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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 μmol m-2 s-1 at the river bank, 0.49 ± 0.15 μmol m-2 s-1 in the transitional zone, and a meager 0.45 ± 0.12 μmol 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 positive 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 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.
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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 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 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.




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).




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.



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 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).




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 50 mL sterile centrifuge tube containing 30 mL phosphate-buffered 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. 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).





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 μmol m−2 s−1 for the river bank, 0.49 ± 0.15 μmol m−2 s−1 for the transitional zone, and 0.45 ± 0.12 μmol 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).




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.




Table 1 | One-way analysis of variance (ANOVA) for soil respiration and its components and root traits along the environmental gradient.






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, 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).


Table 2 | Distribution of different domains obtained using MetaPhlAn analysis according to metagenomic sequence samples.



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).




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.



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 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.






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 in Rs 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).




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.



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 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).




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 affecting Ra mediated by rhizosphere 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).

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 carbon metabolism, but the current research is still in its infancy. In the 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 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.




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.



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). 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 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 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 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.





5 Conclusion

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.




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.



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 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 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 Talent Program of Xinjiang Uygur Autonomous 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.





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

 Adamczyk, B., Sietiö, O.-M., Straková, P., Prommer, J., Wild, B., Hagner, M., et al. (2019). Plant roots increase both decomposition and stable organic matter formation in boreal forest soil. Nat. Commun. 10, 3982. doi: 10.1038/s41467-019-11993-1

 Allison, S., and Vitousek, P. (2005). Responses of extracellular enzymes to simple and complex nutrient inputs. Soil Biol. Biochem. 37, 937–944. doi: 10.1016/j.soilbio.2004.09.014

 Allison, S., Wallenstein, M., and Bradford, M. (2010). Soil-carbon response to warming dependent on microbial physiology. Nat. Geosci. 3, 336–340. doi: 10.1038/ngeo846

 An, Z., Zhang, K., Tan, L., Niu, Q., Zhang, H., and Liu, B. (2023). Quantifyting research on the protection effect of a desert−oasis ecotone in Dunhuang, Northwest China. J. Wind Eng. Ind. Aerodynamics 236, 105400. doi: 10.1016/j.jweia.2023.105400

 Argaw, A., Zhou, Y., Ryder, M., and Denton, M. (2021). Soil environment influences plant growth-promotion traits of isolated rhizobacteria. Pedobiologia 90, 150785. doi: 10.1016/j.pedobi.2021.150785

 Aslam, M., Okal, E., Idris, A., Zhang, Q., Xu, W., Jk, K., et al. (2022). Rhizosphere microbiomes can regulate plant drought tolerance. Pedosphere 32, 61–74. doi: 10.1016/S1002-0160(21)60061-9

 Balogh, J. (2016). Autotrophic component of soil respiration is repressed by drought more than the heterotrophic one in dry grasslands. Biogeosciences 13, 5171–5182. doi: 10.5194/bg-13-5171-2016

 Bennett, A., Haslem, A., Cheal, D., Clarke, M., Jones, R., Koehn, J., et al. (2009). Ecological processes: A key element in strategies for nature conservation. Blackwell Sci. Asia Pty Ltd 10, 192–199. doi: 10.1111/j.1442-8903.2009.00489.x

 Bloor, J., and Bardgett, R. (2012). Stability of above-ground and below-ground processes to extreme drought in model grassland ecosystems: Interactions with plant species diversity and soil nitrogen availability. Perspect. Plant Ecol. Evol. Systematics 14, 193–204. doi: 10.1016/j.ppees.2011.12.001

 Bond-Lamberty, B. (2018). New techniques and data for understanding the global soil respiration flux. Earth's Future 6, 1176–1180. doi: 10.1029/2018EF000866

 Borden, K., Mafa-Attoye, T., Dunfield, K., Thevathasan, N., Gordon, A., and Isaac, M. (2021). Root functional trait and soil microbial coordination: implications for soil respiration in riparian agroecosystems. Front. Plant Sci. 12, 681113. doi: 10.3389/fpls.2021.681113

 Brunner, I., Herzog, C., Dawes, M., Arend, M., and Sperisen, C. (2015). How tree roots respond to drought. Front. Plant Sci. 6, 547. doi: 10.3389/fpls.2015.00547

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

 Cahoon, S., Sullivan, P., Gamm, C., Welker, J., Eissenstat, D., Post, E., et al. (2016). Limited variation in proportional contributions of auto- and heterotrophic soil respiration, despite large differences in vegetation structure and function in the Low Arctic. Biogeochemistry 127, 339–351. doi: 10.1007/s10533-016-0184-x

 Chari, N. R., and Taylor, B. N. (2022). Soil organic matter formation and loss are mediated by root exudates in a temperate forest. Nat. Geosci. 15, 1011–1016. doi: 10.1038/s41561-022-01079-x

 Chen, Q., Ding, J., Li, C., Yan, Z.-Z., He, J.-Z., Hu, H., et al. (2020). Microbial functional attributes, rather than taxonomic attributes, drive top soil respiration, nitrification and denitrification processes. Sci. Total Environ. 734, 139479. doi: 10.1016/j.scitotenv.2020.139479

 Chen, D., li, J., Zhichun, L., Hu, S., and Bai, Y. (2015). Soil acidification exerts a greater control on soil respiration than soil nitrogen availability in grasslands subjected to long-term nitrogen enrichment. Funct. Ecol. 30, 658–669. doi: 10.1111/1365-2435.12525

 Chen, Y., Neilson, J. W., Kushwaha, P., Maier, R.M., and Barberán, A. (2021). Life-history strategies of soil microbial communities in an arid ecosystem. ISME J. 15, 649–657. doi: 10.1038/s41396-020-00803-y

 Chen, Y., Qin, W., Zhang, Q., Wang, X., Feng, J., Han, M., et al. (2024). Whole-soil warming leads to substantial soil carbon emission in an alpine grassland. Nat. Commun. 15, 4489. doi: 10.1038/s41467-024-48736-w

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics (Oxford, England) 34, i884–i890. doi: 10.1093/bioinformatics/bty560

 Chin, M.-Y., Lau, S. Y. L., Midot, F., Jee, M. S., Lo, M. L., Sangok, F. E., et al. (2023). Root exclusion methods for partitioning of soil respiration: Review and methodological considerations. Pedosphere 33, 683–699. doi: 10.1016/j.pedsph.2023.01.015

 Chu, H., Ni, H., Ma, J., and Shen, Y. (2023). Contrary responses of soil heterotrophic and autotrophic respiration to spring and summer drought in alfalfa on the Loess Plateau. Geoderma 440, 116722. doi: 10.1016/j.geoderma.2023.116722

 Classen, A. T., Sundqvist, M. K., Henning, J. A., Newman, G. S., Moore, J. A. M., Cregger, M. A., et al. (2015). Direct and indirect effects of climate change on soil microbial and soil microbial-plant interactions: What lies ahead? Ecosphere 6, art130. doi: 10.1890/ES15-00217.1

 Cortois, R., Schroeder-Georgi, T., Weigelt, A., Putten, W., and Deyn, G. B. (2016). Plant–soil feedbacks: role of plant functional group and plant traits. J. Ecol. 104, 1608–1617. doi: 10.1111/1365-2745.12643

 Dai, Z., Zang, H., Chen, J., Fu, Y., Wang, X., Liu, H., et al. (2021). Metagenomic insights into soil microbial communities involved in carbon cycling along an elevation climosequences. Environ. Microbiol. 23, 4631–4645. doi: 10.1111/1462-2920.15655

 Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Podishetty, N. K., Bhatnagar, S., et al. (2015). Structure, variation, and assembly of the root-associated microbiomes of rice. Proc. Natl. Acad. Sci. 112, E911–E920. doi: 10.1073/pnas.1414592112

 Escalas, A., Hale, L., Voordeckers, J., Yang, Y., Firestone, M., Alvarez‐Cohen, L., et al. (2019). Microbial functional diversity: From concepts to applications. Ecol. Evol. 9, 12000–12016. doi: 10.1002/ece3.5670

 Evans, P. N., Boyd, J. A., Leu, A. O., Woodcroft, B. J., Parks, D. H., Hugenholtz, P., et al. (2019). An evolving view of methane metabolism in the Archaea. Nat. Rev. Microbiol. 17, 219–232. doi: 10.1038/s41579-018-0136-7

 Flemming, H.-C., and Wuertz, S. (2019). Bacteria and archaea on Earth and their abundance in biofilms. Nat. Rev. Microbiol. 17, 247–260. doi: 10.1038/s41579-019-0158-9

 Fortmann-Roe, S. (2015). Consistent and clear reporting of results from diverse modeling techniques: the A3 method. J. Stat. Software 66, 1–23. doi: 10.18637/jss.v066.i07

 Fu, A., Li, W., Yaning, C., Wang, Y., Hao, H., Peng, L., et al. (2021). The effects of ecological rehabilitation projects on the resilience of an extremely drought-prone desert riparian forest ecosystem in the Tarim River Basin, Xinjiang, China. Sci. Rep. 11, 18485. doi: 10.1038/s41598-021-96742-5

 Fu, L., Niu, B., Zhu, Z., Wu, S., and Li, W. (2012). CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinf. (Oxford England) 28, 3150–3152. doi: 10.1093/bioinformatics/bts565

 Furey, G. N., and Tilman, D. (2023). Plant chemical traits define functional and phylogenetic axes of plant biodiversity. Ecol. Lett. 26, 1394–1406. doi: 10.1111/ele.14262

 Furtak, K., and Wolińska, A. (2023). The impact of extreme weather events as a consequence of climate change on the soil moisture and on the quality of the soil environment and agriculture – A review. CATENA 231, 107378. doi: 10.1016/j.catena.2023.107378

 Gong, G., Zhou, S., Luo, R., Gesang, Z., and Suolang, S. (2020). Metagenomic insights into the diversity of carbohydrate-degrading enzymes in the yak fecal microbial community. BMC Microbiol. 20, 302. doi: 10.1186/s12866-020-01993-3

 Green, J., Bohannan, B., and Whitaker, R. (2008). Microbial biogeography: from taxonomy to traits. Sci. (New York N.Y.) 320, 1039–1043. doi: 10.1126/science.1153475

 Han, Y., Wang, G., Xiong, L., Xu, Y., and Li, S. (2024). Rainfall effect on soil respiration depends on antecedent soil moisture. Sci. Total Environ. 926, 172130. doi: 10.1016/j.scitotenv.2024.172130

 Hanson, P. J., Edwards, N. T., Garten, C. T., and Andrews, J. A. (2000). Separating root and soil microbial contributions to soil respiration: A review of methods and observations. Biogeochemistry 48, 115–146. doi: 10.1023/A:1006244819642

 Hashimoto, S., Ito, A., and Nishina, K. (2023). Divergent data-driven estimates of global soil respiration. Commun. Earth Environ. 4, 460. doi: 10.1038/s43247-023-01136-2

 Hasibeder, R., Fuchslueger, L., Richter, A., and Bahn, M. (2014). Summer drought alters carbon allocation to roots and root respiration in mountain grassland. New Phytol. 205, 1117–1127. doi: 10.1111/nph.13146

 Hinko-Najera, N., Fest, B., Livesley, S., and Arndt, S. (2015). Reduced throughfall decreases autotrophic respiration, but not heterotrophic respiration in a dry temperate broadleaved evergreen forest. Agric. For. Meteorol. 200, 66–77. doi: 10.1016/j.agrformet.2014.09.013

 Hopkins, F., Gonzalez-Meler, M. A., Flower, C. E., Lynch, D. J., Czimczik, C., Tang, J., et al. (2013). Ecosystem-level controls on root-rhizosphere respiration. New Phytol. 199, 339–351. doi: 10.1111/nph.12271

 Huang, W., Han, T., Liu, J., Wang, G., and Zhou, G. (2015). Changes in soil respiration components and their specific respiration along three successional forests in subtropics. Funct. Ecol. 30, 1466–1474. doi: 10.1111/1365-2435.12624

 Huang, N., Wang, L., Song, X.-P., Black, T. A., Jassal, R. S., Myneni, R. B., et al. (2020). Spatial and temporal variations in global soil respiration and their relationships with climate and land cover. Sci. Adv. 6, eabb8508. doi: 10.1126/sciadv.abb8508

 Hyatt, D., Chen, G.-L., Locascio, P. F., Land, M. L., Larimer, F. W., Hauser, L. J., et al. (2010). Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC Bioinf. 11, 119. doi: 10.1186/1471-2105-11-119

 Jarvi, M., and Burton, A. (2013). Acclimation and soil moisture constrain sugar maple root respiration in experimentally warmed soil. Tree Physiol. 33, 949-959. doi: 10.1093/treephys/tpt068

 Jarvi, M., and Burton, A. (2017). Adenylate control contributes to thermal acclimation of sugar maple fine-root respiration in experimentally warmed soil: Thermal acclimation of maple root respiration. Plant Cell Environ. 41. doi: 10.1111/pce.13098

 Jia, S., McLaughlin, N., Gu, J., Li, X., and Wang, Z. (2013). Relationships between root respiration rate and root morphology, chemistry and anatomy in Larix gmelinii and Fraxinus mandshurica. Tree Physiol. 33, 579–589. doi: 10.1093/treephys/tpt040

 Ju, W., Jin, X., Liu, L., Shen, G., Zhao, W., and Duan, C. (2020). Rhizobacteria inoculation benefits nutrient availability for phytostabilization in copper contaminated soil: Drivers from bacterial community structures in rhizosphere. Appl. Soil Ecol. 150, 103450. doi: 10.1016/j.apsoil.2019.103450

 Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2015). KEGG as a reference resource for gene and protein annotation. Nucleic Acids Res. 44, D457–62. doi: 10.1093/nar/gkv1070

 Kang, E., Li, Y., Zhang, X., Zhongqing, Y., Zhang, W., Zhang, K., et al. (2022). Extreme drought decreases soil heterotrophic respiration but not methane flux by modifying the abundance of soil microbial functional groups in alpine peatland. CATENA 212, 106043. doi: 10.1016/j.catena.2022.106043

 Kannenberg, S. A., Anderegg, W. R. L., Barnes, M. L., Dannenberg, M. P., and Knapp, A. K. (2024). Dominant role of soil moisture in mediating carbon and water fluxes in dryland ecosystems. Nat. Geosci. 17, 38–43. doi: 10.1038/s41561-023-01351-8

 Kanokratana, P., Uengwetwanit, T., Rattanachomsri, U., Bunterngsook, B., Nimchua, T., Tangphatsornruang, S., et al. (2010). Insights into the phylogeny and metabolic potential of a primary tropical peat swamp forest microbial community by metagenomic analysis. Microbial. Ecol. 61, 518–528. doi: 10.1007/s00248-010-9766-7

 Knapp, A., Hoover, D., Wilcox, K., Avolio, M., Koerner, S., La Pierre, K., et al. (2015). Characterizing differences in precipitation regimes of extreme wet and dry years: Implications for climate change experiments. Global Change Biol. 21, 2624–2633. doi: 10.1111/gcb.12888

 Kukumägi, M., Ostonen, I., Uri, V., Helmisaari, H.-S., Kanal, A., Kull, O., et al. (2017). Variation of soil respiration and its components in hemiboreal Norway spruce stands of different ages. Plant Soil 414, 265–280. doi: 10.1007/s11104-016-3133-5

 Kurth, J. M., Nobu, M. K., Tamaki, H., de Jonge, N., Berger, S., Jetten, M. S. M., et al. (2021). Methanogenic archaea use a bacteria-like methyltransferase system to demethoxylate aromatic compounds. ISME J. 15, 3549–3565. doi: 10.1038/s41396-021-01025-6

 Lavigne, M., Boutin, R., Foster, R., Goodine, G., Bernier, P., and Robitaille, G. (2003). Soil respiration responses to temperature are controlled more by roots than by decomposition in Balsam fir ecosystems. Can. J. For. Research-revue Can. Recherche Forestiere - Can. J. For. Res. 33, 1744–1753. doi: 10.1139/x03-090

 Li, R., Li, Y., Kristiansen, K., Wang, J., and Wang, J. (2008). SOAP: short oligonucleotide alignment program. Bioinf. (Oxford England) 24, 713–714. doi: 10.1093/bioinformatics/btn025

 Li, W., Li, Y., Lv, J., He, X., Wang, J., Teng, D., et al. (2022). Rhizosphere effect alters the soil microbiome composition and C, N transformation in an arid ecosystem. Appl. Soil Ecol. 170, 104296. doi: 10.1016/j.apsoil.2021.104296

 Li, M., Liu, T., Duan, L., Ma, L., Wang, Y., Zhou, Y., et al. (2021). Hydrologic gradient changes of soil respiration in typical steppes of Eurasia. Sci. Total Environ. 794, 148684. doi: 10.1016/j.scitotenv.2021.148684

 Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinf. (Oxford England) 31, 1674–1676. doi: 10.1093/bioinformatics/btv033

 Li, W., Qin, T., Liu, S., Yang, Y., Liu, H., and Xu, S. (2024b). Driving factors analysis of soil respiration in China ecosystems. Plant Soil, 1–21. doi: 10.1007/s11104-024-06962-7

 Li, X., Sun, M., Zhang, H., Xu, N., and Sun, G. (2016). Use of mulberry-soybean intercropping in salt-alkali soil impacts the diversity of the soil bacterial community. Microbial. Biotechnol. 9, 293–304. doi: 10.1111/1751-7915.12342

 Li, B., Wang, X., and Li, Z. (2024a). Plants extend root deeper rather than increase root biomass triggered by critical age and soil water depletion. Sci. Total Environ. 914, 169689. doi: 10.1016/j.scitotenv.2023.169689

 Li, D., Zhou, X., Wu, L., Zhou, J., and Luo, Y. (2013). Contrasting responses of heterotrophic and autotrophic respiration to experimental warming in a winter annual-dominated prairie. Global Change Biol. 19, 3553–3564. doi: 10.1111/gcb.12273

 Ling, H., Zhang, P., Xu, H., and Zhao, X. (2015). How to regenerate and protect desert riparian populus euphratica forest in arid areas. Sci. Rep. 5, 15418. doi: 10.1038/srep15418

 Lipson, D. A. (2015). The complex relationship between microbial growth rate and yield and its implications for ecosystem processes. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00615

 Liu, Y.-R., Delgado-Baquerizo, M., Yang, Z., Feng, J., Zhu, J., and Huang, Q. (2019). Microbial taxonomic and functional attributes consistently predict soil CO2 emissions across contrasting croplands. Sci. Total Environ. 702, 134885. doi: 10.1016/j.scitotenv.2019.134885

 Liu, L., Gou, X., Wang, X., Yang, M., Qie, L., Pang, G., et al. (2024). Relationship between extreme climate and vegetation in arid and semi-arid mountains in China: A case study of the Qilian Mountains. Agric. For. Meteorol. 348, 109938. doi: 10.1016/j.agrformet.2024.109938

 Liu, Y., Li, J., Jin, Y., Zhang, Y., Sha, L., Grace, J., et al. (2018). The influence of drought strength on soil respiration in a woody savanna ecosystem, Southwest China. Plant Soil 428, 321–333. doi: 10.1007/s11104-018-3678-6

 Liu, Z., Zhang, Y.-Q., Fa, K., Qin, S., and She, W. (2017). Rainfall pulses modify soil carbon emission in a semiarid desert. CATENA 155, 147–155. doi: 10.1016/j.catena.2017.03.011

 Louca, S., Jacques, S., Pires, A., Leal, J., Srivastava, D., Wegener Parfrey, L., et al. (2016). High taxonomic variability despite stable functional structure across microbial communities. Nat. Ecol. Evol. 1, 0015. doi: 10.1038/s41559-016-0015

 Luo, Y., and Zhou, X. (2006). Soil respiration and the environment. Elsevier Inc. doi: 10.1016/B978-0-12-088782-8.X5000-1

 Ma, M., Zang, Z., Xie, Z., Chen, Q., Xu, W., Zhao, C., et al. (2019). Soil respiration of four forests along elevation gradient in northern subtropical China. Ecol. Evol. 9, 12846–12857. doi: 10.1002/ece3.5762

 Malik, A., Martiny, J., Brodie, E., Martiny, A., Treseder, K., Allison, S., et al. (2019a). Defining trait-based microbial strategies with consequences for soil carbon cycling under climate change. ISME J. 14, 1–9. doi: 10.1038/s41396-019-0510-0

 Malik, A., Puissant, J., Goodall, T., Allison, S., and Griffiths, R. (2019b). Soil microbial communities with greater investment in resource acquisition have lower growth yield. Soil Biol. Biochem. 132, 36–39. doi: 10.1016/j.soilbio.2019.01.025

 Martiny, J., Jones, S., Lennon, J., and Martiny, A. (2015). Microbiomes in light of traits: A phylogenetic perspective. Science 350, aac9323–aac9323. doi: 10.1126/science.aac9323

 Miyata, T., Takeda, J., Iida, Y., Yamada, N., Inoue, N., Takahashi, M., et al. (1993). The cloning of PIG-A, a component in the early step of GPI-anchor biosynthesis. Science 259, 1318–1320. doi: 10.1126/science.7680492

 Montoya, D. (2023). Variation in diversity–function relationships can be explained by species interactions. J. Anim. Ecol. 92, 226–228. doi: 10.1111/1365-2656.13836

 Naseem, H., Ahsan, M., Shahid, M. A., and Khan, N. (2018). Exopolysaccharides producing rhizobacteria and their role in plant growth and drought tolerance. J. Basic Microbiol. 58, 1009–1022. doi: 10.1002/jobm.201800309

 Ngaba, M. J. Y., Uwiragiye, Y., Hu, B., Zhou, J., Dannenmann, M., Calanca, P., et al. (2024). Effects of environmental changes on soil respiration in arid, cold, temperate, and tropical zones. Sci. Total Environ. 952, 175943. doi: 10.1016/j.scitotenv.2024.175943

 Paradiso, E., Jevon, F., and Matthes, J. (2019). Fine root respiration is more strongly correlated with root traits than tree species identity. Ecosphere 10, e02944. doi: 10.1002/ecs2.2944

 Quoreshi, A. M., Kumar, V., Adeleke, R., Qu, L., and Atangana, A.R (2022). Editorial: Soils and vegetation in desert and arid regions: Soil system processes, biodiversity and ecosystem functioning, and restoration. Front. Environ. Sci. 10. doi: 10.3389/fenvs.2022.962905

 Rathore, N., Hanzelková, V., Dostálek, T., Semerád, J., Schnablová, R., Cajthaml, T., et al. (2023). Species phylogeny, ecology, and root traits as predictors of root exudate composition. New Phytol. 239, 1212–1224. doi: 10.1111/nph.19060

 Sanaullah, M., Blagodatskaya, E., Chabbi, A., Rumpel, C., and Kuzyakov, Y. (2011). Drought effects on microbial biomass and enzyme activities in the rhizosphere of grasses depend on plant community composition. Appl. Soil Ecol. 48, 38–44. doi: 10.1016/j.apsoil.2011.02.004

 Schiedung, M., Don, A., Beare, M. H., and Abiven, S (2023). Soil carbon losses due to priming moderated by adaptation and legacy effects. Nat. Geosci. 16, 909–914. doi: 10.1038/s41561-023-01275-3

 Segovia, E., Reuben, S., and Han, P. (2013). Effect of drought on microbial growth in plant rhizospheres. Microbiol. Res. 3, 83. doi: 10.5923/j.microbiology.20130302.04

 Shen, Y., Gilbert, G. S., Li, W., Fang, M., Lu, H., and Yu, S. (2019). Linking aboveground traits to root traits and local environment: implications of the plant economics spectrum. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01412

 Shu, W.-S., and Huang, L.-N. (2022). Microbial diversity in extreme environments. Nat. Rev. Microbiol. 20, 219–235. doi: 10.1038/s41579-021-00648-y

 Spang, A., Caceres, E., and Ettema, T. (2017). Genomic exploration of the diversity, ecology, and evolution of the archaeal domain of life. Science 357, eaaf3883. doi: 10.1126/science.aaf3883

 Spitzer, C., Wardle, D., Lindahl, B., Sundqvist, M., Gundale, M., Fanin, N., et al. (2021). Root traits and soil microorganisms as drivers of plant-soil feedbacks within the sub-arctic tundra meadow. J. Ecol. 110, 466–478. doi: 10.1111/1365-2745.13814

 Subke, J.-A., Inglima, I., and Cotrufo, M. F. (2006). Trends and methodological impacts in soil CO2 efflux partitioning: A metaanalytical review. Global Change Biol. 12, 921–943. doi: 10.1111/j.1365-2486.2006.01117.x

 Tang, X., Du, J., Shi, Y., Lei, N., Chen, G., Cao, L., et al. (2020a). Global patterns of soil heterotrophic respiration – A meta-analysis of available dataset. CATENA 191, 104574. doi: 10.1016/j.catena.2020.104574

 Tang, X., Pei, X., Lei, N., Luo, X., Liu, L., Shi, L., et al. (2020b). Global patterns of soil autotrophic respiration and its relation to climate, soil and vegetation characteristics. Geoderma 369, 114339. doi: 10.1016/j.geoderma.2020.114339

 Tenenhaus, M., Vinzi, V. E., Chatelin, Y.-M., and Lauro, C. (2005). PLS path modeling. Comput. Stat Data Anal. 48, 159–205. doi: 10.1016/j.csda.2004.03.005

 Tian, J., Dungait, J. A. J., Hou, R., Deng, Y., Hartley, I.P., Yang, Y., et al. (2024). Microbially mediated mechanisms underlie soil carbon accrual by conservation agriculture under decade-long warming. Nat. Commun. 15, 377. doi: 10.1038/s41467-023-44647-4

 Tianjiao, F., Dong, W., Ruoshui, W., Yixin, W., Zhiming, X., Fengmin, L., et al. (2022). Spatial-temporal heterogeneity of environmental factors and ecosystem functions in farmland shelterbelt systems in desert oasis ecotones. Agric. Water Manage. 271, 107790. doi: 10.1016/j.agwat.2022.107790

 Trivedi, P., Anderson, I., and Singh, B. (2013). Microbial modulators of soil carbon storage: Integrating genomic and metabolic knowledge for global prediction. Trends Microbiol. 21, 641–651. doi: 10.1016/j.tim.2013.09.005

 Trivedi, P., Delgado-Baquerizo, M., Trivedi, C., Hu, H., Anderson, I., Jeffries, T., et al. (2016). Microbial regulation of the soil carbon cycle: evidence from gene–enzyme relationships. ISME J. 10, 2593–2604. doi: 10.1038/ismej.2016.65

 Vernham, G., Bailey, J. J., Chase, J. M., Hjort, J., Field, R., and Schrodt, F. (2023). Understanding trait diversity: the role of geodiversity. Trends Ecol. Evol. 38, 736–748. doi: 10.1016/j.tree.2023.02.010

 Violle, C., Reich, P., Pacala, S., Enquist, B., and Kattge, J. (2014). The emergence and promise of functional biogeography. Proc. Natl. Acad. Sci. U. S. A. 111, 13690–13696. doi: 10.1073/pnas.1415442111

 Vries, F., Brown, C., and Stevens, C. (2016). Grassland species root response to drought: consequences for soil carbon and nitrogen availability. Plant Soil 409, 297–312. doi: 10.1007/s11104-016-2964-4

 Wan, X., Chen, X., Huang, Z., and Chen, H. Y. H. (2021). Contribution of root traits to variations in soil microbial biomass and community composition. Plant Soil 460, 483–495. doi: 10.1007/s11104-020-04788-7

 Wang, H., Cai, Y., Yang, Q., Gong, Y., and Lv, G. (2019a). Factors that alter the relative importance of abiotic and biotic drivers on the fertile island in a desert-oasis ecotone. Sci. Total Environ. 697, 134096. doi: 10.1016/j.scitotenv.2019.134096

 Wang, H., Lv, G., Cai, Y., Zhang, X., Jiang, L., Yang, X.-D., et al. (2021a). Determining the effects of biotic and abiotic factors on the ecosystem multifunctionality in a desert-oasis ecotone. Ecol. Indic. 128, 107830. doi: 10.1016/j.ecolind.2021.107830

 Wang, J., Song, B., Ma, F., Tian, D., Li, Y., Yan, T., et al. (2019b). Nitrogen addition reduces soil respiration but increases the relative contribution of heterotrophic component in an alpine meadow. Funct. Ecol. 33, 2239–2253. doi: 10.1111/1365-2435.13433

 Wang, J., Teng, D., He, X., Qin, L., Yang, X., Lv, G., et al. (2021b). Spatial non-stationarity effects of driving factors on soil respiration in an arid desert region. CATENA 207, 105617. doi: 10.1016/j.catena.2021.105617

 Wang, J., Teng, D., He, X., Li, Z., Chen, Y., Ma, W., et al. (2022a). Spatial variation in the direct and indirect effects of plant diversity on soil respiration in an arid region. Ecol. Indic. 142, 109288. doi: 10.1016/j.ecolind.2022.109288

 Wang, R., Yu, G., and He, N. (2021c). Root community traits: scaling-up and incorporating roots into ecosystem functional analyses. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.690235

 Wang, X., Geng, X., Liu, B., Cai, D., Li, D., Xiao, F., et al. (2022b). Desert ecosystems in China: Past, present, and future. Earth-Science Rev. 234, 104206. doi: 10.1016/j.earscirev.2022.104206

 Whitaker, J., Ostle, N., Nottingham, A., Ccahuana, A., Salinas, N., Bardgett, R., et al. (2014). Microbial community composition explains soil respiration responses to changing carbon inputs along an Andes-to-Amazon elevation gradient. J. Ecol. 102, 1058–1071. doi: 10.1111/1365-2745.12247

 Williams, J., O'Farrell, M., and Riddle, B. (2006). Habitat use by bats in a riparian corridor of the Mojave desert in Southern Nevada. J. Mammal. 87, 1145–1153. doi: 10.1644/06-MAMM-A-085R2.1

 Xu, Y., Seshadri, B., Sarkar, B., Rumpel, C., Sparks, D., and Bolan, S. N. (2018). Microbial Control of Soil Carbon Turnover. in  T. H. P Nannipieri The Future of Soil Carbon. Academic Press, pp. 165–194. doi: 10.1016/b978-0-12-811687-6.00006-7

 Yan, M., Guo, N., Ren, H., Zhang, X., and Zhou, G. (2015). Autotrophic and heterotrophic respiration of a poplar plantation chronosequence in northwest China. For. Ecol. Manage. 337, 119–125. doi: 10.1016/j.foreco.2014.11.009

 Yan, Y., Wang, J., Tian, D., Zhang, R., Song, L., Li, Z., et al. (2022). Heterotrophic respiration and its proportion to total soil respiration decrease with warming but increase with clipping. CATENA 215, 106321. doi: 10.1016/j.catena.2022.106321

 Yang, C., Lv, D., Jiang, S., Lin, H., Sun, J., Li, K., et al. (2021). Soil salinity regulation of soil microbial carbon metabolic function in the Yellow River Delta, China. Sci. Total Environ. 790, 148258. doi: 10.1016/j.scitotenv.2021.148258

 Zhang, L., and Lv, J. (2020). Metagenomic analysis of microbial community and function reveals the response of soil respiration to the conversion of cropland to plantations in the Loess Plateau of China. Global Ecol. Conserv. 23, e01067. doi: 10.1016/j.gecco.2020.e01067

 Zhang, M., Niu, Y., Wang, W., Hosseini Bai, S., Luo, H., Tang, L., et al. (2021). Responses of microbial function, biomass and heterotrophic respiration, and organic carbon in fir plantation soil to successive nitrogen and phosphorus fertilization. Appl. Microbiol. Biotechnol. 105, 1–14. doi: 10.1007/s00253-021-11663-7

 Zhang, J., Zhang, N., Liu, Y.-X., Zhang, X., Hu, B., Qin, Y., et al. (2018a). Root microbiota shift in rice correlates with resident time in the field and developmental stage. Sci. China Life Sci. 61, 613–621. doi: 10.1007/s11427-018-9284-4

 Zhang, Y., Zhang, M., Tang, L., and Fu, L. (2018b). Long-term harvest residue retention could decrease soil bacterial diversities probably due to favouring oligotrophic lineages. Microbial. Ecol. 76, 771–781. doi: 10.1007/s00248-018-1162-8

 Zhang, Y., Zhao, W., He, J., and Fu, L. (2018c). Soil susceptibility to macropore flow across a desert-oasis ecotone of the hexi corridor, Northwest China. Water Resour. Res. 54, 1281–1294. doi: 10.1002/2017WR021462

 Zhao, C., Zhimin, Z., Yilihamu,, Hong, Z., and Jun, L. (2011). Contribution of root and rhizosphere respiration of Haloxylon ammodendron to seasonal variation of soil respiration in the Central Asian desert. Quaternary Int. - QUATERN Int. 244, 304–309. doi: 10.1016/j.quaint.2010.11.004

 Zheng, P., Wang, D., Yu, X., Jia, G., Liu, Z., Wang, Y., et al. (2021). Effects of drought and rainfall events on soil autotrophic respiration and heterotrophic respiration. Agriculture Ecosyst. Environ. 308, 107267. doi: 10.1016/j.agee.2020.107267

 Zhou, L., Liu, Y., Zhang, Y., Sha, L., Song, Q., Zhou, W., et al. (2019). Soil respiration after six years of continuous drought stress in the tropical rainforest in Southwest China. Soil Biol. Biochem. 138, 107564. doi: 10.1016/j.soilbio.2019.107564

 Zhou, J., Zhang, J., Lambers, H., Wu, J., Qin, G., Li, Y., et al. (2022). Intensified rainfall in the wet season alters the microbial contribution to soil carbon storage. Plant Soil 476, 337–351. doi: 10.1007/s11104-022-05389-2




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.


Copyright © 2025 Wang, Lv, Yang, He, Wang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1511277-g002.jpg
3.0 (A) River bank

—a— S01l respiration (Rs)
—o—= Heterotrophic respiration (Rh)
=== Autotrophic respiration (Ra)

)
S

ek
)

(B) Transitional zone (C) Desert margin

May Jun Jul Aug May Jun Jul Aug

e
-

Respiration (nmol m~ s™)

—
n

.
o

May Jun Jul Aug





OEBPS/Images/fpls.2025.1511277_cover.jpg
& frontiers | Frontiers in Plant Science

Impacts of plant root traits and microbial
functional attributes on soil respiration
components in the desert-oasis ecotone





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Impacts of plant root traits and microbial functional attributes on soil respiration components in the desert-oasis ecotone

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study sites and experimental design

          



          		

            2.2 Measurements of Rs and its components

          



          		

            2.3 Sample collection and measurement

          



          		

            2.4 DNA extraction and sequencing

          



          		

            2.5 Bioinformatics analysis

          



          		

            2.6 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Changes in Rs and soil properties

          



          		

            3.2 Structure and function of soil microbial communities

          



          		

            3.3 Identification of drivers related to Rs and its components

          



        



        



        		

          4 Discussion

        

          		

            4.1 Relative contributions of Rh and Ra to Rs along the environmental gradient

          



          		

            4.2 Changes in Ra driven by root traits and rhizosphere microorganisms

          



          		

            4.3 Revealing the subsurface driving factors of Rh

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-16-1511277-g006.jpg
(A) 0.53%%*

Taxonomic Goodness of Fit
attributes ¥ 0.67

R*=0.64

(C) I Direct effect

I Indirect effect

I Total effect

=
—

=
%

=
=)

~0.19
Autotrophic
respiration

Standardized effects on autotrophic respiration
=
=

0.47 0.28 R2=0.90
0.2
Soil Functional 0.0
—— attributes
-0.2 o® o"'6 &Y &
\3 o 0y 0y
%0.\\Q $ ‘o\c i 00‘5\
o™ o
W@ A3
(B) (D)
: 1.0 I Direct effect
Taxonomic I Indirect effect
attributes I Total effect

R*=0.61

eterotrophic
respiration

Standardized effects on heterotrophic respiration

R*=0.70

0.2
: Functional 0.0

| i J

roszlr ties attributes
prop -0.2
$0'\\Q oo‘o.\c c{\og‘)\
X o





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1511277-g004.jpg
(A) Relative abundance of AAs (B) Relative abundance of CBMs (C)Relative abundance of CEs (D)Relative abundance of GHs (E)Relative abundance of GTs

0.00355 ** 1.2 1.5}
0.15 I — 0.0167 * 0.20
1.5 6.1e—06 **%* :
0.9
0.15
0.10 .
0.6
0.10
0.05 :
' 0.3 0.05
, 0.00 0.0 ; ) 0.00

(F) Relative abundance of PLs

0.0175 *
r— 1

Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil Rhizosphere soil

(G) Relative abundance of AAs (H) Relative abundance of CBMs (I) Relative abundance of CEs

0.009 ** o 20
| ' | | 0.008 | . 0.025 *

0.02 * 0.000155 *** -
1 oo o R 0.20

(J) Relative abundance of GHs (K) Relative abundance of GTs (L) Relative abundance of PLs

0.15

0.10

0.05






OEBPS/Images/table2.jpg
River bank

Rhizosphere soil

Bulk soil

Transitional zone Desert margin

Bacteria 98.51 + 0.23a
Fungi 0.11 +0.01a
Viruses 0.09 + 0.06a
Archaea 1.29 +0.29b

96.75 + 1.30b

0.09 + 0.02a

0.08 + 0.02a

3.08 + 1.31a

Rhizosphere soil Bulk soil Rhizosphere soil Bulk soil
98.10 + 1.03a 97.37 + 0.16b 98.26 + 0.47a 97.45 + 0.45b
0.14 + 0.06a 0.11 + 0.01a 0.11 £ 0.01a 0.10 + 0.01a
0.08 + 0.04a 0.06 + 0.01a 0.06 + 0.01a 0.04 £ 0.01a
1.68 + 1.03b 246 £ 0.16a 1.59 + 0.48b 2.40 £ 045a

The same letters indicate that there are no significant differences (P > 0.05) between rhizosphere soil and bulk soil within the same habitat type.





OEBPS/Images/fpls-16-1511277-g003.jpg
. g__Frankia

~ g__Nitrliruptor
g__Streptomyces
. g__Rubrobacter
. __Actinobacteria_class_noname
g__Nocardioides

g__Mycobacterium

g__Conexibacter
. g__Jiangella
g

__Solirubrobacter

g__llumatobacter

g__Gemmatirosa
g__Gemmatimonas
g__Gammaproteobacteria_noname
d__Mesorhizobium
g__Sphingomonas
g__Bacteria_noname
g__Halomonas

g__Gracilimonas

g__Rhodothermaceae_noname






OEBPS/Images/fpls-16-1511277-g001.jpg
(A) 82°40'E 83°0'E 83°20'E 83°40'E

45°10N ¢
&
45°0'N

44°50'N {

44°40'N

44°30N 4=

Nitraria Nitraria Alhagi Alhagi
tangutorum D tangutorum sparsifolia sparsifolia
control root control root

treatment cutting treatment cutting

(©) control —

reatment;:; .
treat ﬁ,,ll ; cutting
9 b ¥

PVC collar






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1511277-g005.jpg
Alphalipothrixvirus 4

Sphingomonadaceae_noname
Salterprovirus
Methanomicrobia noname
Paramesorhizobium
Pannonibacter
Pelagibacterium
Sulfurihydrogenibium
Caldicellulosiruptor
Cafeteriavirus

Pediococcus

Succinispira
candidate_division WOR.3 noname
Acetohalobium

Dactylellina

Aphanocapsa
Methanomicrobiales_noname
Flexibacter

Budvicia
Cellulomonadaceae_noname

Hassallia

Mesonia

Nafulsella
Nano_Candidatus Nanosalinarum
Cyclobacteriaceae_noname
Marivirga

Zunongwangia
Pestalotiopsis

Acidiplasma

Pragia

Leeuwenhoekiella
Lunatimonas
Lachnoclostridium
Helcococcus
Acidimicrobium

Proteus

Oenococcus

Stagonospora

Cecembia

Anditalea

Increased importance of predictive variables

|

[0
(]

I

—
(]

(A) Rhizosphere soil
R*>=0.486, P < 0.001

Cross-validation error (
N

! 0 500 1000 1500 2000
Number of feature class
0 100 200 300 400

Increased in mean squared error (%)

\

(C) Bulk soil

|

[\
<>

°/.)|||

o
n

|

2500

500

R?>=0.329, P < 0.001

Cross-validation error (
J—
=]

0 500 1000 1500 2000
Number of feature class
0 100 200 300 400

Increased in mean squared error (%)

2500

500

K00703 %
B) Rhi h il
K01197 ﬁ ( Z izosphere soi
: R”=0.353, P <0.001
g
xorzos NN
| £
K02576 4 s
:
Q
0 20 40 60 80
KO00731 Number of feature class
0 100 200 300 400 500 600 700 800 900 1000
Increased in mean squared error (%)
K10012
KO01217 ,— (D) Bulk soil
| R*=0.351, P <0.001
xoss
T 15
K00699 £10
| =
e
S 5
S)]
0
KO03857 0 20 40 60 80

Number of feature class

0 100 200 300 400 500 600 700 800 900 1000

Increased in mean squared error (%)






OEBPS/Images/fpls-16-1511277-g007.jpg
Environmental gradient
—'

The north bank of the Aqikesu River

The ratio of soil respiration

Microbial Resource acquisition—stress
strategies tolerance combination (A-S)

Stress tolerance (S)

Autotrophic Heterotrophic
respiration respiration





OEBPS/Images/table1.jpg
Plot River bank itional zone Desert margin

Soil respiration (Rs; tmol m ™2 s™") 182041 a 0.49 +0.15b 045 +0.12b
Heterotrophic respiration (Rh; umol m™> s™") 1024048 a 0.32 £ 0.06 b 028 +£0.04 b
Autotrophic respiration (Ra; tmol m™ s™') 0.81 +048 a 0.18+0.10 b 0.17 £ 007 b
Specific root area (SRA; cm? g") 489 +222a 272+139a 5.44 +4.56 a

Root dry weight (RDW; g g™") 9.18 + 4.06 b 13.86 + 7.06 a 13.61 £ 6.16 2

Root carbon content (RCC; mg g") 246.37 £22.53 a 244.64 + 1530 a 24248 £7.75a
Root nitrogen content (RNC; mg g™") 1514 £343 a 1331 £289a 1436 + 1.74 a
Root phosphorus content (RPC; mg g™') 085+032a 0.48 £ 0.09 b 054 +0.14 b

The same letters indicate no significant differences (P > 0.05) between different habitat types.





