90 0.88 0.56 -0.56 0.90 0.53 -2.80 9.07 0.76

STP -3.20 0.84 0.0002*** -0.76 0.85 0.37 1.25 8.32 0.14

STK 0.82 0.21 0.0002*** 0.05 0.22 0.83 4.90 2.22 0.03*

MAP -0.07 0.04 0.09 0.06 0.04 0.20 -6.08 4.05 0.89

MAT -1.76 1.01 0.08 0.26 1.03 0.80 -1.64 1.03 0.11

AI -109.40 169.79 0.52 -458.93 172.85 0.008** -2.94 1.77 0.09
Note: Estimate and p represent the model regression coefficient and significance level for each explanatory variable, respectively. Ksoil (%): soil water stress coefficient, defined as the ratio of actual
evapotranspiration to potential evapotranspiration; AI (no unit): arid index, calculated as the ratio of precipitation to potential evapotranspiration; drought zone (AI > 0.2), transition zone (0.2<
AI< 0.65) and wet zone (AI> 0.65).*p< 0.05;**p< 0.01;***p< 0.001.
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et al., 2023; Das and Mondal, 2024). The concentrations of these

elements not only reflect the inherent physiological characteristics

of plants but also illustrate their adaptive capacity and response

mechanisms to environmental conditions (Han et al., 2011; An

et al., 2021). In the present study, the average concentrations of N,

P, and K in the roots of all shrub species during summer were

significantly higher than in the roots during autumn. This difference

is primarily attributed to the active growth and metabolism of roots

during summer, in the summer high temperature and drought

conditions, plants through a series of adaptive mechanisms to

maintain growth, these mechanisms include the adaptability of

root changes, antioxidant defense and metabolic regulation,

hormone signal regulation and microbial interaction (Gupta et al.,

2021; Zhang et al., 2022), leading to an increased demand for

nutrients and enhanced ability to absorb nutrients from the soil

(Moreau et al., 2019). With root senescence, metabolic activity

declines, nutrient demand decreases, and elemental concentrations

diminish. The concentration of N and P in the roots of desert plants

in summer was higher than both global (8.8 mg g−1, 0.69 mg g−1)

and national levels (4.87 mg g−1, 0.47 mg g−1) (Yuan et al., 2011;

Yang et al., 2018). Desert plants sustain their normal physiological

functions by absorbing sufficient water and nutrients, allowing them

to adapt to arid and nutrient-poor environments (Schenk and

Jackson, 2002; Kautz et al., 2013; Mahdieh et al., 2021; Tariq
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et al., 2024). In summer, the K concentration in roots was lower

than that in other regions, which may be attributed to the specific

characteristics of desert habitats. Drought and saline conditions

limit K uptake by plants. C3 plants rely heavily on ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco) for photosynthesis,

an enzyme that is nitrogen-rich. This reliance means C3 plants need

higher nitrogen levels to support Rubisco synthesis and function.

However, Rubisco’s susceptibility to oxygen inhibition during CO2

fixation leads to photorespiration, which reduces photosynthetic

efficiency. To compensate, C3 plants require more nitrogen (Paulus

et al., 2013; Li et al., 2024a; Wang F. et al., 2020). Additionally, C3

plants often have a higher specific root length, allowing them to

explore soil more extensively for nutrients like N and K, which are

essential for photosynthesis and maintaining cell osmotic pressure

(Mukundan et al., 2024). In contrast, C4 plants use the more

efficient enzyme phosphoenolpyruvate carboxylase (PEP

carboxylase) for initial CO2 fixation, reducing their dependence

on Rubisco and lowering their nitrogen requirements.

Consequently, C4 plants have relatively lower nitrogen

concentrations in their roots compared to C3 plants (Huang et al.,

2022), C4 plants are generally more adaptable to high temperatures

and drought conditions, which may contribute to the observed

differences in physiological and ecological performance between C4

and C3 plants (Ozeki et al., 2022). C4 plants often exhibit greater
FIGURE 5

NRE, PRE, and KRE of desert shrub plant roots: (a) all plants; (b) different light and pathways; (c) gymnosperms and angiosperms, (d) different
families. Where C3 and C4 represent different photosynthetic pathway. The lowercase letters in the figure indicate significant differences between
NRE, PRE, and KRE (Turkey's HSD test, ANOVA: p<0.05).
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productivity and resilience in extreme environments, thereby giving

them a competitive advantage over C3 plants in certain habitats

(Guidi et al., 2019). Gymnosperms preferentially utilize available N,

P, and K during biosynthesis, leading to higher concentrations of

these essential nutrients in their tissues. This selective uptake can be

attributed to the phosphoenolpyruvate (PEP) synthesis pathway

and adaptive changes in the cell wall, Under drought conditions,

lignin and phenolic compounds content in gymnosperm cell walls

increase, which contribute to cell wall hardening and lignification,

thus improving plant drought resistance, which optimize nutrient

assimilation and utilization (Wang et al., 2019; Langguth et al.,

2024). In resource-limited environments, Only Tamariaceae shows

the preferential absorption of K+ to support osmotic regulation and

water retention, and this adaptability is mainly attributed to its

efficient K+ absorption mechanism. Tamariaceae plants absorb and

transport K+ through high-affinity K+ transporters (e. g., HAK 5)

and K+ channels (such as AKT 1). These transporters exhibit

efficient absorption under low K conditions, thus helping plants

maintain cellular osmotic pressure and water balance in drought

and salt stress environments (Chen et al., 2023). Conversely,

Chenopodiaceae plants can adjust the osmotic levels in their cells

by regulating the concentrations of N and P, thereby enhancing

their adaptability to extreme environment (He et al., 2024).

The nitrogen to phosphorus (N:P) ratio in terrestrial vegetation

serves as an indicator of soil nitrogen and phosphorus availability,

highlighting nutrient limitations and the overall health of plant

growth (Güsewell, 2004). Compared to leaves, the N:P ratio of stems

and roots can serve as a more effective indicator of soil nutrient

availability (Schreeg et al., 2014; Zeng et al., 2016). This study found

that the N:P ratio of mature roots of all shrubs was 16.47 ± 0.37,

while that of senescent roots was 20.04 ± 0.64. Both ratios exceeded

16, suggesting that the growth of desert shrub roots in Xinjiang may

be limited by P. With limited water and nutrients, desert plants have
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reduced resource absorption, leading to decreased nutrient cycling

and metabolic activity (Li et al., 2024a). The K:P ratio of the desert

shrub roots was 18.41, further indicating that the growth of desert

shrubs in Xinjiang was limited by P, which is consistent with the

results of our previous study in this region (Luo et al., 2020).

Because of their complex metabolic pathways, angiosperms can

absorb and utilize N and K from the soil more effectively, resulting

in higher N:P and K:P ratios. For example, they can dissolve the P in

the soil through root exudates (such as organic acids and

phosphatases), thus improving phosphorus availability (Ma et al.,

2022; Pang et al., 2024). The root structure of angiosperms and

microbial symbiosis (such as mycorrhizal fungi) also enhance N

and K resorption. In addition, Angiosperms are more efficient in

absorbing N and K by optimizing root architecture and increasing

nutrient uptake efficiency (Langguth et al., 2024). Tamarixaceae

plants exhibit high K:P ratios and possess well-developed roots that

can penetrate deep into the soil to access water and nutrients,

particularly in arid saline environments where their capacity for K

uptake is enhanced (Hussain et al., 2022; Islam et al., 2024).
4.2 Changes in nutrient resorption
characteristics of desert shrub roots

4.2.1 Characteristics of NuRE
In desert ecosystems, the harsh environmental conditions

typically lead to lower rates of nutrient resorption and utilization

compared to other ecosystems. As a result, desert plants are more

reliant on internal nutrient cycling for their survival (Reichert et al.,

2022; Tariq et al., 2024). In the present study, we found that the

nutrient resorption efficiencies of the desert shrub roots were

29.14% for nitrogen (NRE), 37.58% for phosphorus (PRE), and

42.20% for potassium (KRE), as shown in Figure 1. These values are
TABLE 2 Responses of climate and soil variables to NRE, PRE and KRE in different functional groups.

Estimate

pH EC Ksoil STN STP STK MAP MAT AI

NRE

C3 -5.85 0.16 3.81* -2.03 -2.68** 0.54* -0.02 -2.46* -449.14*

C4 13.71* -0.48* -16.71*** 4.15* -2.57 0.75 -0.07 -2.83 1689.60***

An -3.33 0.05 1.90 -2.04* -2.38** 0.81*** -0.01 -1.64 -261.27

Gy -12.72 0.58 -18.46 4.73 -0.69 -0.78 -0.22 -3.46 2060.58

PRE

C3 1.60 0.16 5.43** 0.76 -1.05 0.26 0.10* 0.17 -689.01***

C4 4.68 0.39 0.39 -2.02 0.52 -0.51 -0.07 -0.81 740.90

An 2.47 2.48** 3.47* -2.32* 3.48 1.27 9.48 1.17 -4.14*

Gy -2.01 2.89 -3.10 6.38 2.39 -1.58 -1.41 -1.70 2.91

KRE

C3 -7.68* 5.72 3.69* 9.68 1.15 6.14* 1.24* -2.97* -4.72*

C4 1.42* 2.15 -2.69 -4.03* 6.61 2.28 -7.75*** 9.01*** 6.38

An 2.32 5.88 2.30 -1.41 1.80* 4.30 -1.23 -1.14 -2.00

Gy -1.84 -2.43 5.07 7.90 -8.61 6.78 1.14 -9.32 -4.69
C3 and C4 represent plants with different light and pathway, respectively; An and Gy represent Angiospermae and Gymnospermae, respectively. *p< 0.05; **p< 0.01; ***p< 0.001.
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higher than the global average NRE of 27% for roots but lower than

the global average PRE of 57% (Freschet et al., 2010). This

discrepancy may be attributed to the fact that desert plants thrive

in arid, nutrient-poor soils, and are developmentally and

physiologically adapted to low-nutrient conditions (Suseela and

Tharayil, 2018). In a study of root P levels, Yuan et al. (2011)

reported that senescing roots reabsorbed 27% of P on average.

Additionally, in a study involving 40 subarctic species, Freschet

et al. (2010) found that 57% of P was resorbed in the roots, which

was comparable to the 63% resorption rate observed in the leaves.

The higher KRE value may reflect the need for plants in desert

ecosystems to adapt to drought and water scarcity. To cope with

these conditions, plants enhance their K resorption mechanisms,

thereby improving K use efficiency.

The NRE and PRE in C3 plants were generally higher than

those of C4 plants, a phenomenon that is attributable to the

relatively low photosynthetic efficiency of C3. This inherent

inefficiency coerces C3 plants to invest greater amounts of N

and P to sustain their photosynthetic processes and metabolic

functions (Kubásek et al., 2013; Guidi et al., 2019; Tanigawa et al.,
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2024). The structural simplicity of the xylem vascular bundle in

gymnosperms enhances their ability to efficiently resorb and

transport essential nutrients, optimizing nutrient resorption and

retention, thereby facilitating their adaptability to various

environmental conditions (Gleason et al., 2016; Langguth et al.,

2024). Tamaricaceae plants exhibited a stronger absorption

capacity for N and P, probably because their roots form

symbiotic relationships with N-fixing bacteria (Cavagnaro,

2016). These bacteria convert N into a form that can be readily

absorbed by plants, thereby enhancing the N utilization efficiency.

In addition, organic acids secreted by Tamaricaceae plants, such

as citric and oxalic acids, converts P in the soil into a form that can

be absorbed by plants (Kumar and Rai, 2020), thereby increasing

the effective uptake and utilization of P. In contrast, the K

absorption efficiency of Solanaceae plants was significantly lower

than that of other families. This may be attributed to the higher

degree of lignification in their roots and increased rigidity of their

cell walls, which adversely affects the extension and branching

capabilities of the roots, consequently affecting their efficiency in

absorbing water and nutrients (Basak et al., 2024).
TABLE 3 Responses of climate and soil variables to NRE, PRE and KRE of different families.

Family Estimate

pH EC Ksoil STN STP STK MAP MAT AI

NRE

CH 7.05 -2.65 1.83*** -6.19*** 5.78 1.14*** -1.04 8.47*** 1.59**

EP -2.31* 6.69* -3.48* 8.87* -3.66 -1.11 -1.31* -1.35* 3.38**

LE 2.93 7.12 -1.15** 4.80 -3.08 3.21 -1.11** -3.20** 1.03**

PO -5.15*** -1.73 -3.51*** 8.93*** -7.27** -2.92*** 4.43*** -2.86*** 2.47**

SO -4.53 -1.51 1.53 -7.38 3.75*** -5.82 5.54 5.75 -4.36

TA -8.89 3.89 -8.68 -7.55 3.16 -1.27 6.12*** -2.44*** -4.71

ZY 6.36* -2.03 -1.15*** 2.91 -2.33 1.84 -1.13 2.29 1.23***

PRE

CH 4.54 1.77 1.41* -3.47* -4.52 -6.36 7.25 2.34 -1.26*

EP -1.13 3.60 -4.17** 7.53* 3.19 -1.39 8.17 -1.81* 3.75**

LE 2.40 3.09 -6.77 5.92 -2.06 2.14 9.15 -2.20 5.25

PO -3.14* 5.44 -4.41*** 7.19** -3.52 -3.05*** -2.50 -1.78*** 4.18***

SO -5.62 -6.08** 3.87 3.61 1.58 -9.27** 6.00 4.85 -1.11*

TA 2.21* 5.24 -1.63** 5.99 -1.51 1.91* -5.74 5.17 1.73**

ZY -2.40 -3.66 4.48 -2.06 1.90 -1.43 1.20 -1.23 -1.03

KRE

CH 3.06 2.99 1.42* -2.89 2.37 7.59 -1.30 1.51 -1.30*

EP -1.92 -4.84 -1.14 9.38* -9.17 -2.60 2.32 -1.19 6.32

LE -3.51 1.41 -8.33 -3.21 -3.44 -5.04 9.26 1.09 6.05

PO -2.13 2.71 -2.22* 2.20 -1.22 -2.60 -6.53** 2.64 2.75**

SO -4.54 -2.51 2.75 -7.67 2.23* -8.90* 9.58* 8.55* -6.61

TA 1.44 -2.45 -1.48* 1.14 3.89 4.57 3.86* 8.51 1.36

ZY -2.15 3.92* -1.78 -7.89 8.44 -1.74 -1.47 -9.03 1.45
fro
CH, Chenopodiaceae; EP, Ephedraceae; LE, Leguminosae; PO, Polygonaceae; SO, Solanaceae; TA, Tamaricaceae; ZY, Zygophyllaceae. *p< 0.05; **p< 0.01; ***p< 0.001.
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4.2.2 Relative resorption efficiency and nutrient
limitation

Nutrient ratios and relative nutrient resorption are important

indicators for assessing plant nutritional status and understanding

potential mechanisms of nutrient resorption (Güsewell, 2005;

Schreeg et al., 2014). In the present study, the root PRE of desert

shrub plants was higher than the NRE. Specifically, the relative

resorption efficiencies of N and P (NRE-PRE< 0) were negative,

which aligns with the prediction of the relative resorption

hypothesis and suggests that plants tend to absorb limiting

nutrients more than other nutrients (Han et al., 2013). The NRE-

PRE, NRE-KRE, and KRE-PRE of all shrub roots were positively

correlated with the N:P, N:K, and K:P ratios in roots during

summer, whereas they were negatively correlated with these ratios

in autumn (Figure 3), which is also consistent with our previous

research results. When the N:P, N:K, and K:P ratios were 12.01,

0.60, and 18.85, respectively, the absorption efficiencies of all shrub

roots in autumn reached equilibrium (NRE = PRE, NRE = KRE,

and KRE = PRE), indicating that these plant groups were limited by

N and P, N and K, and K and P near these critical ratios.
4.3 Relationship between nutrient
resorption characteristics and
environmental factors

Changes in the nutrient resorption efficiency reflect the

response and adaptation of plants to their environment (Hartley

et al., 2007; Liu et al., 2010; Takahashi et al., 2020). Desert plants
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have developed specialized survival and nutrient utilization

strategies, through long-term adaptation, to cope with drought

and high-salinity conditions (Gao et al., 2023). LMM results

showed an inverse relationship between NRE and increased STP

and STK in all plants. Soil N concentration in desert areas,

characterized by low precipitation and high evaporation rates, is

typically low. This limitation inhibits vegetation growth and

intensifies rock weathering, increasing P concentration (Delgado-

Baquerizo et al., 2013). Soil erosion further reduces plant coverage,

which in turn inhibits the N mineralization process in the soil,

decreasing the available N concentration. Excessive P occupies a

significant number of absorption sites in plant roots, thereby

affecting N uptake (McCulley et al., 2004). Soil K exerts a strong

influence on N uptake by plant roots. As STK levels increase, the

activity and absorption capacity of plant roots also increases,

potentially enhancing NRE. The NRE of C4 plants decreased with

increasing Ksoil and increased with increasing AI. This phenomenon

may be attributed to the inhibition of photosynthesis and growth in

C4 plants as drought conditions intensify and soil moisture

decreases, leading to reduced absorption capacity (Guidi et al.,

2019). The NRE of Chenopodiaceae and Polygonaceae families

exhibited the most significant responses to environmental factors.

These two families dominate desert alkaline and arid regions and

possess strong salt and drought tolerances (Gross et al., 2024).

Plants accumulate compatible solutes, such as proline and betaine,

in cells under high-salt and drought conditions. Proline is an

important osmotic regulator that increases the osmotic pressure

of cells, enabling them to absorb water from the outside

environment under low-water-potential conditions (Li et al.,

2024b). Their specialized survival and nutrient utilization
FIGURE 6

The influence of climatic factors on nutrient resorption efficiency (RDA analyse). Note: The direction of the blue arrows in the figure indicates the
changing trend of the environmental factor, and the length of the arrows indicates the degree to which this environmental factor explains the
sample distribution. The longer the arrow indicates that the greater the influence of this environmental factor on the sample distribution. The angles
between the arrows and the sorting axes indicate the correlation between the environmental factors and the sorting axes. The smaller the clip angle,
the higher the correlation. The quadrant in which the arrow indicates the positive or negative correlation of environmental factors with the sorting
axis. The points in the plot represent species at different sampling points. The locations of the dots shows their relative positions in the RDA analysis.
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strategies enable them to respond rapidly to environmental changes

and sustain their growth under water-scarce conditions.

PRE in all plants roots increased with increasing EC but

decreased with increasing drought severity. An increase in EC

elevates the ion concentration in the soil solution, allowing plants

to access various nutrients necessary for adaptation to their growth

environment more readily (Zhao et al., 2015). Conversely, plants

experience water deficiency stress as drought conditions worsens.

The limited mobility of nutrients in arid soils affects the

concentration of nutrients absorbed by plants (Gao et al., 2022).

The PRE of C3 plants decreased with increasing Ksoil and increased

with increasing AI. Under water stress, C3 plants close their stomata

to reduce water evaporation, which negatively affects

photosynthesis and metabolic activities of cells (Mukundan et al.,

2024). Consequently, the entire plant reduces the demand and

utilization of P. Under water stress conditions, P exhibits poor

mobility in the soil, primarily exists in the form of insoluble

compounds (Salim et al., 2024), its uptake by plant roots is

restricted, and resorption efficiency reduces. Unique physiological

structure and characteristics of Polygonaceae plants make them

highly sensitive to variations in soil and climatic conditions. Their

root systems are well-developed in arid and saline–alkaline

environments, with extensive root hairs and a complex branching

structure, which can effectively explore a larger soil volume to

absorb water and nutrients (Vries et al., 2019). All these factors,

including the root system, stomatal regulation, photosynthetic

efficiency, and physiological adaptability, together enhance the

nutrient and water resorption efficiency of Polygonaceae plants,

thereby improving their survival and ecological competitiveness in

harsh environments (McCulley et al., 2004; Freschet and Roumet,

2017; Moreau et al., 2019).

STK plays a crucial role in predicting the changes in the

potassium resorption efficiency (KRE) of entire plants,

encompassing both the soluble forms that plants can directly

absorb and the insoluble forms released from soil minerals. In

desert soils, the high potassium availability promotes plant growth

and enhances interactions with microorganisms, leading to

improved potassium utilization efficiency by plants (Cavagnaro,

2016). MAP and AI significantly influenced the KRE in

Polygonaceae plants. Precipitation and drought conditions affect

plant growth and nutrient uptake by affecting soil moisture and

nutrient availability (Luo et al., 2024). Excessive precipitation can

result in K loss, whereas moderate drought conditions can enhance

K absorption by plants (Lebaudy et al., 2007). The key factors that

have a significant impact on KRE in Polygonaceae plants are

adaptability and regulatory mechanisms under diverse water

conditions (Yang et al., 2020). Under arid or water-limited

conditions, these plants have evolved specific morphological and

physiological traits to cope with water scarcity. For instance, they

may develop more efficient water-absorbing root systems or adjust

their stomatal conductance to minimize water loss while

maintaining essential physiological processes related to K uptake

and utilization (Adame et al., 2021). Root branching and extension

are key features of plant adaptation to drought stress (Zhang et al.,

2021). In drought environments with limited resources, the
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branching structure of the roots can significantly increase the

contact area between the roots and the soil, thereby allowing for

more effective exploration of soil nutrients (Gao et al., 2024).

Studies have shown that moderate drought stress can promote

the formation of root branches and the lateral extension of roots

(Shafi et al., 2024). This change in root architecture enables plants to

more efficiently absorb potassium ions from the soil under drought

conditions, especially when potassium availability in the soil is low.

Drought stress significantly constrains the physiological and

ecological processes of desert plants. Redundancy analysis (RDA)

revealed that MAP, MAT, and AI collectively explained over 98% of

the variation in nutrient resorption efficiency, underscoring the

pivotal role of water availability in regulating plant nutrient cycling

under extreme environmental conditions. This study demonstrates

distinct response mechanisms among different nutrient elements in

terms of resorption efficiency. Phosphorus resorption efficiency

(PRE) exhibited a precipitation-driven response signature. Episodic

rainfall events in arid environments temporarily alleviated soil water

deficits, significantly enhancing phosphorus uptake during the

growth period (Zhao M. et al., 2024). Elevated MAT prolonged the

root nutrient resorption and enzymatic reaction cycles, enabling

plants to accumulate phosphorus reserves in mature leaves, thereby

forming a vital allocation mechanism for scarce phosphorus

resources. This adaptive strategy manifested as a marked increase

in PRE under warm and humid conditions (Cao et al., 2024).

Potassium resorption efficiency (KRE) reflected drought adaptation

strategies. The enhancement of KRE was directly linked to osmotic

regulation demands, as plants under drought stress intensified

potassium resorption to maintain cell membrane integrity (Lee

et al., 2024). The negative correlation between AI and NRE

highlighted the inhibitory effects of prolonged drought on nitrogen

conservation. High AI values exacerbated soil water deficits,

suppressing microbial-mediated nitrogen mineralization processes

and forcing plants to prioritize metabolic resource allocation (Shafi

et al., 2024; Li et al., 2024b). Our results show that the efficiency of

nutrient resorption is influenced by both soil and climatic factors.

Temperature affects nutrient resorption by impacting soil nutrient

availability, the rate of plant senescence, and nutrient resorption by

altering soil moisture conditions and nutrients levels (Yuan et al.,

2011; Cao et al., 2020). The nutrient cycling process of plants in desert

ecosystems is complex, and the primary factors that influence

nutrient resorption warrant further investigation.
5 Conclusion

This study comprehensively analyzes the variations in nutrient

stoichiometry and resorption patterns of desert shrub roots in

Xinjiang and their responses to climate and soil factors. The

results indicate that nitrogen (N) and phosphorus (P)

concentrations in desert shrub roots are significantly higher than

those in other regions, while potassium (K) concentrations are

significantly lower. The N:P ratio exceeds 16, suggesting that growth

may be limited by P availability. Additionally, KRE in desert shrub

roots significantly surpasses both NRE and PRE, highlighting the
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importance of K in their nutrient resorption strategies. Soil

moisture, nutrient content and its chemical form will affect the

nutrient absorption and utilization of desert plants, and climatic

factors such as temperature and precipitation will affect soil

moisture, nutrient availability and plant metabolic process,

thereby affecting the efficiency of plant nutrient resorption. The

findings provide important insights into the resorption patterns and

utilization strategies of root nutrients in desert shrubs, as well as the

relationship between plants and their environment within

desert ecosystems.
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Impact of seasonal changes 
on root-associated microbial 
communities among 
phreatophytes of three basins 
in desert ecosystem 
Yulin Zhang1,2,3,4†, Yi  Du1,2,3,5†, Zhaobin Mu1,2,3,6*, Waqar Islam1,2,3*, 
Fanjiang Zeng1,2,3,4,5*, Norela C. T. Gonzalez7 

and Zhihao Zhang1,2,3 

1Xinjiang Key Laboratory of Desert Plant Roots Ecology and Vegetation Restoration, Xinjiang Institute 
of Ecology and Geography, Chinese Academy of Sciences, Urumqi, China, 2State Key Laboratory of 
Ecological Safety and Sustainable Development in Arid Lands, Xinjiang Institute of Ecology and 
Geography, Chinese Academy of Sciences, Urumqi, China, 3Cele National Station of Observation and 
Research for Desert-Grassland Ecosystems, Hotan, China, 4College of Ecology and Environmental, 
Xinjiang University, Urumqi, China, 5University of Chinese Academy of Sciences, Beijing, China, 
6State Key Laboratory of Advanced Environmental Technology and Guangdong Key Laboratory of 
Environmental Protection and Resources Utilization, Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences, Guangzhou, China, 7College of Forestry, Central South University of Forestry 
and Technology, Changsha, Hunan, China 
Seasons often alter climate conditions and affect nutrient cycling by altering plant 
physiology and microbial dynamics. Plant growth and health depend on a 
symbiotic relationship with root microbes, however, the root-associated 
microbiota is key to plant evolution and ecosystem function. Seasonal changes 
in root-associated microbiome diversity and composition of desert plants are 
vital for understanding plant adaptation in desert ecosystems. We employed 
high-throughput sequencing to investigate the seasonal dynamics of root-
associated microbial communities, including the root endosphere (RE), 
rhizosphere soil (RS), and bulk soil (BS), across three basins in Xinjiang, China: 
Turpan, Tarim, and Dzungaria. Proteobacteria dominated bacterial communities 
in different seasons, while Ascomycota prevailed in fungi. The spring and summer 
conditions favor greater microbial differentiation. The RE, RS, and BS bacterial 
communities in May (spring) showed a noticeable absence of highly connected 
nodes within and between modules. However, the opposite trend was observed 
in July (summer) and September (autumn). The community assembly of root-
associated microbiome (bacteria and fungi) in different seasons primarily 
followed a random process. Random forest analysis found that seasonal 
variations in RE bacterial communities were primarily influenced by scattered 
radiation, while fungal communities were mainly affected by soil available 
potassium. Environmental factors affect the BS bacterial community more than 
the fungal community across different seasons. A structural equation model 
revealed temperature and precipitation ’s direct effects on microbial 
communities, mediated by soil and root nutrient availability. Soil pH and EC 
predominantly affected root bacterial communities, not fungal communities. The 
fungal community within the RE was found to be directly influenced by seasonal 
shifts, whereas the RS fungal community composition was significantly impacted 
by changes in precipitation patterns driven by seasonal variation. The climate 
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seems to be a crucial factor in influencing the dynamic of the root microbiome in 
desert plants, surpassing the influence of soil and root nutrient availability. This 
study underscores seasonal root-associated microbiome variations and their 
important roles in desert ecosystem functions. 
KEYWORDS 

seasonal dynamics, desert plants, soil nutrients, microbial composition, soil microbiome 
1 Introduction 

Plant roots harbor a distinctive microbiome comprising soil-
derived microorganisms (Chen et al., 2019; Zhang et al., 2018). 
These microorganisms form a symbiotic relationship with the plant, 
which is significant for the plant because it affects its growth and 
nutrient absorption throughout its life cycle (Domeignoz-Horta 
et al., 2020; Oldroyd and Leyser, 2020). Although seasonal climate 
changes can influence plant communities (Fraterrigo and Rusak, 
2008), there is a lack of studies investigating seasonal variations in 
root-associated microbiomes (Hannula et al., 2019). Microbial 
seasonality has not been fully understood due to neglect of 
various microbial groups (Regan et al., 2014; Wang et al., 2018). 
Furthermore, few studies concurrently investigate microbial 
variations across different root compartments (Monson et al., 
2006; Wu et al., 2016). Recent studies have illuminated root-
associated  microbiomes  as  sensi t ive  bioindicators  to  
environmental changes, exhibiting seasonal community shifts 
across diverse ecosystems (Manzoni et al., 2012). These changes 
may affect soil biogeochemical cycles (Siles et al., 2016). The impact 
of elevated temperatures on soil microbial physiology and 
community composition has been extensively explored through 
short-term warming experiments over the past few decades 
(Jansson and Hofmockel, 2020). However, soil microbial 
communities do not simply respond passively to temperature 
fluctuations; they also exhibit adaptive responses to prolonged 
warming (Bradford et al., 2008). Consequently, delving into the 
seasonal dynamics of root-associated microbiomes promises a 
comprehensive comprehension of how climate change impacts 
biogeochemical processes in desert ecosystems. 

Despite numerous research studies into the seasonal fluctuations 
of root-associated microbiome, a coherent understanding remains 
elusive, lacking consensus on influencing factors (Tan et al., 2014; 
Hannula et al., 2019). Seasonality is common in natural ecosystems, 
indicating the concurrent fluctuation of different environmental 
elements like temperature, rainfall, and soil characteristics (Zhang 
et al., 2023; Howe et al., 2023). Studies have demonstrated that late-
season precipitation significantly increases the biomass of arbuscular 
mycorrhizal fungi (AMF) and markedly alters the relative abundance 
of dominant genera within AMF and protist community (Yu et al., 
2024). In addition, the relative abundance of major bacterial phyla 
such as Actinobacteria, Firmicutes, and Proteobacteria has been found 
02 152
to correlate strongly with annual mean temperature and precipitation 
at the watershed scale. However, seasonal variation—rather than 
spatial heterogeneity—emerged as the primary driver of the 
composition of soil antibiotic resistance genes (Xiang et al., 2021). 
Despite the widely recognized impact of seasonality on ecological 
processes, our understanding of how it fully affects the assembly of 
root microbial communities remains inadequate (White and Hastings, 
2020). Previous studies have shown notable variations throughout the 
seasons in microbial populations and their functional categories (He 
et al., 2021), especially in agricultural and water environments (Grady 
et al., 2019; He et al., 2020; Maurice et al., 2024a). A comparison 
between ecological floating beds planted with Cyperus involucratus 
Rottb., Thalia dealbata Fraser, and Iris tectorum Maxim, and a control 
group (static water) revealed that root-associated microbial 
communities exhibited their highest abundance and diversity in 
autumn. These communities were dominated by taxa such as 
Proteobacteria, Actinobacteriota, Cyanobacteria, Chloroflexi, 
Firmicutes, Bacteroidota, and  Acidobacteriota, highlighting a distinct 
seasonal pattern of microbial proliferation (Felipe et al., 2021; Zhang 
et al., 2022a). Distinct soil fungal community composition differences 
were found among forest types and seasons (Xie and Yin, 2022). 
Nevertheless, the impact of seasonal fluctuations on the structure of 
root-associated microbial communities in arid ecosystems has not 
been widely explored (Eilers et al., 2010). These microbial 
communities are affected by a mixture of climatic, soil 
physicochemical, and biological factors, among which temperature 
and precipitation are of vital importance (Ibekwe et al., 2020). Seasonal 
shifts influence soil physicochemical attributes and resource quality, 
resulting in variations in microbial composition (Sharhabil et al., 2023; 
Fan et al., 2023). Several studies have investigated the relationship 
between environmental factors and soil bacterial diversity across 90 
different habitats in China’s temperate desert region. These studies 
indicate that soil bacterial a and beta diversity are primarily driven by 
abiotic and spatial factors, followed by plant-related influences (Wang 
et al., 2020). Among these abiotic factors, soil pH has emerged as a key 
determinant of bacterial diversity and community composition. It has 
a stronger influence than spatial and climatic (biome-related) variables 
in shaping microbial patterns (Zhou et al., 2024). In a separate study 
conducted in Michigan, USA, soils were sampled monthly from May 
to November across replicated plots of three land-use types: 
conventional row-crop agriculture, reduced-input row-crop 
agriculture, and early successional grasslands. Results showed that 
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a-diversity exhibited stronger temporal variability driven by sampling 
month than by land-use type. In contrast, b-diversity patterns 
remained relatively stable across land-use types throughout the 7­
month period, suggesting that the timing of sampling is less critical 
when assessing community composition across different land uses 
(Rasche et al., 2011; Lauber et al., 2013). Furthermore, the structure of 
soil microbial communities can also vary in response to seasonal 
fluctuations in plant activity and carbon inputs (Islam et al., 2023; Gao 
et al., 2024). Mostly, Plants selectively cultivate specific microbial

communities in the rhizosphere through root exudates, influencing 
the surrounding soil’s physical and chemical characteristics (Wang 
et al., 2022). Microbial responses to seasonal changes differ between 
the rhizosphere and bulk soil, with significant differences among 
different microbial categories (Xu et al., 2023; Markus et al., 2024). 

Desert ecosystems, found in arid and semi-arid regions, are defined 
by extreme water scarcity, high temperatures, and limited nutrients 
(Ibáñez et al., 2007; Tariq et al., 2022; Islam et al., 2024a). Desert 
vegetation has evolved special adaptation mechanisms to cope with 
these extreme circumstances (Zhang et al., 2022b; Islam et al., 2024b; 
Gao et al., 2024). Calligonum caput-medusae Schrenk., Alhagi sparsifolia 
Shap., and Tamarix ramosissima Ledeb., are key desert plants that 
contribute to ecological stability by preventing wind erosion and 
stabilizing sand, while also serving as valuable forage to support 
regional animal husbandry (Zhang et al., 2020; Islam et al., 2024c). 
The study collected root endosphere (RE), rhizosphere soil (RS), and 
bulk soil (BS) samples from three key desert plants—C. caput-medusae, 
A. sparsifolia, and  T. ramosissima—in Xinjiang, China. These species 
are crucial for the stability and sustainability of the desert ecosystem. We 
investigated and analyzed how seasonal changes affect the bacterial and 
fungal communities associated with the roots using high-throughput 
amplicon sequencing on the Illumina HiSeq platform. This study 
investigated the composition and diversity of root-associated 
microbiomes to uncover their distinct seasonal dynamics and the 
underlying influences of soil and plant nutrients. We hypothesized 
that: (i) the community composition, diversity, co-occurrence patterns, 
and assembly processes of root-associated microbiomes—including root 
endosphere (RE), rhizosphere (RS), and bulk soil (BS) compartments— 
would vary across seasons; and (ii) specific environmental factors would 
Frontiers in Plant Science 03 153
significantly influence the composition and diversity of these 
microbiomes in different seasons. Our findings shed light on the 
seasonal shifts in microbial communities associated with key desert 
plants and the environmental drivers shaping these patterns. This 
research provides critical insights into microbially mediated ecological 
adaptations, supporting strategies for enhancing the resilience and 
sustainable management of desert ecosystems under arid and 
stressful conditions. 
2 Materials and methods 

2.1 Study area overview, experimental 
design, and sample collection 

The experiment was carried out at three long-term desert 
locations {Xinjiang Institute of Ecology and Geography, Chinese 
Academy of Sciences (XIEG, CAS)}: Cele and Mosuowan desert 
research station (CL and MSW) and Turpan desert botanical 
garden (TLF). The climate data are from the Cele, Turpan, and 
Mosuowan desert research stations. For detailed information, see 
Tables 1, 2; Supplementary Figure S1. 

Four homogeneous quadrats, each measuring approximately 30 
m × 30 m, were selected at each of the three study fields (stations). 
Each quadrat included three representative desert plant species—C. 
caput-medusae, A. sparsifolia, and  T. ramosissima—that thrive 
naturally. In total, twelve research blocks were chosen. Fieldwork 
was conducted at three long-term observation stations in May 
(spring), July (summer), and September (autumn) of 2022. The 
samples were divided into RE, RS, and BS compartments (Edwards 
et al., 2015). Root and soil samples representing RE, RS, and BS were 
collected from a range of desert plant species at depths of 0 to 2 
meters. Both soil and root samples were collected at corresponding 
depths to ensure consistent sampling across compartments. The BS, 
which was loosely adhered to fine roots, was used for evaluating its 
physical and chemical properties. We used a sterile brush to gather 
RS, closely associated with fine roots (≤ 2 mm), by collecting soil from 
the roots. The collected soil was then placed in individual sterile 
TABLE 1 Geographic and climatic characteristics in the three study sites. 

Characteristics 
Site 

Cele (CL) Mosuowan (MSW) Turpan (TLF) 

Geographic 

Latitude (°N) 35°00′57″ 45°07′27″ 42°51′59″ 

Longitude (°E) 80°43′45″ 86°01′31″ 89°12′01″ 

Altitude (m) 1318 346 -105 m ~ -76 m 

Climatic 

MAT (°C) 11.9 6.6 13.9 

MAP (mm) 35.1 117.0 16.4 

PEP (mm) 2595.3 1979.5 3000 

AI 0.01 0.06 0.005 

Soil type ST aeolian sandy soil grey desert soil grayish brown desert soil 
MAT, mean annual temperature; MAP, mean annual precipitation; PEP, potential evapotranspiration; AI, aridity index, calculated as AI = MAP/PEP. ST, soil type. 
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centrifuge tubes. The root samples were immersed in 75% alcohol, 
oscillating them for three rounds, each lasting 15 secondsRoots were 
thoroughly cleaned by washing with sterile water on a vortex 
oscillator for three one-minute intervals to remove adhering soil 
particles. The cleaned roots were then cut into small fragments and 
placed into sterile containers. In total, 324 samples were collected 
throughout 2022, encompassing three plant species, three 
compartments (RE, RS, and BS), multiple basins, and three seasons, 
with four biological replicates per group. All samples were 
immediately stored at –80 °C in an ultra-low temperature freezer 
to preserve microbial integrity prior to DNA extraction. 
2.2 DNA extraction, polymerase chain 
reaction, and Illumina sequencing 

To extract total soil genomic DNA from 0.5 g of BS and RS, the DNA 
extraction kit manufactured by Qiagen, Inc. in the Netherlands was utilized. 
RE samples were prepared by pulverizing 0.4 g with liquid nitrogen, 
followed by extracting total microbial DNA using the DNeasy Plant 
Maxi Kit (Qiagen, Netherlands). PCR amplification targeted the bacterial 
16S rRNA gene V3-V4 region {341F (5’-CCTAYGGGRBGCASCAG-3’) 
and 806R (5’-GGACTACNNGGGTATCTAAT-3’)}and the fungal ITS 
(Internal Transcribed Spacer) 1–5 F region {5-1737F (5’­
GGAAGTAAAAGTCGTAACAAGG-3’) and 2-2043R (5’­
GCTGCGTTCTTCATCGATGC-3’)}. Each sample was distinguished 
from the dismounting data using its Barcode and PCR primer sequences. 
After removing barcode and primer sequences, the reads for each sample 
were merged using FLASH (v1.2.11) (Magoč and Steven, 2011), generating 
raw tag sequences. These raw tags were then processed using FASTP 
(v0.23.1) with stringent quality filtering parameters to produce high-quality 
clean tags (Bokulich et al., 2013). o further improve sequence quality, 
chimeric sequences were identified and removed using VSEARCH (v2.16.0) 
by aligning the tags to a reference species annotation database. The resulting 
high-quality, non-chimeric sequences were designated as effective tags for 
downstream analysis (Rognes et al., 2016). 

Additional sequence filtering was performed using the QIIME­

II software (v202202) (Caporaso et al., 2010). DADA2 plugin was 
used to control the quality, denoise, splicing, and removal of 
chimerism to generate amplicon sequence variants (ASVs) 
(Callahan et al., 2016). Using the RDP (Ribosomal Database 
Project) classifier at a 70% confidence threshold, the Mothur 
method, and SSUrRNA database from Silva version 138.1 with a 
0.8–1 threshold range, bacterial ASVs were identified (Wang et al., 
2007; Quast et al., 2013). Fungal ASVs were classified using the 
UNITE database (Altschul et al., 1990). The original sequencing 
data was stored at the National Center for Biotechnology 
Information (NCBI) under the number PRJNA1024038. The 
dilution curve is shown in Supplementary Figure S2. 
2.3 Soil’s physical and chemical properties 

The oxidation method using K2Cr2O7-H2SO4 was employed to 
analyze the contents of root and soil organic carbon (ROC and 
SOC), whereas the total nitrogen (TN) contents were quantified 
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using the Kjeldahl Nitrogen Analyzer (K1160, produced by Jinan 
Hanon Instruments Co. Ltd., China) (Hooper and Vitousek, 1998; 
Bao, 2000). Available nitrogen (AN) was assessed through the alkali 
hydrolysis method, while total phosphorus (TP) and total 
potassium (TK) were analyzed with the Inductively Coupled 
Plasma-Optical Emission Spectrometer (iCAP 6300, Thermo 
Elemental, USA) following sample dissolution in concentrated 
nitric acid (Neff et al., 2005; Warra et al., 2015; Lu et al., 2015). 
Available phosphorus (AP) was extracted by combining 
hydrochloric acid and ammonium fluoride, followed by analysis 
using colorimetric method with ascorbic acid molybdate on a 
continuous-flow auto-analyzer manufactured by Bran and Luebbe 
in Germany (Olsen and Sommer, 1982). The NH4OAc extraction 
method was applied to ascertain the available potassium (AK) 
content (Warra et al., 2015). Soil pH levels were measured using 
a pH meter (PHSJ-6 L, INESA Scientific Instrument Co. Ltd., 
China) with a 1:2.5 soil-to-water ratio, and electrical conductivity 
(EC) was assessed with an EC meter (DDSJ-319 L, INESA Scientific 
Instrument Co. Ltd., China) at a 1:5 soil to water ratio (Bao, 2000). 
 

2.4 Metrological/climate data 

Meteorological data were collected from the National 
Meteorological Science Data Center (https://data.cma.cn/) for

three sites—Cele, Turpan, and Mosuowan—managed by the 
Chinese Academy of Sciences. The dataset included temperature 
(Temp), precipitation (Prep), relative humidity (Hum), 
atmospheric pressure (Atm), wind speed (WS), wind direction 
(WD), direct radiation (DR), horizontal radiation (HR), and 
scattered radiation (SR) (Table 2). 
 
2.5 Statistical analyses 

Statistical analysis was performed using R version 4.1.0 (R Core 
Team, 2021). The Shapiro-Wilk normality test was used to check 
the normality of the raw data. The findings were primarily 
presented using packages like ‘ggplot2’, ‘microeco’, ‘vegan’, 
‘corrplot’, ‘randomForest’, ‘rfPermute’, and  ‘iCAMP’ (Hahsler 
et al., 2008; Wei and Simko, 2013; Archer, 2016; Oksanen et al., 
2017). A one-way ANOVA was conducted to assess the seasonal 
impact on the physical and chemical properties of roots and soil. 
The a-diversity (Chao1, Shannon-Wiener, Pielou_e, and Simpson 
index) at the ASVs level was calculated using QIIME2. For the 
calculation of b diversity, the vectorized ASVs matrix based on the 
Bray-Curtis distance was adopted. The impact of season on the top 
10 relative abundances, Observed_OTUs number, and both a-
diversity and b-diversity was assessed using one-way and two-way 
ANOVA. The agricolae package was employed to analyze sources of 
variation through the least significant difference (LSD) test 
(Mendiburu, 2020). 

To assess community assembly processes, we employed a 
phylogenetic bin-based null model analysis framework using the 
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iCAMP package (Stegen et al., 2015; Ning et al., 2020). This 
framework quantifies the relative contributions of deterministic 
and stochastic processes, with higher absolute values of the 
standardized effect size (SES) indicating a stronger influence of 
deterministic forces. First, phylogenetic signals were assessed using 
a phylogenetic Mantel correlogram to determine whether 
phylogenetic turnover could reliably inform ecological inference 
within the system (Dini-Andreote et al., 2015). Second, the beta 
mean nearest taxon distance (bMNTD) was recalculated to generate 
a null distribution, obtained through 999 random permutations. 
The deviation of the observed bMNTD from the mean of this null 
distribution, expressed in standard deviation units, was calculated 
as the beta nearest taxon index (bNTI). The bNTI value less than –2 
or greater than +2 indicates significantly lower or higher 
phylogenetic turnover than expected by chance, respectively, 
suggesting the dominance of deterministic processes (Stegen 
et al., 2012). 

Co-occurrence networks were constructed using Gephi software 
based on Spearman’s correlation matrices, retaining only 
correlations with an absolute coefficient above 0.7 and a false 
discovery rate (FDR)-adjusted p-value below 0.001. The 
topological features of microbial network modules, including 
within-module connectivity (Zi) and among-module connectivity 
(Pi), were used to classify nodes into four categories: module hubs 
(high connectivity within modules; Zi > 2.5, Pi < 0.62), connectors 
(high connectivity between modules; Zi < 2.5, Pi > 0.62), network 
hubs (high connectivity both within and across modules; Zi > 2.5, 
Pi > 0.62), and peripherals (low connectivity; Zi < 2.5, Pi < 0.62) 
(Deng et al., 2012). 

To identify key environmental drivers influencing root microbial 
community composition, random forest analysis was performed using 
the first principal coordinate axis derived from principal coordinate 
analysis (PCoA) of amplicon sequence variant (ASV)-level data as the 
response variable. The ‘randomForest’ and ‘rfPermute’ R packages

were employed to assess variable importance, measured by the 
percentage increase in mean squared error (%IncMSE), with 
significance levels calculated accordingly. 

Structural equation modeling (SEM) was applied to explore the 
pathways through which climate, soil, and plant factors affect 
microbial communities in desert plant roots. PCoA was used to 
reduce dimensionality of soil available nutrients (nitrogen, 
phosphorus, potassium), root nutrients (organic carbon, total 
nitrogen, total phosphorus, total potassium), and microbial 
community composition across root compartments (root 
endosphere, rhizosphere soil, and bulk soil), with the first axis 
scores serving as variables in SEM analyses conducted in Amos-24 
software. Model fit was evaluated based on multiple criteria: chi-
square (c²) with P > 0.05 indicating good fit; chi-square/degrees of 
freedom (c²/df) between 1 and 3; root mean square error of 
approximation (RMSEA) below 0.05; comparative fit index (CFI) 
and goodness of fit index (GFI) both exceeding 0.90; and Akaike 
information criterion (AIC), where lower values indicate better fit 
and facilitate model comparison (Lange et al., 2015; Fan 
et al., 2016). 
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3 Results 

3.1 Effects of seasonal changes on soil and 
root physical and chemical properties 

In May, the soil TK content was significantly lower than that in 
July and September. The root ROC in May was also significantly 
lower than that in July. Throughout the growth seasons of May, 
July, and September, there was no significant difference between the 
soil properties (pH, EC, SOC, TN, TP, AN, AP, and AK) and root 
nutrient contents (TN, TP, and TK) (Table 3). 
 

 

 

 

3.2 Seasonal variations influence the 
abundance and Observed_OTUs number in 
root microbial communities 

Seasons significantly affected the root bacterial Observed_OTUs 
number (p < 0.01). Root partitioning significantly affected the root 
bacterial and fungal Observed_OTUs number (p < 0.001). Season 
and root partitioning interaction significantly influenced fungal 
Observed_OTUs number (p < 0.01) (Table 4). The RS bacterial 
Observed_OTUs number in September was significantly greater 
than in May and July (p < 0.05) (Figure 1A). The RS fungal 
Observed_OTUs number was significantly higher in July 
compared to May and September, while the BS fungal 
Observed_OTUs number were significantly more numerous in 
May than in September (p < 0.05) (Figure 1B). 

For bacteria, seasons significantly affected the relative abundance of 
Proteobacteria, Actinobacteriota, Bacteroidota, Chloroflexi, and

Deinococcota (p < 0.05). Root partitioning significantly affected the 
relative abundance of Proteobacteria, Cyanobacteria, Verrucomicrobiota, 
Acidobacteriotaota, Deinococcota, Gemmatimonadota, Chloroflexi, 
Bacteroidota, Firmicutes, and  Actinobacteriota (p < 0.001). Season and 
root partitioning interaction significantly influenced the relative 
abundance of Proteobacteria, Chloroflexi, Gemmatimonadota, 
Deinococcota, Acidobacteriotaota, and  Verrucomicrobiota (p < 0.05)

(Supplementary Table S1). In RE, bacterial Proteobacteria show reduced 
relative abundance in July compared to May and September. In RS, the 
relative abundance of bacterial Proteobacteria exhibits a contrasting 
pattern. The relative abundance of BS bacterial Proteobacteria is greater 
in September compared to May and July (Figure 2A). The relative 
abundance of RE bacterial Actinobacteriota is lower in September 
compared to May and July (Figure 2A; Supplementary Table S1). 

For fungi, seasons significantly affected the relative abundance of 
Basidiomycota and Mortierellomycota (p < 0.05). Root partitioning 
significantly affected the relative abundance of Ascomycota, 
Fungi_phy_Incertae_sedis, Basidiomycota, Chytridiomycota, 
Mortierellomycota, Aphelidiomycota, and  Rozellomycota (p < 0.01).

Season and root partitioning interaction significantly influenced the 
relative abundance of Fungi_phy_Incertae_sedis, Basidiomycota, and

Mortierellomycota (p < 0.05) (Supplementary Table S1). For 
Ascomycota in RE and RS fungi, its relative abundance in July was 
lower  than that in May  and  September. In  BS fungi,  Ascomycota 
showed a higher relative abundance in September compared to May 
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and July (Figure 2B). For Basidiomycota in root compartments (RE, 
RS, and BS) compartments fungi, its relative abundance in September 
was higher than that in May and July (Figure 2B; Supplementary 
Table S1). 
3.3 Seasonal variations influence the 
community assembly processes of root 
microbial communities 

The mantel correlogram revealed that both the RE, RS, and BS 
bacterial and fungal communities had significant phylogenetic 
signals (Supplementary Figure S3). The community assembly of 
root bacteria and fungi in different seasons primarily followed a 
random process. The BS bacterial community assembly in different 
seasons was primarily governed by a deterministic process. For 
fungi (BS), the community construction in May and July was 
dominated by a deterministic process, while in September, it was 
dominated by a random process (Figures 3A, B; Table 5). 

For RE bacteria, deterministic processes in spring and summer 
were primarily driven by homogeneous selection (HOS), while 
stochastic processes were mainly dominated by dispersal 
limitation (DL). For RS bacteria, deterministic processes in spring 
and autumn were mainly governed by heterogeneous selection 
(HES), whereas random processes across spring, summer, and 
autumn were predominantly influenced by DL. In BS bacteria, 
deterministic processes in spring and autumn were largely 
attributed to HOS, with DL being the main random process 
throughout spring, summer, and autumn. For fungi in the RE, 
RS, and BS compartments, deterministic processes across all three 
seasons (spring, summer, and autumn) were primarily associated 
with HOS, while random processes were mainly driven by 
DL (Table 5). 

The deterministic processes of bacteria (RE and RS) and fungi 
(RE) contributed more in July compared to May and September. 
For bacteria (BS), the deterministic process contributed less in July 
compared to May and September. For fungi (RS and BS), the 
deterministic process’s relative contribution in different seasons 
was highest in September, followed by July, and lowest in May 
(Supplementary Figure S4). 
3.4 Seasonal variations influence the root 
microbial a and b diversity 

Seasons significantly affected the root bacterial and fungal 
Chao1, Pielou_e, and Simpson indices (p < 0.05). Root 
partitioning significantly affected the root bacterial and fungal 
Chao1, Shannon-Wiener, Pielou_e, and Simpson indices (p < 
0.05). Season and root partitioning interaction significantly 
influenced bacterial (Shannon-Wiener, Pielou_e, and Simpson) 
and fungal diversity (Chao1, Shannon-Wiener, and Pielou_e) (p < 
0.05) (Table 4). 

The RS bacterial diversity (Chaol, Shannon-Wiener, and Pielou 
e) was notably higher in September when compared to May and July 
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(p < 0.05). (Figures 4A–C). The bacterial Simpson index in RS was 
notably lower in July compared to May and September (p < 0.05)  
(Figure 4D). In July, the RS fungal Chaol index was significantly 
greater than in May and September (p < 0.05) (Figure 4E). 
Additionally, the RE fungal Shannon-Wiener index was notably 
higher in September relative to July (p < 0.05), and the Simpson 
index was significantly higher in September than in May (p < 0.05)  
(Figures 4F, H). TheRS fungal diversity (Shannon-Wiener, Pielou e, 
and Simpson) was significantly lower in May than in both July and 
September (p < 0.05). For BS fungi, the Chao1 index was notably 
higher in May compared to September (p < 0.05) (Figures 4E–H). 

The b diversity of RE, RS, and BS bacteria was significantly 
greater in May than in September (p < 0.05) (Figure 5A). In 
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contrast, the b diversity of RE, RS, and BS fungi was significantly 
higher in July than in September (p < 0.05) (Figure 5B). 
3.5 Seasonal variations influence the co­
occurrence network of root microbial 
communities 

In September, the RE, RS, and BS bacterial communities 
exhibited increased numbers of nodes, edges, and average degrees 
compared to May and July (Figure 6). In the fungal community, the 
number of nodes, edges, and average degree of RE and BS in 
September exceeded those recorded in May and July. The RS fungal 
TABLE 3 Seasonal changes of soil physicochemical properties and root nutrient content of desert plants. 

Factor Index Spring Summer Autumn 

Soil 

SOC (g•kg-1) 2.81 ± 0.30a 2.8 ± 0.26a 2.62 ± 0.30a 

TN (g•kg-1) 0.23 ± 0.03a 0.23 ± 0.03a 0.22 ± 0.03a 

TP (g•kg-1) 0.75 ± 0.04a 0.75 ± 0.03a 0.75 ± 0.04a 

TK (g•kg-1) 18.97 ± 0.29b 20.59 ± 0.34a 20.21 ± 0.36a 

AN (mg•kg-1) 14.37 ± 1.62a 16.56 ± 1.61a 14.9 ± 1.51a 

AP (mg•kg-1) 3.25 ± 0.36a 3.57 ± 0.37a 3.39 ± 0.31a 

AK (mg•kg-1) 265.67 ± 20.8a 294.83 ± 29.93a 286.42 ± 21.92a 

pH 8.72 ± 0.04a 8.74 ± 0.06a 8.69 ± 0.05a 

EC (uS•cm -1) 969.55 ± 188.87a 1252.46 ± 235.13a 1089.86 ± 181.74a 

Root 

ROC (g•kg-1) 453.53 ± 3.82b 465.26 ± 3.66a 462.07 ± 1.92ab 

TN (g•kg-1) 9.05 ± 0.61a 7.65 ± 0.50a 7.15 ± 0.71a 

TP (g•kg-1) 0.5 ± 0.08a 0.44 ± 0.04a 0.41 ± 0.05a 

TK (g•kg-1) 4.54 ± 0.44a 3.88 ± 0.27a 4.33 ± 0.37a 
Different lowercase letters (a, b, and c) indicate that the different seasons have significant differences (LSD test, P < 0.05). SOC, soil organic carbon (g•kg-1); ROC, root organic carbon (g•kg-1); TN, 
total nitrogen (g•kg-1); TP, total phosphorus (g•kg-1); TK, total potassium (g•kg-1); AN, available nitrogen (mg•kg-1); AP, available phosphorus (mg•kg-1); AK, available potassium (mg•kg-1); EC, 
electrical conductivity (uS•cm-1). Spring (May), Summer (July), and Autumn (September). 
TABLE 4 Variance analysis of a diversity in typical desert plants by different seasons and root partitioning. 

Factor Index Season Root partitioning Season×Root partitioning 

Observed_OTUs 
number 
Chao1 

5.90** 
5.72** 

97.42*** 
95.81*** 

1.75 
1.72 

Bacteria Shannon-Wiener 3.86* 152.74*** 2.80* 

Pielou_e 3.26* 148.76*** 2.83* 

Simpson 3.26* 84.37*** 2.45* 

Observed_OTUs 
number 
Chao1 

2.45 
3.18* 

57.59*** 
57.52*** 

3.90** 
3.81** 

Fungi Shannon-Wiener 2.61 147.33*** 3.66** 

Pielou_e 4.99** 137.81*** 2.68* 

Simpson 6.98*** 108.81*** 2.20 
*P < 0.05; **P < 0.01; ***P < 0.001. 
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nodes, edges, and average degree exhibited higher values in July 
compared to May and September (Supplementary Figure S5). 

In May, the bacterial module connectivity mainly belongs to 
peripherals, and most of the fungal module connectivity belongs to 
connectors. In July, the bacterial modular connectivity includes 
peripherals and connectors, while the fungal modular connectivity 
includes peripherals. In September, both the bacteria and fungi 
module connectivity belong to peripherals and connectors 
(Supplementary Figure S6). 
3.6 Effects of abiotic environmental factors 
on root microbial communities 

Random forest analysis revealed that the variation of the RE 
bacterial community across different seasons was predominantly 
affected by SR (Figure 7A). The seasonal variation in the BS 
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bacterial community was primarily influenced by WS, Prep, 
Hum,  Atm,  SR, WD,  Temp, DR,  soil  properties  (EC,  TP, TK,
AN, AP, and AK), and root nutrients (SOC, TN, TP, and TK), all 
of which had significant effects (Figure 7C). Seasonal changes in 
the RE fungal community were primarily affected by soil AK 
(Figure 7D). The seasonal variation in the BS fungal community 
was primarily affected by atmospheric pressure and soil TK 
(Figure 7F). The seasonal variation in the RS bacterial and 
fungal  community  has  no  significant  influence  factors  
(Figures 7B, E). 
3.7 Pathway analysis of root microbial 
communities and abiotic factors 

Season exerted a notable negative direct influence on the RS 
bacterial community. It also had a significant negative direct effect 
FIGURE 1 

The Observed_OTUs number of root-associated dominant bacterial and fungal of desert plants. (A) the Observed_OTUs number of root-associated 
dominant bacterial of desert plants. (B) the Observed_OTUs number of root-associated dominant fungal of desert plants. RE, root endosphere; RS, 
rhizosphere soil; BS, bulk soil. Spring (May); Summer (July); and Autumn (September). Significance codes, *P < 0.05; **P < 0.01; ***P< 0.001. 
FIGURE 2 

The abundances of root-associated dominant bacterial and fungal of desert plants. (A) the relative abundance of dominant bacteria (top 10 phyla) 
from different seasons. (B) the relative abundance of dominant fungi (top 10 phyla) from different seasons. RE, root endosphere; RS, rhizosphere soil; 
BS, bulk soil. Spring (May); Summer (July); and Autumn (September). 
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on temperature, which in turn affected soil nutrient availability, 
consequently impacting microbial populations in both RS and BS 
compartments (Figure 8A). Similarly, season significantly and 
negatively affected the RS fungal community, while precipitation 
had a significant negative impact on the BS fungal community. 
Additionally, season directly and negatively influenced temperature, 
which significantly affected both precipitation and soil nutrients, 
thereby influencing fungal communities in RS and BS (Figure 8B). 
Regarding environmental drivers, the direct effect of precipitation 
on the RE bacterial community was stronger than that of 
temperature, soil nutrients, and root nutrients. Conversely, the 
total effect of precipitation on the RS fungal community 
surpassed those of temperature, soil nutrients, and root nutrients. 
For BS bacterial and fungal communities, temperature had a greater 
total effect than precipitation, soil nutrients, and root 
nutrients (Table 6). 
 

4 Discussion 

4.1 Effects of seasonal variation on the 
composition and stability of root bacterial 
and fungal community 

This study found that Proteobacteria and Cyanobacteria were 
the core bacterial phyla in the root communities of typical desert 
plants across seasonal changes, while Ascomycota was the dominant 
fungal phylum. Notably, the RE bacterial community contained a 
higher abundance of Cyanobacteria, whereas its fungal community 
exhibited a lower proportion of Ascomycota. Due  to  the arid

climate, infrequent precipitation, low soil moisture content, and 
poor nutrients in desert areas (Zhang et al., 2022b; Islam et al., 
2024a), plant roots provide suitable living places and nutrients for 
Cyanobacteria, in turn, they provide nitrogen and other nutritional 
support for plants (Zhang et al., 2024a; Zhao et al., 2024). This 
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mutually beneficial symbiotic relationship is conducive to the 
colonization and reproduction of the Cyanobacteria, however, 
desert plants are also more inclined to establish close ties with 
Cyanobacteria, which provides favorable conditions for its survival 
in roots (Zhang et al., 2024a; Zhao et al., 2024). Studies indicate that 
fungal communities in roots are vital for grass resource acquisition, 
particularly in arid grasslands where Ascomycota predominates 
(Green et al., 2008; Porras-Alfaro et al., 2008). Ascomycota is vital 
for collaborating with other microbes to decompose soil litter, 
increase nutrient availability, support plant growth, and adapt to 
harsh environments (Glassman et al., 2017; Islam et al., 2024b). 

In this study, the relative abundance of Ascomycota in RE was 
lower than that in RS and BS. It indicates that the selection of 
microorganisms within the RE has a strong host selection effect that 
root epidermis providing a more stable and buffered habitat 
(Maestre et al., 2015; Bahram et al., 2018; Xiong et al., 2021). 
Numerous studies have found that certain microorganisms in the 
rhizosphere attach to and are filtered by the roots, ultimately 
influencing the aggregation of the microbial community in the 
roots (Edwards et al., 2018). Additionally, roots not only attract 
microorganisms nearby but also possess genetically determined 
factors that contribute to the stability of specific microbial species 
(Bulgarelli et al., 2013). Our study also found that the community 
assembly of bacteria and fungi in both RE and RS associated with 
desert plants across different seasons primarily followed a stochastic 
process, mainly driven by dispersal limitation. In desert regions, 
frequent high temperatures during July (summer) and September 
(autumn) lead to elevated soil surface temperatures (Zhang et al., 
2022b; Islam et al., 2024c). To protect themselves from such 
environmental stresses, desert plant roots release exudates that 
recruit specialized microorganisms, which bind tightly to the 
roots forming protective complexes (Haichar et al., 2008; 
Reinhold-Hurek et al., 2015). While our results confirm that 
environmental factors influence the recruitment of soil microbes 
to the rhizosphere (Fitzpatrick et al., 2018; Wu et al., 2021), it is 
FIGURE 3 

The b nearest taxon index (bNTI) of bacterial and fungal communities among season in desert plants. (A) the bNTI of bacterial communities among 
season in desert plants. (B) the bNTI of fungal communities among season in desert plants. RE, root endosphere; RS, rhizosphere soil; BS, bulk soil. 
Spring (May); Summer (July); and Autumn (September). Significance codes, *P < 0.05; ***P < 0.001. 
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TABLE 5 Community construction process of desert plant root microbial communities in different seasons. 

RE RS BS 

Spring Summer Autumn Spring S mmer Autumn Spring Summer Autumn 

0.16 0.63 7.14 12.70 22.38 9.37 26.19 31.90 22.70 

2.06 0.63 0.16 0.63 22.70 4.44 29.05 26.83 42.22 

2.22 1.27 7.30 13.33 45.08 13.81 55.24 58.73 64.92 

65.56 49.84 40.32 73.49 35.24 72.70 41.11 39.37 33.49 

0.79 1.75 0.63 2.86 1.27 2.54 0.63 0.48 0.32 

31.43 47.14 51.75 10.32 18.41 10.95 3.02 1.43 1.27 

97.78 98.73 92.70 86.67 54.92 86.19 44.76 41.27 35.08 

0.16 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.00 

8.57 10.63 12.54 17.14 20.32 28.73 74.76 65.24 42.54 

8.73 10.63 12.54 17.30 20.32 28.73 74.76 65.24 42.54 

36.19 51.75 58.10 71.43 62.70 55.87 24.76 26.67 55.24 

3.33 4.13 2.54 0.32 0.16 0.16 0.16 0.16 0.32 

51.75 33.49 26.83 10.95 16.83 15.24 0.32 7.94 1.90 

91.27 89.37 87.46 82.70 79.68 71.27 25.24 34.76 57.46 

ction; DL, Dispersal Limitation; HD, Homogenizing Dispersal. Spr  (May), Summer (July), and Autumn (September). 
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Factor Assembly process Properties 

Bacteria 

Deterministic 

HES (%) 

HOS (%) 

Sum (%) 

Stochastic 

DL (%) 

HD (%) 

Drift (and 
other) (%) 

Sum (%) 

Fungi 

Deterministic 

HES (%) 

HOS (%) 

Sum (%) 

Stochastic 

DL (%) 

HD (%) 

Drift (and 
other) (%) 

Sum (%) 

RE, root endosphere; RS, rhizosphere soil; BS, bulk soil. HES, Heterogeneous Selection; HOS, Homogeneous Sel
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crucial to recognize the importance of host-specific inheritance in 
maintaining microbial community stability in desert plants. 

Co-occurrence network analysis revealed that in May (spring), 
root bacterial communities lacked highly connected nodes both 
within and between modules. In contrast, such highly connected 
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nodes were present in July (summer) and September (autumn). 
This observed pattern could potentially be attributed to the seasonal 
variations in temperature and precipitation, as well as the 
pronounced micro-environmental gradient from the RE to BS, 
which is mainly influenced by soil pH, water availability, and 
FIGURE 4 

The a diversity of bacterial and fungal communities among season in desert plants. (A–D) the a diversity (Chao1, Shannon-Wiener, Pielou_e, and 
Simpson index) of bacterial communities among season in desert plants. (E–H) the a diversity (Chao1, Shannon-Wiener, Pielou_e, and Simpson 
index) of fungal communities among season in desert plants. RE, root endosphere; RS, rhizosphere soil; BS, bulk soil. Spring (May); Summer (July); 
and Autumn (September). Significance codes, *P < 0.05; **P < 0.01; ***P< 0.001. 
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nutrients (Hinsinger et al., 2009; Ali et al., 2024; Zhang et al., 
2024b). Except as microbial co-occurrence networks, which can 
characterize the complexity and stability of microbial communities, 
the microbial diversity index can indicate the degree of complexity 
among them (Coyte et al., 2015; de Vries et al., 2018; Maurice et al., 
2024b). Seasons had a significant influence on the a diversity of root 
bacteria and fungi. However, the b diversity of root bacteria and 
fungi in desert plants decreased significantly in autumn. 
Phreatophytes in desert ecosystems exhibit long-term adaptability 
to external conditions, leading to varied outcomes (Hernandez 
et al., 2021; Islam et al., 2024a). Our findings showed that the RS 
bacterial diversity (Chao1, Shannon-Wiener, and Pielou_e) was 
significantly higher in September (autumn) compared to May 
(spring) and July (summer). On the one hand, the plants grow 
vigorously in summer, and rhizosphere microorganisms compete 
with each other to obtain limited carbon sources, nitrogen sources, 
and other nutrients. The preferential elimination by rhizosphere 
microorganisms decreases their b diversity (Lai et al, 2025). On the 
other hand, the high temperature and arid environment in autumn 
may destroy the established symbiotic relationship between 
rhizosphere microorganisms, which may not only affect the types 
of microorganisms involved in symbiosis but also hurt the structure 
and diversity of the entire rhizosphere microbial community 
(Berendsen et al., 2012; Durán et al., 2018; Xie and Yin, 2022). 
4.2 Influence of environmental factors on 
root bacterial and fungal community 
composition and diversity 

Our study revealed that soil total potassium content was 
significantly higher in July (summer) and September (autumn) 
compared to May (spring), likely due to increased plant growth 
and accumulation of plant residues during these seasons, which are 
returned than in spring. These plant residues contain a certain 
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amount of potassium, which reenters the soil after decomposition 
(Dawson and Goldsmith, 2018; Gao et al., 2023). The root organic 
carbon content in July (summer) is significantly higher than in May 
(spring). This is because there is less precipitation in desert areas in 
July (summer) (Gao et al., 2023; Zhang et al., 2024b). To absorb and 
store water more effectively, plants tend to develop more developed 
roots, which also promotes the increase of root organic carbon 
content (Körner, 2015; Ledo et al., 2020). In this study, the RE 
bacterial communities were mainly influenced by scattered 
radiation in different seasons. For the BS bacterial community, its 
seasonal variation was mainly caused by climate and was 
significantly affected by soil physicochemical properties and root 
nutrients. Regarding the RE and BS fungal communities, their 
seasonal variations were mainly influenced by soil nutrients. 
Therefore, it can be concluded that the root microbial 
composition and diversity (RE, RS, and BS) in deep-rooted desert 
plants are influenced by factors beyond just soil and root nutrients. 
Instead, climatic factors from the external environment are likely to 
have the most direct impact on these microbial communities 
(Trivedi et al., 2022). 

Environmental changes influence the spatial heterogeneity of 
microbial communities, with environmental factors playing a 
significant role in shaping the assembly processes of rhizosphere 
and root endosphere microbial communities (Chase and Myers, 
2011; Zhong et al., 2022). Seasonal variations in precipitation have a 
direct positive effect on the composition of the RS fungal 
community. Conversely, these precipitation changes indirectly 
inhibit the composition of the BS fungal community by reducing 
the availability of soil nutrients. Season, temperature, and 
precipitation indirectly impact RE and BS fungal communities by 
affecting soil and root nutrient availability. Many studies have 
demonstrated that climate factors contribute substantially, 
accounting for 65% of soil fungal community fluctuations in the 
biogeography of gramineous root-associated fungi in the North 
American Plains (Hawkins et al., 2003; Jennifer et al., 2022). Studies 
FIGURE 5 

The b diversity of bacterial and fungal communities among season in desert plants. (A) the b diversity of bacterial communities among season in 
desert plants. (B) the b diversity of fungal communities among season in desert plants. RE, root endosphere; RS, rhizosphere soil; BS, bulk soil. Spring 
(May);Summer (July); and Autumn (September). Significance codes, *P < 0.05; ***P < 0.001. 
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have shown that the relationship between the fungal communities 
in plant roots and soil is not close but rather dispersed across plant 
and soil compartments, which helps maintain microenvironmental 
stability (Chase, 2007; Glynou et al., 2018). The changes in 
precipitation and temperature caused by seasonal variations can 
Frontiers in Plant Science 13 163
indirectly and significantly inhibit the community composition of 
RS and BS bacteria by significantly altering soil pH and available 
nutrients. Previous studies have confirmed that precipitation and 
soil pH have a significant influence on the diversity and structure of 
soil microbial communities at both regional and global levels 
FIGURE 6 

Co-occurrence network of root endosphere, rhizosphere soil, and bulk soil bacteria of desert plants. (A–C) theco-occurrence network of root 
endosphere bacteria of desert plants. (D–F) the co-occurrence network of rhizosphere soil bacteria of desert plants. (G–I) the co-occurrence 
network of bulk soil bacteria of desert plants. Spring (May); Summer (July); and Autumn (September). 
frontiersin.org 

https://doi.org/10.3389/fpls.2025.1554879
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2025.1554879 
FIGURE 7 

The random forest analyses between bacterial and fungal communities and environmental factors. (A–C) the random forest analyses between 
bacterial communities (RE, RS, and BS) and environmental factors. (D–F) the random forest analyses between fungal communities (RE, RS, and BS) 
and environmental factors. RE, root endosphere; RS, rhizosphere soil; BS, bulk soil; S_SOC, soil organic carbon (g•kg-1); R_ROC, root organic carbon 
(g•kg-1); TN, total nitrogen (g•kg-1); TP, total phosphorus (g•kg-1); TK, total potassium (g•kg-1); AN, available nitrogen (mg•kg-1); AP, available 
phosphorus (mg•kg-1); AK, available potassium (mg•kg-1); EC, electrical conductivity (mS•cm-1); Temp, temperature; Prep, precipitation; Atm, 
atmospheric pressure; WS, wind speed; WD, wind direction; DR, direct radiation; SR, scattered radiation; HR, horizontal radiation; Hum, air relative 
humidity. Significance codes, *P < 0.05; **P < 0.01. 
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(Maestre et al., 2015; Bahram et al., 2018; Delgado-Baquerizo et al., 
2018). Climatic and soil factors affect the composition of soil 
microbiota and the attraction of microorganisms to the 
rhizosphere via plant roots (Philippot et al., 2013; Edwards et al., 
2015; Makhalanyane et al., 2015). 
5 Conclusion 

Seasonal variation exerted a significant influence on the a 
diversity of both bacterial and fungal communities in desert 
plant-associated environments. Specifically, within the root 
Frontiers in Plant Science 15 165
endosphere (RE), rhizosphere soil (RS), and bulk soil (BS), the b 
diversity of bacterial and fungal communities was markedly higher 
during May (spring) and July (summer) compared to September 
(autumn), indicating a pronounced seasonal shift in microbial 
composition. This pattern suggests that spring and summer 
conditions favor greater microbial differentiation, possibly due to 
more dynamic environmental changes and plant activity during 
these periods. The diversity and structure of root-associated 
microbial communities were shaped by a complex interplay of 
factors, including soil physicochemical properties, plant-derived 
nutrient inputs, and external climatic variables such as 
temperature and precipitation. Notably, the fungal community 
FIGURE 8 

The structural equation model of effects of theenvironmental factors and soil or root nutrients on bacterial and fungal communities. (A) the 
structuralequation model of effects of theenvironmental factors and soil or root nutrients on bacterial communities. (B) the structural equation 
model of effects of theenvironmental factors and soil or root nutrients on fungal communities. ROC, root organic carbon (g•kg-1); TN, total nitrogen 
(g•kg-1); TP, total phosphorus (g•kg-1); TK, total potassium (g•kg-1); AN, available nitrogen (mg•kg-1); AP, available phosphorus (mg•kg-1); AK, available 
potassium (mg•kg-1). 
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within the RE was found to be directly influenced by seasonal shifts, 
whereas the RS fungal community composition was significantly 
impacted by changes in precipitation patterns driven by seasonal 
variation. In contrast, temperature showed only a limited effect on 
fungal community composition across the three compartments (RE, 
RS, and BS), highlighting the stronger role of moisture availability 
and nutrient cycling. These findings contribute important insights 
into the seasonal dynamics of microbial assemblages in desert 
ecosystems and help address existing knowledge gaps concerning 
the ecological roles and habitat specificity of microbes associated 
with deep-rooted desert plants. 
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of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, China, 2College of 
Resources and Environment, University of Chinese Academy of Sciences, Beijing, China 
Introduction: Understanding responses of soil fungal community characteristics 
to vegetation restoration is essential for optimizing artificial restoration strategies 
in alpine mining ecosystems. Despite its ecological significance, current 
comprehension regarding the structure composition and assembly 
mechanisms of soil fungal communities following vegetation restoration in 
these fragile ecosystems remains insufficient. 

Methods: We used the high-throughput sequencing and null model analysis to 
determine the variations and environmental drivers of soil fungal community 
structures and assembly processes across different restoration chronosequences 
(natural plant sites, unrestored sites, 2-year restoration sites, and 6-year 
restoration sites) in a semiarid alpine coal mining region. 

Results: Artificial vegetation restoration significantly enhanced the a diversity of 
soil fungal communities while reducing b diversity. However, with prolonged 
restoration duration, we observed a significant decrease in a diversity 
accompanied by a corresponding increase in b diversity. Moreover, artificial 
restoration induced substantial modifications in soil fungal community 
composition. Taxonomic analysis demonstrated a distinct shift in dominant 
specialist species from Ascomycota in unrestored, natural plant, and 2-year 
restoration sites to Glomeromycota in 6-year restoration sites. Dispersal 
limitation and homogeneity selection were the predominant mechanism 
governing soil fungal community assembly, with its relative contributions 
varying significantly across restoration stages. In natural plant communities and 
unrestored sites, the structure of soil fungal community was primarily governed 
by dispersal limitation. The 2-year restoration sites exhibited a marked transition, 
with homogeneous selection emerging as the dominant assembly process, 
primarily influenced by soil sand content, total phosphorus (TP), total 
potassium (TK), and belowground biomass (BGB). This transition was 
accompanied by a significant reduction in the contribution of dispersal limitation. 

Discussion: As restoration progressed, the importance of homogeneous 
selection gradually decreased, while dispersal limitation regained prominence, 
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with community structure being predominantly regulated by soil clay content, 
soil moisture content (SMC), and TP. Our results underscore the critical role of 
soil texture and phosphorus availability in shaping soil fungal community 
dynamics throughout the revegetation process. 
KEYWORDS 

vegetation restoration, soil fungal community, b diversity, community assembly 
mechanisms, alpine mining regions 
1 Introduction 

Coal mining, while contributing to economic development, causes a 
series of ecological disruptions, such as soil moisture loss, nutrient 
depletion, plant mortality, and shifts in soil microbial community 
structure and composition (de Quadros et al., 2016; Chen et al., 2020; 
Yuan et al., 2021). Numerous studies have found that vegetation 
restoration can effectively enhance soil nutrient content, improve soil 
quality, prevent soil erosion, and increase biodiversity, making it one of 
the most effective measures for mitigating ecological disruptions 
resulting from mining activities (Dao et al., 2023). A study conducted 
in the Moa mining area found that soil aggregate stability increased by 
66% after planting Casuarina equisetifolia (Izquierdo et al., 2005). Dao 
et al. (2023) observed that during the vegetation recovery process over 5 
to 14 years, the composition of soil microbial communities approached 
that of undisturbed soils. Additionally, Roy et al. (2020) demonstrated 
that appropriate vegetation interventions on coal mine wastelands, 
combined with fine-tuned nitrogen and phosphorus fertilizer doses, 
enabled the optimal growth of sandbuckthorn, thereby promoting and 
accelerating the ecological restoration of degraded coal mining 
ecosystems. Thus, the implementation of artificial measures can 
effectively promote ecological restoration and the recovery of 
ecosystem functions in mining areas (Chen et al., 2020). 

The Muli coal mining area in the Qilian Mountains has abundant 
coal reserves, and it is not only the source region of the Datong River, but 
also an important regional water source and ecological safety barrier, 
occupying a crucial ecological position (Yang et al., 2018; Li et al., 2021). 
However, the ecosystem of the Muli coal mining area is highly 
vulnerable due to the cold climate, high altitude, and thin air. 
Meanwhile, coal mining activities have exacerbated ecosystem 
degradation, especially in permafrost environments, which will induce 
a series of problems (Ahirwal and Maiti, 2017). For example, open-pit 
mining directly removes the surface cover layer, damaging the insulating 
protective structure of the permafrost layer, accelerating its thawing, and 
disrupting the thermal balance of the permafrost. This leads to geological 
hazards such as frost heave and thaw subsidence, which in turn causes 
habitat degradation for plants and animals. Additionally, the large 
amount of organic carbon stored in the permafrost is released as CO2 

through microbial decomposition upon thawing, further accelerating 
global warming (Ji et al., 2022). Thus, the natural restoration process is 
slow and difficult, and artificial interventions have become essential in 
02 172
the ecological restoration process of mining areas (Luo et al., 2020). 
Restoration duration is supposed to significantly affect vegetation and 
soil properties. The research conducted on the Tibetan Plateau by Yuan 
et al. (2021) indicated that extending the restoration period can 
significantly promote the accumulation of organic matter and 
improve soil structure. Additionally, Ma et al. (2019) found that 
typical vegetation restoration in mining areas positively affected soil 
quality improvement, while artificial maintenance should be 
strengthened to prevent soil quality degradation in future ecological 
management. Furthermore, researchers have observed that with 
increasing restoration time, the dominance of fungi significantly rises, 
such as Ascomycota and Zygomycota (Qiang et al., 2020). 

As a vital member of the soil ecosystem, soil fungi are essential for 
nutrient cycling and soil structure development through aggregate 
formation, while also establishing symbiotic associations with plants to 
enhance their growth and development (Courty et al., 2010). 
Researches have demonstrated that Glomeromycota fungi enhances 
carbon sequestration and promote soil aggregation by producing 
glomalin-related soil proteins (Agnihotri et al., 2022; Wang et al., 
2022). Ascomycota can produce various antimicrobial agents that 
protect plants from pathogen attack (Jibola-Shittu et al., 2024). And 
arbuscular mycorrhizal fungi not only supply essential mineral 
elements to host plants but also enhance resistance to pests, diseases, 
and abiotic stresses, thereby promoting plant health (Zhang X, et al., 
2022). In addition, soil fungi was also used to indicate soil environment 
changes affected by environmental disturbances. For instance, the 
relative abundance of Glomeromycota is sensitive to salinity 
(Krishnamoorthy et al., 2014), while the relative abundance of 
Mortierellomycota can predict plant growth traits (Zhang et al., 
2023). Mycorrhizal fungi have been identified as important 
predictors of global soil carbon storage (Averill et al., 2014). Diversity 
is one of the key characteristics for understanding and managing 
ecosystem functions, as well as evaluating the ecosystem’s resilience to 
disturbances. Generally, higher diversity enhances community stability 
and increases its ability to resist external disturbances (Liu et al., 2020). 
Therefore, an increasing number of studies emphasize the necessity of 
investigating the complete characteristics of fungal communities, 
including their diversity, structure, assembly, and driving factors. 

Presently, most research has primarily focused on the effects of soil 
properties and plant communities on fungal communities following 
artificial restoration. In fact, the relative contributions of stochastic and 
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deterministic processes vary depending on ecological and 
environmental conditions, while the impact of these processes 
following artificial restoration were less understood (Myers et al., 
2013; Tripathi et al., 2018). After revegetation, the heterogeneity of 
fungal habitats increased, resulting more complicated assembly 
processes in fungal communities. Understanding the assembly 
processes of soil fungal communities under different restoration 
durations could provide scientific guidance for improving restoration 
outcomes in alpine mining areas. Especially in open-pit mining, the 
removal of surface soil leads to ecosystem degradation, resulting in 
reduced moisture retention capacity and soil organic matter, and the 
loss of biodiversity (Chen et al., 2020). Furthermore, plant growth and 
animal reproduction are inhibited by low temperatures and low oxygen 
levels in alpine mining areas, which significantly decrease plant 
diversity and soil nutrients (Ganesh et al., 2020). Therefore, we 
hypothesize that the soil fungal community diversity in unrestored 
sites of alpine mining areas is relatively low, with community assembly 
primarily driven by dispersal limitation. Following artificial restoration, 
increases in vegetation diversity and soil nutrient content promote the 
Frontiers in Plant Science 03 173
diversity of soil fungal community, with community assembly being 
mainly governed by deterministic processes. 

Therefore, the main goals of this study were (1) to explore changes 
in the composition and diversity of soil fungal communities, and (2) to 
determine soil fungal community assembly process and dominant 
driving factors across different restoration chronosequences in alpine 
mining coalfields. 
2 Materials and methods 

2.1 Study area 

The study area is situated in the Muli coalfields (99°05′E–99°27′E, 
38°05′N–38°27′N) of the middle Qilian Mountains, northwestern 
China (Figure 1). It lies in the northeastern part of the Qinghai-Tibet 
Plateau with an average elevation of 4100 m.a.s.l. The climate is typical 
semiarid alpine climate, with mean annual temperature, precipitation, 
and evaporation reaching to -4°C, 477 mm, and 1050 mm, respectively. 
FIGURE 1 

Location of sampling points in the Muli coalfield (a), and the landscape of natural plant sites (NP), unrestored sites (Y0), 2-year restoration sites (Y2), 
and 6-year restoration sites (Y6) in study area (b). 
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The annual sunshine hours is 2942 h. The region is characterized by 
glacial landforms at the edge of the plateau, where permafrost (5 to 50 
meters) and seasonal frost (1 to 3 meters) are extensively distributed 
(Bai, 2022). The predominant vegetation types include alpine meadows 
and alpine wetlands, with the dominant species being Carex moorcroftii 
and Koeleria tibetica, and the vegetation coverage is approximately 80%. 
The main soil type is classified as haplic leptosols according to the World 
Reference Base for  Soil  Resources, which is roughly referred to as alpine 
meadow soils according to the Chinese Soil Genetic Classification. 

In the 1960s, small-scale mining activities started gradually, with 
large-scale extraction beginning in the early 21st century predominantly 
through open-pit mining with extensive excavation. To mitigating 
ecological disruptions resulting from mining activities, the government 
implemented comprehensive ecological remediation initiatives in the 
mining area between 2014 and 2018. However, persistent illegal coal 
extraction by certain enterprises led to renewed media exposure of 
unauthorized mining activities in 2020, generating substantial societal 
repercussions. In prompt response, governments launched extensive 
ecological restoration initiatives to rehabilitate the affected areas. 
 

2.2 Plant and soil sample collection and 
analysis 

Soil sampling was conducted in the Muli coalfield in August 2023. 
We selected soil sampling sites according to the restoration year, i.e., the 
landscape of natural plant sites (NP), unrestored sites  (Y0), 2-year
restoration sites (Y2), and 6-year restoration sites (Y6), with a total of 28 
soil samples (7 replicates) from 0–20 cm were obtained. We measured 
Aboveground biomass (AGB), belowground biomass (BGB), litter 
biomass (Litter), bulk density (BD), soil moisture content (SMC), soil 
electrical conductivity (EC), pH, soil organic carbon (SOC), total 
nitrogen (TN), total carbon (TC), total potassium (TK), and 
phosphorus (TP). The fungal ITS-1 region was amplified with the 
primer pair ITS1 (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and  ITS2  
(5’-GCTGCGTTCTTCATCGA TGC-3’) (Blaalid et al., 2013) to obtain 
the information of fungal community. More detailed descriptions of 
sampling protocols and procedures for laboratory analyses can be found 
in Xue et al. (2025). The raw sequencing reads were deposited in the 
NCBI database under the accession number PRJNA1208394. 
2.3 Statistical analysis 

The ANOVA and LSD tests were performed to analyze 
differences among groups using the ‘agricolae ’ package 
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(Mendiburu, 2017). Plant a diversity indices (iSimpson, Shannon, 
Simpson and Pielou’s indices), fungal community a (Chao1, AEC, 
Simpson, and Shannon indices) and b diversity indices were also 
computed (Schloss et al., 2009; Kembel et al., 2010). Additionally, to 
explore microbial spatial variation (b diversity), we used the Bray-
Curtis metric to assess taxonomic variation. The PCoA and 
ANOSIM were also used to conduct community structure 
analyses. To characterize specialist OTUs, we computed the 
specificity and occupancy of each OTU across the four study 
sites. Specificity reflects the average abundance of an OTU within 
a given habitat, whereas occupancy indicates its frequency of 
occurrence across samples (Dufrêne and Legendre, 1997; Gweon 
et al., 2021). OTUs exhibiting specificity and occupancy values ≥ 0.7 
were classified as specialists, indicating their habitat specificity and 
widespread presence (Gweon et al., 2021). Taxonomic trees were 
applied to illustrate the distribution and composition of specialist 
species across the sites by the ‘metacoder’ package (Foster et al., 
2017). To determine the vegetative and edaphic effects on fungal 
community diversity and structure, we performed a Mantel test 
(permutations 999) using the ‘vegan’ package (Sunagawa et al., 
2015). Fungal community composition was assessed using Bray-
Curtis distances, while environmental dissimilarities were 
calculated based on Euclidean distances. Additionally, the 
phylogenetic-bin-based null model analysis (iCAMP) was 
employed to analyze fungal community assembly processes (Ning 
et al., 2020). This framework integrates the b-net relatedness index 
and the Raup-Crick index to evaluate phylogenetic and taxonomic 
beta diversity, respectively (Stegen et al., 2013; Ning et al., 2020). 
The relative contributions of five assembly processes, i.e., the 
heterogeneous selection, homogeneous selection, dispersal 
limitation, homogenizing dispersal, and drift were quantified, and 
their variations across the four sites were compared using the 
Wilcoxon test (Freire-Zapata et al., 2024). More detailed 
descriptions of the statistical analyses can be found in Xue et al. 
(2025). All data were processed in R software (version 4.0.2). 
3 Results 

3.1 Soil fungal community diversity across 
different restoration stages. 

Following 2 years of artificial restoration, the Shannon and 
Simpson indices exhibited a significant increase (Table 1), whereas b 
diversity significantly decreased (Figure 2B). As the duration of 
TABLE 1 Fungal community a diversity indices among four sites. 

Index Y0 Y2 Y6 NP p value 

Chao1 506.07 ± 80.06 a 459.79 ± 72.01 a 340.76 ± 95.44 b 328.50 ± 67.03 b <0.001 *** 

ACE 513.77 ± 89.30 a 524.08 ± 87.36 a 359.85 ± 100.76 b 354.27 ± 45.48 b <0.001 *** 

Shannon 3.33 ± 0.58 b 4.21 ± 0.29 a 3.79 ± 0.35 ab 3.36 ± 0.51 b 0.004 ** 

Simpson 0.11 ± 0.10 a 0.04 ± 0.02 b 0.06 ± 0.03 ab 0.09 ± 0.05 ab 0.011 * 
 

***, **, and * indicate p < 0.001, p < 0.01, and p < 0.05, respectively. 
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restoration progressed, both the richness (Chao1 and ACE indices) 
and diversity (Shannon and Simpson indices) of the soil fungal 
communities showed a significant decline, while b diversity 
experienced a notable increase. Furthermore, no significant 
differences were detected in neither a diversity nor b diversity of 
the soil fungal communities between natural plant sites and the 6-year 
restoration sites. Multivariate statistical analysis, based on Bray-Curtis 
dissimilarity matrices, revealed significant differences in taxonomic 
compositions across the four study sites (Figure 2A). Specifically, only 
167 OTUs were shared among all four sites, accounting for 6% of the 
total OTUs, with the unrestored sites, 2-year restored sites, 6-year 
restored sites, and natural plant sites containing 573, 447, 381, and 411 
unique OTUs, respectively (Figure 2C). 
3.2 Soil fungal community structure and 
assembly mechanism across different 
restoration stages 

Based on PCoA, we found that artificial restoration significantly 
altered the composition of soil fungal communities, which was 
further supported by ANOSIM results (Figure 3). Ascomycota was 
the predominant phylum in all sites, exhibiting a significant 
decrease in relative abundance following artificial restoration 
(Figure 4A). As the years progressed, its relative abundance 
continued to decrease significantly. In contrast, Basidiomycota 
was the second dominant phylum in the unrestored, 2-year 
restoration, and natural plant sites, with a notable increase in 
relative abundance in the restoration sites. Glomeromycota was 
the third dominant phylum in the unrestored and 2-year restoration 
sites and the second dominant phylum in the 6-year restoration 
sites, showing a significant increase in relative abundance after 6 
years of restoration. 

Our study revealed that the dominant fungal genera varied 
significantly across different sites (Figure 4B). In the unrestored 
sites, Liangia and Flavocillium were the dominant genera. After 2 
years of artificial restoration, the dominant genera shifted to 
Enterocarpus and Pseudogymnoascus. As the restoration period 
progressed, Diversispora, Coniochaeta, and  Claroideoglomus became 
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the dominant genera. In natural plant sites, Boudiera and 
Microscypha were the dominant genera. Overall, following artificial 
restoration, the relative abundance of Liangia and Flavocillium 
decreased significantly, with the highest abundance found in 
natural plant sites. In contrast, the abundance of Enterocarpus and 
Pseudogymnoascus increased significantly in the 2-year restoration 
sites but decreased as the restoration period continued. Their relative 
abundance was lowest in natural plant sites, suggesting a positive 
response to long-term artificial restoration. After 6 years of 
restoration, the abundance of Diversispora, Coniochaeta, and

Claroideoglomus increased significantly. 
The occupancy and specificity analysis showed that numbers of 

specialist species in unrestored, 2-year restoration sites, 6-year 
restoration sites, and natural plant sites were 42, 92, 15, and 54, 
respectively (Figure 5). Specialist species in the unrestored, 2-year 
artificial restoration, and natural plant sites were mostly Ascomycota, 
while Glomeromycota was the predominant group of specialist species 
in the 6-year artificial restoration sites (Figure 6). 

In Figure 7, we found that dispersal limitation and homogeneity 
selection predominantly governed the soil fungal community in 
alpine mining areas, but their relative importance varied as the 
duration of artificial restoration increased. Specifically, dispersal 
limitation had the highest relative importance in the unrestored and 
natural plant sites, followed by homogeneity selection. In the wake 
of artificial restoration, it was discerned that the primary driver 
shaping fungal communities was homogeneity selection, with 
dispersal limitation exerting a secondary influence. After artificial 
restoration, homogeneity selection was identified as making the 
greatest contribution to structuring fungal communities, followed 
by dispersal limitation. As the restoration period progressed, the 
relative importance of homogeneity selection decreased, while that 
of dispersal limitation increased, thus both homogeneity selection 
and dispersal limitation jointly dominated the structure of the soil 
fungal community in the 6-year restoration sites. 

We further investigated the influence of environmental factors 
(Supplementary Table S1) on soil fungal communities in alpine 
mining region. The results showed that in unrestored sites, soil 
fungal community structure and diversity were not significantly 
influenced by soil and vegetation properties (Figure 8A). However, 
FIGURE 2
 

Comparisons of fungal community Bray-Curtis dissimilarity (a), betaNTI (b), and OTUs (c) among different sampling sites.
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in 2-year artificial restoration sites, soil fungal community structure 
was mainly correlated with soil sand, TP, TK, and BGB (Figure 8B). 
Meanwhile, the diversity of fungal community was significantly 
influenced by plant Pielou’s evenness. As the restoration period 
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progressed, the structure of fungal community was significantly 
affected by soil clay, SMC, and TP (Figure 8C). While in the natural 
plant sites, soil pH was the primary factor influencing soil fungal 
community structure (Figure 8D). 
FIGURE 4
 

The relative abundance of soil fungi at phylum (a) and genus (b) level from four sites.
 
FIGURE 3 

Fungal community structures under different sampling sites based on the PCoA analysis. 
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4 Discussion 

4.1 Soil fungal community diversity across 
different restoration stages 

We employed a and b diversity to assess fungal community 
diversity. Our results revealed a significant increase in the diversity 
indices pertaining to soil fungal communities. This may be 
attributed to the increased plant community richness following 2 
years artificial restoration, which promotes the release of various 
root exudates with binding properties, thereby providing more 
ecological niches for fungal communities and increasing the a 
diversity of the fungal community (Butler et al., 2003; Dey et al., 
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2012; Xu et al., 2022). The restoration process may have also been 
affected by the addition of sheep dung, which contributed to a swift 
and significant enhancement of soil nutrient levels, resulting in a 
more balanced species composition by replacing the dominant 
species with other species and reducing the number of dominant 
species in the community (Yang et al., 2024). However, after 2 years 
of restoration, soil heterogeneity decreased, and the more 
homogeneous environment selectively filtered species in a similar 
way, leading to a reduction in b diversity (Nemergut et al., 2013). 
The fungal community a diversity in 6-year restoration sites was 
lower than that in 2-year restoration sites. This is probably 
associated with the depletion of soil nutrients as the intensity of 
post-restoration management and maintenance has gradually 
FIGURE 5 

The specificity occupancy plot of soil fungal communities in Y0 unrestored sites (a), Y2 2-year artificial restoration sites (b), Y6 6-year artificial 
restoration sites (c), and NP natural plant sites (d). 
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diminished during the later stages of vegetation restoration. While 
the b diversity of the fungal community may depend on dispersal 
processes in the 6-year restoration sites (Nemergut et al., 2013; 
Ernakovich et al., 2022), where the proportion of homogeneous 
selection significantly decreased and the proportion of dispersal 
limitation significantly increased, dispersal limitation can increase b 
diversity by causing spatial aggregation of species (Zhang et al., 
2008). Our study observed that fungal community richness was 
greatest in unrestored soils, potentially due to the extremely low soil 
nutrient levels, which hinder plant growth. In a barren 
environment, plants tend to adopt a conservative approach by 
generating leaf litter abundant in phenolic compounds. Since soil 
bacteria are less proficient at decomposing such litter, fungi become 
more dominant in the microbial community, leading to a rise in 
fungal diversity (Wright et al., 2004), and our findings provide new 
insights into the mechanisms by which bacteria and fungi are 
influenced by plants in nutrient-poor soils, offering valuable 
Frontiers in Plant Science 08178
perspectives for future research. Furthermore, the poor nutrient 
availability in the unrestored soils restricted the spread of soil fungi, 
leading to higher b diversity in these soils compared to other sites. 
4.2 Soil fungal community structure and 
assembly mechanism across different 
restoration stages 

Through modifications to the vegetation community 
composition and soil conditions, artificial restoration has markedly 
altered the composition and structure of the soil fungal community 
(Yuan et al., 2021). Ascomycota, being the most abundant and widely 
distributed fungal group in soil (Al-Sadi et al., 2017; Egidi et al., 2019), 
possesses dark-colored hyphae and large, multicellular black spores 
that enable it to endure extreme environmental conditions 
(Sterflinger, 2006; Bates et al., 2010). Hence, it is unsurprising that 
FIGURE 6 

The taxonomic trees plotted of soil fungal communities in Y0 unrestored sites (a), Y2 2-year artificial restoration sites (b), Y6 6-year artificial 
restoration sites (c), and NP natural plant sites (d). 
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Ascomycota dominates across all the study sites. Following 2 years of 
artificial restoration, the relative abundance of Ascomycota showed a 
significant decrease, which may be attributed to the elevated total 
phosphorus levels resulting from the restoration process (Yang et al., 
2024). Furthermore, as the restoration period extended, the 
significant increase in soil pH contributed to the decline in its 
relative abundance (Zhang Z, et al., 2022). 

Following 2 years of restoration, the relative abundance of the 
Pseudogymnoascus within the Ascomycota significantly increased. 
These species has the capacity to withstand cold stress by allocating 
nutrients towards the mending and restoration of cellular damage, 
concurrently reducing the synthesis of proteins necessary for cellular 
expansion (Bakar et al., 2024). Thus, it is typically found in cold 
environments such as the Arctic, alpine, and Antarctic regions 
(Blehert et al., 2009; Vanderwolf et al., 2013; Wilson et al., 2017; 
Chaturvedi et al., 2018). Previous study indicated that the relative 
abundance of Pseudogymnoascus showed strong positive correlation 
with soil carbon, nitrogen and phosphorus. The substantial increase 
in soil nutrient content following 2 years of restoration contributed to 
a marked rise in its relative abundance. However, after 6 years of 
restoration, as soil nutrient content significant declined, the relative 
abundance of Pseudogymnoascus correspondingly notably decreased. 
Additionally, Pseudogymnoascus was positively correlated with soil 
bulk density, thus, the lower soil bulk density will limit the growth of 
Pseudogymnoascus in the unrestored sites. Coniochaeta is also a 
member of Ascomycota, and it engages with plant life through the 
release of proteins that initiate symbiotic relationships (Challacombe 
et al., 2019). Its relative abundance significantly increased in the 6­
year restoration sites compared to the other three sites, which may be 
associated with the variety of plant species present. 

Members of the Basidiomycota primarily rely on exogenous 
materials, such as plant litter or soil organic matter, as their main 
carbon sources for growth and reproduction. They significantly 
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affect the degradation of plant residues, especially the breakdown of 
recalcitrant macromolecular organic compounds, through the 
production of oxidative and hydrolytic extracellular enzymes 
(Entwistle et al., 2018). In contrast to unrestored areas, the 
artificial restoration sites exhibited a notable rise in plant 
residues, which correlated with an elevated relative abundance of 
Basidiomycota. Additionally, Basidiomycota, functioning as 
saprotrophic fungi, possess the capability to break down lignin 
and cellulose, even in anaerobic environments (Guo et al., 2018; Kui 
et al., 2021), which likely explains their highest relative abundance 
in the natural plant sites. Microscypha, one of the major members of 
Basidiomycota, has been confirmed to possess plant growth-
promoting and biocontrol functions (Gao et al., 2023) and is a 
core species in the root systems and rhizosphere soils of Leymus 
chinensis in alpine meadow (Guo et al., 2024). Our findings also 
indicated that its relative abundance is highest in the natural 
plant sites. 

Glomeromycota are predominantly composed of arbuscular 
mycorrhizal fungi, which can establish mutualistic symbioses with 
the roots of 72% of higher flowering plants (Meng et al., 2023), 
playing an essential role in plant nutrient uptake and growth (Choi 
et al., 2018). In comparison to the unaltered areas, the plant 
community richness in the artificially restored regions increased 
significantly, resulting in increasing relative abundance of 
Glomeromycota. It even became the second most dominant 
group in the 6-year restoration sites, with Diversispora and 
Claroideoglomus emerging as the dominant genera in the same 
sites. However, our findings also indicated that, while the plant 
community richness was greatest in the natural plant sites, the 
relative abundance of Glomeromycota was comparatively low. This 
could be due to the pronounced host specificity inherent in the 
symbiotic association between Glomeromycota and plants (Liu 
et al., 2012; Zhang et al., 2023). 
FIGURE 7 

Stacked (a) and bar (b) chart of the relative contribution of each ecological process driving fungal community assembly within four sites based on 
null model analysis. 
 frontiersin.org 

https://doi.org/10.3389/fpls.2025.1579142
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xue et al. 10.3389/fpls.2025.1579142 
Artificial restoration impacts not only the composition of 
dominant species in soil fungal communities but also the 
processes that govern community assembly. In unrestored sites, 
the poor soil quality and sparse vegetation restrict fungal growth 
and reproduction, meaning the community structure is primarily 
shaped by dispersal limitations, with less influence from 
environmental factors such as vegetation and soil. In the 2-year 
restoration sites, significant increases in soil nutrient content, plant 
diversity, and biomass resulted in soil fungal community structure 
primarily govern by homogenous selection, with soil and 
vegetation becoming the primary influencing factors. Mate 
analysis further revealed that the soil fungal community 
structure was chiefly determined by soil sand, TP, TK, and BGB. 
In 6-year restoration sites, decreased soil nutrient content and 
greater heterogeneity resulted in both homogenous selection and 
dispersal limitations jointly influencing fungal community 
structure. Here, the structure was mainly driven by soil clay, 
SMC, and TP. In natural plant sites, higher BD and SMC 
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impaired soil aeration, thus, the fungal community is primarily 
influenced by dispersal limitation. 
4.3 Limitations and future directions 

The current analysis only focuses on the diversity and assembly 
mechanisms of fungal communities, without integrating the 
functional aspects of these communities to reveal the dynamic 
changes in key functional genes. Future research should combine 
functional gene analysis to clarify the direct relationship between 
fungal functional activity and ecosystem functioning. This study only 
collected samples from a single location in the Muli mining area, and 
future studies should expand the sampling to multiple regions to 
explore how the relative contributions of environmental filtering and 
dispersal limitation change across spatial scales. Additionally, this 
study only collected samples from sites with 2 and 6 years of artificial 
restoration, which makes it difficult to accurately investigate the 
FIGURE 8 

Associations of the fungal community structure with environmental factors in Y0 unrestored sites (a), Y2 2-year artificial restoration sites (b), Y6 6­
year artificial restoration sites (c), and NP natural plant sites (d). 
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successional characteristics of soil fungal community structure 
following artificial restoration. Future studies should include longer 
temporal sequences to more precisely quantify the impact of human 
interventions on fungal communities. 
5 Conclusion 

The implementation of artificial restoration measures has 
substantially augmented the diversity indices of soil fungal 
communities, while simultaneously causing a notable decline in b 
diversity in alpine mining areas. As the restoration period extended, 
the a diversity of soil fungal communities significantly decreased, 
while b diversity significantly increased. Concurrently, artificial 
restoration induced significant structural modifications in the soil 
fungal community composition, with distinctive fungal species 
accounting for over 82% of the total community in restored sites. 
Additionally, we found that artificial restoration had a positive effect 
on Basidiomycota. Dispersal limitation and homogeneity selection 
were the dominant process driving soil fungal community assembly 
in alpine mining areas. In the natural plant and unrestored sites, the 
structure of soil fungal communities was mainly influenced by 
dispersal limitation, followed by homogeneous selection. After 
artificial restoration, the structure of soil fungal community 
primarily was governed by homogeneous selection, following the 
dispersal limitation. As restoration time progressed, the importance 
of homogeneous selection decreased, while the relative importance 
of dispersal limitation notably increased, and the structure of soil 
fungal community mainly influenced by soil clay, SMC, and TP. 
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