Host and soil properties are major drivers of ectomycorrhizal fungi in alpine coniferous forests
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Abstract
Mycorrhizal symbioses are essential for host nutrition and productivity in most forest ecosystems. Although we have gained tremendous insight into their evolution, physiology and partner identity, the knowledge on the deterministic forces in the assembly of ectomycorrhizal (ECM) fungal community is limited over broad geographical ranges, especially for those associated with conifers in alpine forests. We carried out an analysis of ECM fungal community at 65 sites of monodominant stands that covered a large range of contrasting environmental gradients and included 11 conifer species in the alpine regions of Qinghai-Tibetan Plateau. We found that coniferous species from Pinus, Piceae and Abies were differed in their community composition and diversity despite the dominance of Basidiomycota and Ascomycota in coniferous trees of the Qinghai-Tibetan Plateau. Host and soil factors explained most variation in ECM diversity; and of the host-related factors, root stoichiometry (i.e., root C/N, C/P) was suggested to be responsible for the shifts of ECM fungal community composition and diversity, whereas among soil variables, soil inorganic N accounted for the largest variation in ECM fungal composition and the fungal diversity decreased with soil inorganic N. Overall, we provided the first baseline data for ECM fungi in the alpine coniferous forests. Furthermore, we identified host and soil factors as their major drivers that convinced the hypothesis that host and environmental filtering act as large-scale controls of ECM fungi.
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Introduction
Mycorrhizal symbioses are ubiquitous drivers of photosynthetic carbon (C) exchange for soil nutrients in terrestrial ecosystems (Read & Perez-Moreno, 2003; Smith & Read, 2008). Although we have gained tremendous insight into the evolution, physiology and partner identity of these plant-fungal symbioses, our knowledge on the deterministic forces in the assembly of mycorrhizal fungal community is still limited over broad geographical scales (Brundrett, 2002; Brundrett & Tedersoo, 2018; Truong et al., 2019; van der Linde et al., 2018). Importantly, recent researches in mycorrhizal symbiosis have shed light upon its vital role of in plant growth, species composition, productivity of plant communities as well as ecosystem C and nutrient cycling and their response to environmental changes (Averill, Hawkes, & Bardgett, 2016; Averill, Turner, & Finzi, 2014; Corrales, Mangan, Turner, & Dalling, 2016; Phillips, Brzostek, & Midgley, 2013; Steidinger et al., 2019). Thus, it is essential to elucidate the drivers of mycorrhizal fungal distribution and diversity to improve our accurate assessment of their ecological functions in the plant-soil-fungus interactions.
Ectomycorrhizas (ECM) fungi colonize nearly all fine roots of species in boreo-temperate biomes, and are essential for host nutrition and productivity in these ecosystems (Brundrett, 2002; Steidinger et al., 2019). It has been estimated that up to 22% of net primary productivity was allocated to the belowground to sustain symbioses between hosts and ECM fungi (Ekblad et al., 2013; Hobbie, 2006). In boreal forests, up to 39% of microbial biomass and 10-35% of soil respiration was contributed by ECM fungal symbioses (Högberg et al., 2010; Smith & Read, 2008). Thus, functioning as the major contributor and mediator of stable soil organic matter pools in forest ecosystems, ECM diversity and community composition as well as their variations would have profound consequences for ecosystem C storage and productivity (Averill, Hawkes, & Bardgett, 2016; Phillips, Brzostek, & Midgley, 2013; Steidinger et al., 2019). Correspondingly, to obtain a more comprehensive understanding of the ECM fungal community assembly and their potential consequences on ecosystem functions, ECM research has recently been focused on exploring the determinants of fungal diversity and community composition.
Across previous and latest large-scale studies, host species have been demonstrated to play a dominant role in shaping community composition of ECM fungi (Gao et al., 2013; Kennedy, Garibay-Orijel, Higgins, & Angeles-Arguiz, 2011; Põlme et al., 2013; Tedersoo et al., 2012; van der Linde et al., 2018), while similar evidence from local scale was quite limited and instead, soil environments such as pH, moisture and nutrients have been showed to have stronger effects (Kjøller et al., 2011; Peay, Kennedy, Davies, Tan, & Bruns, 2010; Truong et al., 2019). One possible reason for the minor local-effect of host is that most these studies were conducted along strong environmental gradients but focused only on a single or a few host species, which may strengthen the effects derived from environmental factors (Suz et al., 2014; van der Linde et al., 2018). In addition to the host species, abiotic factors such as geographic, climate, soil and atmospheric deposition also have significant effects on the diversity and community composition of ECM fungi, but their dominance varies across different ecosystems and depends largely on scales (Gao et al., 2015; Hendershot, Read, Henning, Sanders, & Classen, 2017; Suz et al., 2014; Tedersoo et al., 2017). Although several large-scale studies have recently disentangled the relative effects of various biotic and abiotic factors on ECM fungi (Hendershot et al., 2017; Suz et al., 2014; Tedersoo et al., 2017; van der Linde et al., 2018), we still lack understanding of the how multiple drivers of diversity and abundance for ECM fungi operate within an ecosystem, which is mainly due to the paucity of unbiased data on ECM fungi across extensive sites that differ in biotic and abiotic conditions.
Pinaceae trees in coniferous forests are obligatorily ECM in nature, they often establish across wide gradients in soil moisture or nutrient regimes and constitute the major component of alpine forests (Brundrett, 2002; Ishida, Nara, & Hogetsu, 2007). Multiple progresses have been made in understanding the community composition and drivers of ECM fungi for coniferous trees, but most of these progresses derived from a species pool from the broadleaves to conifers at local scale or a single coniferous species across environmental gradients (Cox, Barsoum, Lilleskov, & Bidartondo, 2010; Fernandez et al., 2017; Gao et al., 2013; Gao et al., 2015; Ishida et al., 2007, van der Linde et al., 2018). However, research that specifically investigates ECM fungal community and drivers among multiple coniferous species at large geographical ranges is still lacking, especially for those are widely distributed in alpine forests. Recent evidence has indicated that ECM fungal specificity to the coniferous trees in European forests matched or exceeded generalism on taxonomic and relative abundance levels, and responded strongly to environmental gradients (van der Linde et al., 2018). This suggested that host identity may dominate ECM variability in alpine coniferous forests, and meanwhile, environmental factors related to soil nutrients might also significantly alter ECM fungal community and diversity as alpine ecosystems suffered from long-term limitation of soil nutrients, especially the nitrogen (N) (Zhang et al., 2017). Despite that, the patterns of ECM diversity and community composition and the main factors controlling ECM distributions in alpine coniferous forests remain largely unknown. In addition, considering the relatively high sensitivity of the ECM-dominated alpine coniferous forests (Dakhil et al., 2019; McCain, 2007),unraveling the diversity and drivers for ECM fungi herein is crucial for predicting shifts of community composition and ecosystem functioning in the context of environmental changes.

Alpine coniferous forests widely distribute in the southeastern and eastern margins of the Qinghai-Tibetan Plateau, with most of the dominant conifers in these forests belonging to the three ECM dominant genera of Pinaceae family, i.e., Abies, Picea and Pinus (Ishida et al., 2007; Song et al., 2006; Wang & Qiu, 2006). Therefore, these ecosystems could be a natural platform in examining the ECM community composition and corresponding control factors for conifers in alpine forests. In spite of this, the data on the ECM fungi accompanying coniferous trees in Qinghai-Tibetan Plateau is scarce, and the understanding of their community composition, structure and the driving factors remains limited, which represents a key knowledge gap on ECM fungi.
In this study, we examined the ECM fungal community in coniferous forests dominated by Pinus (i.e., Pinus armandii, P. densata and P. yunnanensis), Picea (i.e., Picea likiangensis, P. likiangensis var.balfouriana, and P. likiangensis var.linzhiensis) and Abies (i.e., Abies ernesti, A. faxoniana, A. forrestii, A. georgei var.smithii, and A. squamata) in the alpine regions of Qinghai-Tibetan Plateau. In order to encompass a large range of contrasting environmental gradients and minimize the confounding effects derived from other co-occurring tree species, we collected root and rhizosphere soil samples from 65 sites of monodominant stands that spanned roughly 4.3×105 km2 of alpine coniferous forests. Our primary goals were to characterize the pattern of ECM diversity and community composition in alpine coniferous forests, and to identify the main factors controlling ECM fungal richness and community composition in these forests. Specifically, we aim to test the following two hypotheses: (1) ECM fungal composition and diversity shifted significantly between conifer hosts; (2) host species account for the strongest predictor of ECM fungal community composition; and (3) soil N is the major environmental factor influencing ECM fungal community composition and diversity in alpine coniferous forests.
Materials and methods
Study sites and sampling
We used a transect of 65 sites with the geographic latitude spanning from 25º23' to 32º19'and the longitude from 93º23' to 103º28' within Qinghai-Tibetan Plateau, forming a polygon with a convex hull exceeding 4.3×105 km2 (Fig. 1).The 65 sites share an altitude range between 2143 m and 4323 m. The mean annual temperature across sites ranges from 2.5ºC to 14.5 ºC and the mean annual precipitation from 529 mm to 1045 mm. Among all sampling sites, 21, 27 and 17 sites are dominated by Abies, Piceae and Pinus respectively, including Abies ernestii (A), A. faxoniana (B), A. forrestii (C), A.georgei var.smithii (D), A. squamata (E), Picea likiangensis (F), P.likiangensis var.balfouriana (G), P. likiangensis var.linzhiensis (H), Pinus armandii (I), P. densata (J) and P. yunnanensis (K). All these coniferous species have been reported to be symbiotically associated with ECM fungi (Song et al., 2006; Wang & Qiu, 2006).
Root and rhizosphere soil samples were collected from June to August 2018. Specifically, we first set up three to five 30 m×40 m experimental plots at each site, and then, in each plot, we selected at least three mature and healthy plant individuals of a target conifer species for root and rhizosphere soil collections. Root samples were collected from the top 20 cm of soil in each plot according to the protocol described by Guo et al., (2008). In brief, we excavated surface soil (0-20 cm) at the base of a target tree (about 1.5-2 m from the trunk) to expose the main lateral roots, and then picked out the branch fine roots (<1 mm) and adhering soil. After shaking the fine roots gently, we carefully collected the soil adhering to the fine roots with forceps and defined this as rhizosphere soil. Once collected, the roots and rhizosphere soil samples of each focal tree species were placed into labeled individual ziplock plastic bags separately and stored at -20 °C until they were further processed. Totally, 195 roots and 195 rhizosphere soil samples were collected across the 65 sites. In the lab, the root samples were carefully rinsed with distilled water to remove any adhering debris and soil particle. Afterwards, all the fine roots with ectomycorrhizas were cut into 1-2 cm fragments and pulverized with liquid nitrogenprior to DNA extraction.
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Figure 1 The 65 sampling sites in the Qinghai-Tibetan Plateau.
DNA extraction and sequencing of the ECM fungi

DNA was extracted using the DNAeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. All 195 samples were subjected to MiSeq sequencing of the ITS rDNA. Specifically, PCR was performed to amplify the ITS2 region using fITS7 forward primers (5’-GTGARTCATCGAATCTTTG-3’) and ITS4 reverse primer (5’-TCCTCCGCTTATTGATATGC-3’) tagged with an additional 11-bp barcode (Ihrmark et al., 2012). The 25 μl reaction volume contained 10 μl of each 10 nM primer, 10 ng of template DNA, and 12.5 μl of MasterMix containing Taq DNA Polymerase, Mg2+, dNTPs and PCR Buffer (CWBIO, China). The PCR reaction was performed as follows: 5 min at 95°C, 25 cycles of 95°C for 1 min, 55°C for 45 s and 72°C for 1 min, with a final extension at 72°C for 10 min. Triplicate amplification products were verified on 1% agarose gel (Tedersoo et al., 2012), and the resultant PCR amplicons were purified using an Axygen PCR Product Gel Purification Kit (Axygen, Union City, CA, USA) and resuspended in 50 μl of dd-H2O. The yields of purified PCR products were assessed by 260/280 nm and 260/230 nm ratio using NanoDrop ND-1000 Spectrophotometer (Nano-Drop Technologies Inc., Wilmington, DE). The purified PCR products from all samples (each sample has unique barcode) were pooled at equal molar amounts and sequenced with an Illumina MiSeq (Illumina, USA) platform according to the standard protocols.
Sequence analysis

The quality of the raw paired-end sequences was assessed using FastQC (Andrews, 2010) and filtered by quality (Q20) with QIIME (Caporaso et al., 2010). The paired ends were subsequently merged using FLASH (Magoc & Salzberg, 2011). The sequence was then assigned to samples based on their barcodes (mismatch=0) using FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) and a further round of quality control was conducted in QIIME (parameters: max ambigs=6; max homop=6; min length=150; max length in=400) to exclude short and low-quality sequences. Chimeras were identified and eliminated by vsearch 2.13.4 (Rognes et al., 2016). The resultant sequences were grouped into operational taxonomic units (OTUs) at 97% similarity. Representative sequences from individual OTUs were classified by the RDP classifier against the UNITE+INSDC fungal ITS database with the minimum confidence of 0.97 (Koljalg et al., 2013). We checked the ECM status of all OTUs by comparing the taxonomic classification based on UNITE with the literature, and only the OTUs were hypothesized to ECM fungi were retained. The retained OTUs identified as ECM fungi were then used to construct an abundance matrix.

Measurement of environmental factors

Soil physiochemical parameters including soil pH, soil nutrients and extracellular enzyme activities were determined. Soil pH was measured in the soil suspension at a soil/water ratio of 1:2.5 (w/v) using a pH meter (Model PHS-2, INESA Instrument, Shanghai, China). Total C (TC) and total N (TN) were determined with an elemental analyzer (Vario Macro cube, Elementar). The concentration of soil inorganic N (ION =NH4+-N + NO3--N) was determined colorimetrically using an AutoAnalyser III (SEAL Analytical, Germany) after extraction with 2 M KCl. The total phosphorus (TP) was measured with inductively coupled plasma atomic emission spectroscopy (ICP-OES) (Optima 5300 DV, Perkin Elmer, Waltham, MA, USA) after H2SO4 and HClO4 digestion. 
The soil extracellular enzymes activities determined in this study included β-glucosidase (BG), N-acetyl-β-glucosaminidase (NAG), Leucin aminopeptidase (LAP), Phenol oxidase (POX), and Peroxidase (PER). Soil slurries were prepared by homogenizing 1 g soil with 50 ml of acetate buffer (50 mM, pH 5.0) using a magnetic stir plate. The activities of BG, NAG and LAP were assayed following the method described by German et al. (2011) using fluorometric techniques. In brief, the negative control wells contained 200 μl of buffer and 50 μl of fluorometric substrate solution (200 μΜ, 4-MUB-β-D-glucoside for BG, 4-MUB-N-acetyl-β-D-glucosaminide for NAG and L-leucine-7-amido-4-methylcoumarin for LAP), and the assay wells included 200 μl of soil slurry and 50 μl of substrate. The quench standard wells received 50 μl of standard (4-methylumbelliferone for BG and NAG and 7-amino-4-methylcoumarin for LAP) plus 200 μl of soil slurry, and the reference standard wells contained 50 μl of standard and 200 μl of buffer. The microplates for NAG were incubated in the dark at 25 °C for 2 h, while the microplates for LAP and BG were incubated for 6 h. Eight replicates for each soil sample were set up in each plate. The amount of fluorescence was determined using a fluorometer (Beckman Coulter DTX 880, Indianapolis, IN, USA) with 365-nm excitation and 450-nm emission.

The activities of POX and PER were measured using L-3,4-dihydroxy-phenylalanine (L-DOPA) as the substrate. For POX, 50 μl of L-DOPA (25 mM) was added in each sample well, while PER received 50 μl of L-DOPA (25 mM) plus 10 ml of 0.3% H2O2. The blank wells contained 200 μl of soil slurry and 50 μl of buffer, and the negative control wells were created using 200 μl of buffer and 50 μl of L-DOPA. Sixteen replicates for each soil sample, and eight replicates for blank and control. After incubated in the dark at 25 °C for up to 6 h, activities were quantified using a multimode detector (Beckman Coulter DTX 880, Indianapolis, IN, USA) to measure the absorbance at 450 nm and expressed in units of nmol h-1 g-1.
Climate variables, including MAT and MAP, were obtained from a grid dataset containing monthly temperature and precipitation (1981-2015). The climatic data were downloaded from the China Meteorological Data Service Center (CMDC, http://data.cma.cn/en/) with a spatial resolution of 0.5°×0.5°. Geographical distance was modeled from Principal Components of Neighbor Matrices (PCNM) using pcnm function.
Statistical analyses

The OTU abundance table was rarefied to an even number of sequences per sample to ensure equal sampling depth before the diversity calculation in QIIME. Variations of the ECM fungal abundance between host species were examined by STAMP 2.1.3 (Parks et al., 2014). The variance of ECM fungal alpha diversity indices between hosts were analysed separately with one-way ANOVA (post-hocTurkey’stest). Principal Coordinate Analysis (PCoA) based on the Bray-Curtis distance of the ECM fungal community (presence/absence standard matrix (PAs) and Hellinger standard matrix (Hs)) was performed to reduce dimensionality and to graphically illustrate the ECM community composition. The dispersion of ECM fungal beta diversity based on similarity matrices were tested using betadisper function of the vegan package. The distance of the ECM PAs and Hs in principal coordinate space between the samples and their respective host centroid were calculated as PAs-beta diversity and Hs-beta diversity, and the homogeneity of dispersions from the centroids was examined using Tukey's HSD analysis.

We grouped host species, soil properties, climate and geographical distance to partition the variation of ECM fungal community composition. Forward-selection was performed in the canonical correspondence analysis (CCA) to choose the most parsimonious model using ordistep function, and the most-relevant variables in each model were used in variation partition. The individual effect of each environmental factor was assessed using the envfit function in CCA, and the significance of the CCA model was tested using ANOVA. All these analyses were performed in the ‘vegan’ package in R 3.5.3 (Oksanen et al., 2019; R Core Team, 2019). The structure equation modelling (SEM) was used to determine of causal relationships among host species, soil properties, climate, geographical distance and ECM fungi using Mplus software (Muthén & Muthén, 2003). Linear regression was performed to delineate the relationship between ECM fungal diversity and environmental factors.

Results

Community composition and diversity of ECM fungi
A total of 2,302,065 ECM fungal sequences were retained from the 195 samples. On average, 11,927 sequences and 388 ECM fungal OTUs were detected in each sample. 90.7% of the sequences derived from Basidiomycota and only 9.3% of the sequences derived from Ascomycota (Fig. 2). In Basidiomycota, the class Agaricomycetes (90.70%) was the most abundant, while in Ascomycota the class Pezizomycetes (5.3%), Leotiomycetes (2.50%), Dothideomycetes (0.90%) and Eurotiomycetes (0.60%) representing the majority of OTUs. The orders Sebacinales (23.94%), Agaricales (19.16%), Thelephorales (17.22%), Atheliales (14.28%), Russulales (9.57%), Pezizales (5.32%), Cantharellales (3.80%), Helotiales (2.49%) and Boletales (2.48%) included the largest number of ECM fungal lineages. In addition, about 83.50% and 32.10% of the sequences were identified to genus and species level, separately.
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Figure 2 Krona chart of taxonomic affiliation of ECM and their relative abundance.
The variations of the top 10 orders and genus were examined by the One-way ANOVA. Post-hoc plots indicated that Helotiales was significantly over represented in Pinus (K and I) compared to Abies and Piceae (Fig. 3a). Russulales differed significantly higher in Abies (D) than in Picea (F, G, H). At the genus level, pairwise post-hoc comparisons of the different species revealed that the Phialocephala (order: Helotiales) from Pinus (K and I) was higher than that from Abies and Picea. Russula which derived from Russulales was also over-represented in tree D than other trees (Fig. 3b).
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Figure 3 Post-hoc plots based on the relative abundance of the top 10 orders (a) and genus (b). A: Abies ernestii, Abies, B: faxoniana, C: Abies forrestii, D: Abies georgei var.smithii, E: Abies squamata, F: Picea likiangensis, G: Piceae likiangensis var.balfouriana, H: Piceae likiangensis var.linzhiensis, I: Pinus armandii, J: Pinus densata, K: Pinus yunnanensis.
The variance of ECM diversity and community composition among hosts were examined. Faith’s PD and Shannon diversity were calculated to compare the alpha diversity. Faith’s PD in K was the highest, followed by J and the other tree species (P<0.05, Fig. 4a). Similarly, Shannon diversity in K was the highest (P<0.05, Fig. 4b). The variations of ECM composition based on PAs (Fig. 4c) and Hs (Fig. 4d) matrices were presented using the PCoA graphics. The ECM composition in K, I and D tend to cluster together when compared to the other coniferous species in the PCoA ordination of Bray-Curtis distance. PERMDISP analysis indicated that ECM communities varied significantly among tree species (P<0.001 in both cases). Tukey’s HSD analysis suggested that the PAs-beta diversity in species K was significantly lower than that in B, E, F, G, H and J (Table 1). Similarly, the Hs-beta diversity in K was significantly lower than that in E and G (Table 1).
Table 1 Tukey’s HSD analysis of the ECM beta diversity

	
	PAs-beta diversity
	Hs-beta diversity

	A
	0.61±0.04ab
	0.57±0.04ab

	B
	0.64±0.03b
	0.61±0.04ab

	C
	0.63±0.04ab
	0.59±0.04ab

	D
	0.62±0.04ab
	0.58±0.08ab

	E
	0.66±0.02b
	0.62±0.04b

	F
	0.65±0.04b
	0.61±0.05ab

	G
	0.66±0.03b
	0.63±0.04b

	H
	0.64±0.03b
	0.61±0.04ab

	I
	0.61±0.07ab
	0.56±0.08ab

	J
	0.65±0.04b
	0.61±0.05ab

	K
	0.56±0.17a
	0.55±0.12a


Note: The values (mean ± SD) with different lowercase letters were significantly different from one another (P<0.05). Abbreviation: A: Abies ernestii, Abies, B: faxoniana, C: Abies forrestii, D: Abies georgei var.smithii, E: Abies squamata, F: Picea likiangensis, G: Piceae likiangensis var.balfouriana, H: Piceae likiangensis var.linzhiensis, I: Pinus armandii, J: Pinus densata, K: Pinus yunnanensis.
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Figure 4 The variations of diversity and composition of ECM community among hosts. (a) Faith’s PD, (b) Shannon diversity (c) ECM composition based on PAs matrix, (d) ECM composition based on Hs matrix.
The effect of host and environmental factors on ECM fungi
The variation of ECM community was partitioned by host species, soil properties, climate and geographic distance, and those four groups altogether explained 21.01% of ECM fungal variance (P<0.05, Fig. 5a). Host species hold the largest part of the overall explanatory power (8.12%, P<0.01), followed by soil parameters (6.18%, P<0.01), climate (1.64%, P<0.01) and geographic distance (1.34%, P<0.01). Host species, soil properties, climate and geographic distance shared 3.74% of the total explained variance. The SEMs explained 34% of the ECM fungal variance (Fig. 5b), and it indicated a significant effect of host species on ECM fungi (P<0.01). Soil properties directly affected ECM fungal community marginally (P<0.1). The direct impacts of geographic distance and climate on ECM fungal community were insignificant (P>0.05). Geographic distance positively affected host species (P<0.01) and soil properties (P<0.01), and through host species indirectly affected ECM fungal community. Similarly, climate significantly affected soil properties (P<0.01) and through soil properties indirectly affect ECM fungi. DISTLM analysis indicated that host affected ECM community mostly (8.62%, Table S2), which further collaborated with the variation-partitioning and SEM analysis. 
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Figure 5 The effect of host and environmental factors on ECM fungi. (a) Variation-partitioning Venn diagram. This diagram shows the percentages of individual contributions of host, soil, climatic variables and geographical distance. The percentage of variance explained by multiple partition models is shown where ellipses overlap; (b) Structure equation modelling (SEM) examining the multivariate effects on ECM composition. Dash and solid arrows represent negative and positive relationships, respectively; (c), (d): Canonical correspondence analysis (CCA) examining the individual soil effect on the PAs matrix and Hs matrix of ECM community, respectively. Root C: root C concentration, Root N: root N concentration, Root P: root P concentration, TC: total carbon, TN: total nitrogen, ION: inorganic nitrogen NH4+:ammoniacal nitrogen, NO3-: nitrate nitrogen, TP: total phosphorus, LAP: leucin aminopeptidase, PER: peroxidise, AP: acid phosphatase. ∙ P<0.1, * P<0.05, ** P<0.01.
Based on CCA analysis, soil properties altogether contributed up to 6.75% and 6.89% of the total variation of ECM PAs (Fig. 5c) matrix and Hs matrix (Fig. 5d), respectively. Among the soil parameters, soil inorganic N (ION) held the largest contribution to the ECM variation (PAs matrix: R2=0.07, P<0.01; Hs matrix: R2=0.11, P<0.01). As for the importance of ION on ECM community construction, the relationships between ECM community diversity and ION were disentangled using linear regression. Both Faith’s PD (R2=0.02, P<0.05, Fig. 6a) and Shannon diversity (R2=0.02, P<0.05, Fig. 6b) decreased significantly with increasing ION content. Similarly, PAs-beta diversity (R2=0.02, P<0.05, Fig. 6c) and Hs-beta diversity (R2=0.06, P<0.01, Fig. 6d) also decreased with ION content.
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Figure 6 The relationship between soil inorganic nitrogen and ECM diversity. (a) Faith’s PD, (b) Shannon diversity, (c) PAs-beta diversity (d) Hs-beta diversity.
Discussion

Community composition and diversity of ECM fungi
Our study is one of the few large-scale studies focusing on the community composition and richness of ECM symbionts in alpine forest ecosystem, which covers most regions of the Qinghai-Tibetan Plateau and involves most of the dominant conifer species. We found that the dominance of Basidiomycota and Ascomycota in coniferous trees in the Qinghai-Tibetan Plateau was consistent with the results reported in Europe (van der Linde et al., 2018), Japan (Miyamoto, Nakano, Hattori, & Nara, 2014), and Panama (Corrales, Turner, Tedersoo, Anslan, & Dalling, 2017), which suggested the dominant role of Basidiomycota and Ascomycota in nutrient exchange between ECM symbionts and plants. In addition, similar to previous findings that the order Sebacinales dominate ECM symbionts (15%-34% of the total ECM sequences) in Pinceae and Taxodiaceae roots (Han, Huang, Long, Wang & Liu, 2017; Long, Liu, Han, Wang & Huang, 2016), the present study also found a large proportion of Sebacinales in coniferous trees of Qinghai-Tibetan Plateau. By contrast, molecular identification research revealed little Sebacinales in temperate species from Europe (Tedersoo et al., 2011; van der Linde et al., 2018). These results suggested that the order Sebacinalesx might be rather narrow in their host spectrum. Furthermore, the variation of the Sebacinales copies between hosts suggested a close relationship with plant performance, but the ecological functions of Sebacinales providing to host-plants is unknown. Further investigation is needed to demonstrate the role of Sebacinales in plant performance. Moreover, the study conducted on Norway spruce in Europe reported 33% of total sequences derived from Russulales, while only 9.57% of sequences were found to belong to Russulales in the conifers of Qinghai-Tibetan Plateau. Since most of the Russulalesare characterized with medium-distance exploration types which are likely to use labile N and tend to propagate with increasing N loads (Suz et al., 2014), the relatively higher N limitation in the Qinghai-Tibetan Plateau may account for the lower proportion of Russulales in conifers (Lü & Tian, 2007). 
In support of the first hypothesis, our results showed that coniferous species from Pinus, Piceae and Abies are differed in their community composition and diversity for ECM fungi, indicating the spatial heterogeneity of ECM fungi. Specifically, Pinus trees (i.e., P. yunnanensis (K) and P. armandii (I)) were found to possess the highest fungal diversity (Fig. 4a, b), and they tended to cluster together when comparing their ECM fungi composition with other coniferous species (Fig. 4c, d). Additionally, Pinus (P. yunnanensis (K) and P. armandii (I)) had a higher proportion of Helotiales than that in Piceae and Abies, and furthermore, Russulales were found to be more abundant in Abies trees (D) than in Picea trees (F, G, H) (Fig. 3). Most root-associated Helotiales in coniferous forests could form dark hyphae with thick, melanized cell walls that are well protected against adverse environmental conditions (Fernandez & Koide, 2013; Clemmensen et al., 2015). Accordingly, the sampling sites of Pinus trees mainly located in the low altitude zone (2143 m-3136 m) with fluctuating temperatures, thus the high proportion of Helotiales in K (P. yunnanensis) and I (P. armandii) may emphasize their importance in the colonization and adaptation of Pinus trees in Qinghai-Tibetan Plateau. Moreover, previous studies indicated that the ECM members of Helotiales harboured a relatively high abundance of organic nutrition-related genes that made Helotiales prefer mineral soil (Tedersoo, Kõljalg, Hallenberg, & Larsson, 2003; Tedersoo & Bahram, 2019). The high C/N in K induced a slow mineralization rate (Meyer et al., 2018), which further support the preference of Helotiales for mineral soil. In addition, Russulales in Picea and Abies stands of the Bavarian limestone has been found to prefer the organic soil (Baier, Ingenhaag, Blaschke, Göttlein, & Agerer, 2006), and N addition has been reported to enhance the relative abundance of Russulales in Alaskan boreal forest (Allison, Czimczik, & Treseder, 2008). Thus, the over representation of Russulales in D (A. georgei var. smithii) may be related to their largest soil C and N content as eutrophic soils would provide Russulales superior resource. Overall, ECM fungal community in alpine coniferous forests of the Qinghai-Tibetan Plateau shared similar ECM fungal taxon with other biomes; while the diversity and community composition for ECM fungi among conifer hosts differed significantly. Given dissimilar ECM fungal communities have different effects on different host species (Jonsson, Anders, & Tor-Erik, 2000), the heterogeneity of the ECM community between conifer hosts may contribute to their establishment in different environmental conditions.
Host and environment controls on community composition and diversity of ECM fungi
Consistent with the second hypothesis, our study indicated that host was the most important predictor of ECM community in alpine coniferous forests (Fig. 5a). Similarly, local-scale studies from multiple forest ecosystems including rainforest (Tedersoo et al., 2011), tropical forest (Tedersoo, Sadam, Zambrano, Valencia, & Bahram, 2010), subtropical forest (Gao et al., 2013; Morris, Perez-Perez, Smith, & Bledsoe, 2009), temperate deciduous forest (Lang, Seven, & Polle, 2011) and mixed forests (Ishida et al., 2007; Tedersoo et al., 2008) as well as a recent large-scale study that conducted in 20 European countries all found an overwhelming effect of hosts on the ECM distribution (van der Linde et al., 2018). These previous findings and the present results in alpine coniferous forests suggested that the dominant role of hosts in constructing the ECM community might be a universal pattern. By contrast, the study on the Alnus spp. indicated a minor effect of the host on ECM communities at the global scale (Põlme et al., 2013) and furthermore, Steidinger et al. 
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 found that climate rather than the host controlled the global biogeography of forest-tree symbioses. It is possible that environmental factors (e.g., temperature, precipitation, soil nutrients, and topographic parameters) often varied sharply at the global scale and the effect of the host on ECM fungi may be concealed. Moreover, it is unlikely that the overwhelming effect of the host is related to host-mediated soil effect as SEM analysis indicated an insignificant relationship between host and soil parameters. The loose connection between soil and host could be attributed to the slow decomposition rate of plant litter in alpine coniferous forest ecosystems of Qinghai-Tibetan Plateau (Allison & Treseder, 2011).
Host-related factors such as species, foliar and root chemistry critically influence ECM fungal community composition and diversity. In the present study, P. yunnanensis (K) was found to harbor the largest ECM Shannon diversity and Faith’s PD as well as the highest root C/N and C/P values (Table S1). Higher C/N and C/P values in roots implied that plant allocated more C to belowground for root construction and function maintaining (Zhang et al., 2020). Therefore, the root C/N and C/P may account for the distinct ECM community and diversity in P. yunnanensis as more C allocation belowground could stimulate the colonization of ECM fungi (Clemmensen et al., 2015; Corrales et al., 2017; Fernandez et al., 2017). Besides the effect of root stoichiometry, the difference in components of root exudates may also be a potential factor influencing ECM fungal community composition and diversity of conifer species (Hu et al., 2018; Zhalnina et al., 2018). Compared with other conifer species, P. yunnanensis had the lowest soil total P and root P (Table S1). Previous evidence suggested that in P limited environments, plants tended to secrete a variety of low molecular organic acids to activate the insoluble P nearby to improve the utilization efficiency of soil P (Vengavasi & Pandey, 2018); meanwhile, through providing nutrients and energy, the low molecular organic acids can activate ECM fungi to exude oxidative enzymes, oxalate and H+ that will facilitate release of P from complex organic molecules (Casieri et al., 2013). Accordingly, changes in components of root exudates caused by plant nutrient status could be an alternatively important factor influencing ECM fungal community composition and diversity.
Environmental factors such as soil pH, soil nutrients, temperature, and moisture also have significant effects on the distribution, community composition and diversity of ECM fungi. (Hendershot et al., 2017; Suz et al., 2014; Tedersoo et al., 2017) In support of the third hypothesis, our study found that soil inorganic N held the largest explanatory power (6.46%-11.15%) of the ECM variation (Fig. 5c, d). In general, coniferous trees with diverse ECM fungi are associated with nutrient-poor, acidic soil environmental conditions. Previous studies indicated that ECM fungi contributed 5-33% of N to their host trees in temperate forests (Leake, 2004) but 50-100% of N to trees in arctic forests (Hobbie & Hobbie, 2006). These findings suggested that ECM fungi could be more beneficial in plant N uptake in N-limited ecosystems. Correspondingly, the soils in Qinghai-Tibetan Plateau suffered long-term N-limitation, which may account for the great effect of soil inorganic N on ECM fungi. In addition, we found that ECM diversity indices declined linearly with soil inorganic N content (Figure 6), which may be related to the losses of functionally specific or stress-tolerant ECM species. This is consistent with a previous study where most of the N-sensitive ECM species were substantially decreased or even eliminated when soil N availability was increased (Han et al., 2017). Moreover, the decreased belowground C allocation induced by the increased N availability may also be responsible for the negative effect of soil inorganic N on ECM diversity in conifers (Cox et al., 2010). Higher inorganic N in soil could make host plants invest less C to rely on ECM fungi, as inorganic N can be directly used by plants. Acquiring N from complex organic N is a cost-intensive way even though with the help of ECM fungi (Phillips et al., 2013; Smith & Read, 2008). Therefore, reduce the ECM fungal species that use organic N with the increasing in soil inorganic N would be a C economic strategy for ECM.
Conclusions
Our results showed that ECM fungal community in alpine coniferous forests of the Qinghai-Tibetan Plateau shared similar ECM fungal taxon with other biomes, while the diversity and community composition for ECM fungi among conifer hosts differed significantly. This finding indicated the spatial heterogeneity of ECM fungi, and that may contribute to their establishment in different environmental conditions. Moreover, the ECM assemblages in alpine coniferous forests were largely affected by hosts and soil variables, which was consistent with the hypothesis that host and environmental filtering acts as large-scale controls of ECM fungi. Amid the host-related variables, root stoichiometry (i.e., root C/N, C/P) might be responsible for the shifts of ECM fungi; while among soil variables, soil inorganic N accounted for the largest variation of ECM fungi and ECM fungal diversity decreased with soil inorganic N. Collectively, this study provides insight into the deterministic forces influencing the assembly of ECM fungal community in alpine coniferous forests. Future work investigating the variation of the functional groups between hosts would be highly instrumental to detangle the interactions between hosts and ECM fungi.
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