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Abstract

The maintenance and driving mechanism of microbial community structure have
become important research focuses in microbial ecology. Therefore, clarifying the
assembly of EM fungal communities can provide a relevant basis for studying forest
diversity, ecological diversity, and ecological evolution. Betula platyphylla is a typical
EM dependent tree species with the characteristics such as renewal ability and strong
competitive adaptability, and it plays a crucial ecological function in Inner Mongolia.

However, the research on the—diversity—and-community—assembly-of EM—fangiEM

fungi's diversity and community assembly is very limited. We investigated EM fungal
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communities associated with B. platyphylla from 15 rhizosphere soil samples across
five sites in Inner Mongolia. The fungal rDNA ITS2 region was sequenced using
Illumina Miseq sequencing. A total of 295 EM fungal OTUs belonging to 2 phyla, 3
classes, 9 orders, 20 families, and 31 genera were identified, of which Russula,
Cortinarius, and Sebacina were the most dominant taxa. There—were—significant
differeneesSignificant differences existed in the composition of dominant genera of
EM fungi across the five sites, and the relative abundances of dominant genera also
showed significant differences among the sites. The 3 NTI and NCM fitting analyses

suggest that

preeessesstochastic processes mainly determine the EM fungal community assembly.

Our study indicates that B. platyphylla harbors a high EM fungal diversity and
highlights the important role of the stochastic process in driving community assembly

of mutualistic fungi associated with B. platyphylla in north China.

Keywords: ectomycorrhizal fungi, Betula platyphylla, fungal diversity, community

assembly, stochastic process

Introduction

Soil microorganisms are an important component of soil ecosystems, driving and
influencing many ecosystem processes such as organic matter decomposition, nutrient
cycling, and ecosystem productivity. They are crucial for maintaining global
ecosystem functions (Tedersoo et al., 2014; Crowther et al., 2019). Mycorrhizal fungi
account for approximately 70% of the total microbial population in soil ecosystems,
making them one of the most important functional groups in the ecosystem (Crowther
et al., 2019). Ectomycorrhizal (EM) fungi are certain groups in mycorrhizal fungi,
which could form symbiosis with 30 lineages of terrestrial plants. The EM plants
(e.g., Pinaceae, Fagaceae, Betulaceae, and Salicaceae) played important roles in the

ecosystems (Tedersoo et al., 2020). Forest communities are important ecological

definition of EM fungal community can provide a relevant basis for forest diversity,

7 ‘The wordy here is not necessary
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ecological diversity, and ecological evolution (Wang et al., 2021). An in-depth
understanding of soil fungal diversity, composition characteristics of different
functional groups, and their impact mechanisms is significant for soil health
management, sustainable development of ecosystems, and predicting the response and
feedback mechanism of microbial communities under changes in environmental
factors (Tedersoo et al., 2014; Bardgett et al., 2014).

Several studies have attempted to investigate the érivers-ef-the EM-fungal-community
frem-the-aspeets6fEM fungal community's drivers from environmental filtering (i.e.,

research on the geographical distribution of soil fungi on a global scale has shown that
climate factors, soil characteristics, and spatial patterns are the best predictive factors
for soil fungal richness and community composition. Tree species characteristics are

an—impertant—determining—faetorimportant determinants for EM fungal community
assembly (Otsing et al., 2021).

Several studies have shown that soil

pH is an important predictor of microbial diversity in response to global change

factors (Wang et al., 2015). There-are-also—studies—indicatingStudies indicate that

temperature is the most important regulatory factor for microbial diversity in forest

comprehensively understand the mechanism of community construction from
different perspectives by combining neutral theory and niche theory. Some studies
have shown that the construction of microbial communities are-is mainly influenced
by deterministic (niche theory) and stochastic processes (neutral theory) (Chen et al.,
2021; Zhang et al., 2021) e.g. Liu et al. (2021) found that the assembly of rhizosphere
fungal community associated with Pinus massoniana in East Sichuan was determined
by a deterministic process. Wang et al. (2021) emphasized that-a determinant role of
dispersal limitation in the stochastic process on EM fungal community assembly
associated with common pine species in semiarid and cold temperate forests in Inner
Mongolia of China. However, different fungal groups exhibit significant differences
in their patterns with changes in climate, soil, and plant parameters (Tedersoo et al.,
2014). In general, the effect of the deterministic process in defining the EM fungal
community could be attributed to the selection of biotic and abiotic environmental
variables on EM fungi through their fitness in response to the surrounding conditions

(De Wit & Bouvier, 2006). These studies have clarified the different ecological
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processes and their relative importance in controlling some microbial communities.
However, there is still an important question regarding the ecological processes
underlying the community assembly of EM fungi. It remains uncertain and deserves
warrants further exploration, considering their crucial role in ecosystems.

Betula platyphylla, as a pioneer species in the succession process of natural
secondary forest ecosystems plays a crucial role in temperate deciduous broad-leaved
forests. It is of great significance in maintaining regional ecological balance. B.
platyphylla is a typical EM-dependent tree species. It has been reported that EM fungi
associated with B. platyphylla mainly include Russulaceae, Amanitaceae, Boletaceae,
Cortinariaceae, Tricholomataceae, and other families, as well as Gomphidius, Suillus,
Pisolithus, Boletus, Cortinarius, Inocybe, Sebacina, Piloderma, Hebeloma,
Cenococcum, Tuber, Geopyxis, and Amanita, etc (Bai et al., 2006; Fan et al., 2013).
The findings mentioned above were primarily based on the identification of EM
morphology. However, relying solely on EM morphology fer-the-identifieatien-ofto
identify EM fungi poses several challenges. Firstly, it brings a heavy workload and
low efficiency. Secondly, it cannot accurately reflect EM fungal diversity because
some EM fungi may be-not form EM root tips when sample-sampling collections.
Therefore, to better understand the structure of the EM fungal community of B.
platyphylla, Yang et al. (2018) have studied the composition of the EM fungal
community of B. platyphylla using high-throughput sequencing technology in Heilihe
Natural Reserve, Saihanwula Natural Reserve and Helanshan Natural Reserve of
Inner Mongolia (i.e. a local scale). The results showed that B. platyphylla has a high
diversity of EM fungi. In summary, the current research on the mycorrhizal fungi of
B. platyphylla mainly focuses on the symbiotic mechanism between fungi and host
plants;-as-weh-as and the classification and identification of fungi. As several studies
indicated that EM fungal communities were significantly different across sites, even
for the single plant species, which mirrors the site/geographic effect on EM fungal
communities (Hackel J, et al., 2022). And-we-stil-knowless-about-the EM-fungal
diversity—community—struecture—and-their-differenees—atWe still know less about the

EM fungal diversity, community structure, and differences on a large scale in the

Inner Mongolia. Therefore, this study earried—out—the—investigation—and—researeh

eninvestigated and researched EM fungi of B. platyphylla at a large scale (spanning

about 2400 km from east to west and 1700km from north to south). There is a
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significant zonal distribution of water, heat, and vegetation across the sites from east

to west. In terms of climate and temperature zones, it successively crosses the cold

temperate—zone,—meditm—temperate—zone,—and—warm—temperate—zore, medium, and

warm temperate zones. From the perspective of humidity, it presents a climate change

characteristic of moist, semi-humid, and semi-arid in sequence. So, this paper intends
to answer the following questions: (1) H-there-aare there any corresponding changes
in EM fungi with this zonal distribution environment? (2) What are the determining
factors for EM fungal diversity and community assembly of B. platyphylla under

cross-climatic conditions-?

Materials & Methods

Site Description and Sampling

Five typical secondary forests of B. platyphylla were selected along over a 2300-
km west-east transect across Inner Mongolia in north China (Supplementary Fig.1).;
whieh-The selected forests were included from eastern temperate continental monsoon
climate to western temperate continental climate, with mean annual temperature
(MAT) ranging from 4.75 to 5.97 °C and mean annual precipitation (MAP) from 267
to 506 mm based on the climate data extracted from the WorldClim dataset at 30-arc-
second resolution (Hijmans et al., 2005). The forests were approximately 20 years old
and with-had no disturbance. Five sample sites from west to east are Helan Mountain
National Nature Reserve (HLS), Erlongshitai National Forest Park (ELST), Hademen
National Forest Park (HDM), Wulanba National Nature Reserve in Inner Mongolia
(WLB), and Genhe (GH) (Supplementary Table 1). At each site, 4-7 tree individuals

were selected from each pure birch forest, and the individuals were >10 m away from

each other to ensure sample independence (Lilleskov et al., 2004). Three rhizosphere
soil cores were collected from each individual and mixed as one composite sample
(~200g). The fresh soil samples were sieved through a 2 mm sieve to remove the roots

and debris. Subsamples used for soil physical and chemical properties tests were
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stored at 4°C prior to the analyses, and the subsamples for DNA extraction were

frozen at -80°C.

Analysis of Soil Properties

Soil physical and chemical properties including soil total nitrogen (TN), total
organic carbon (TOC), available potassium (AK), available phosphorus (AP), soil
water content (SWC), pH value, and soil electrical conductivity (EC) were analyzed
in this study. The—test-should-be-conducted—directlyusing—a—soil-nutrient-anatyzer
(EASA—AGRO—1900 —STEPS—Germany)—aceording—to—agricultural

standardsAccording to agricultural standards, the test should be conducted directly

using a soil nutrient analyzer (LASA AGRO 1900, STEPS, Germany).

Rhizosphere Soil DNA Extraction, PCR, and MiSeq Sequencing

Genomic DNA was extracted from 0.25g frozen soil using the PowerSoil DNA
isolation kit (Mobio Laboratories, Inc. USA), according to the manufacturer's
instructions. The detailed method for DNA extraction can refer to the method
described by Gao et al. (2013), and other specific methods such as the PCR protocol
is-available in-by Thrmark et al. (2012) and Wang et al. (2019). Briefly, the fungal
internal transcribed spacer 1(ITS2) region was amplified using the PCR primers of
ITS1F and ITS2. The PCR products of each sample were purified and mixed at
equimolar amounts (200ng) and then sequenced on an Illumina MisSeq PE250
platform (Illumina, San Diego, CA, United States). High throughput sequencing work
were-was al-completed by Shanghai Personal Biotechnology Co., Ltd (Shanghai,
China).

Bioinformatics analysis

A detailed description of methods abeut-for the raw data were-was processed and

analyzed, and it was completely referenced frem-by Fan et al. (2023). Ane-tThe raw

sequence data reported in this paper have been deposited in the Genome Sequence
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Archive (Genomics, Proteomics & Bioinformatics 2021) in National Genomics Data
Center (Nucleic Acids Res 2022), China National Center for Bioinformation / Beijing
Institute of Genomics, Chinese Academy of Sciences (GSA: CRA013683) that are
publicly accessible at https:/ngdc.cncb.ac.cn/gsa/browse/CRA013683.

Statistical analysis

All statistical analysis was performed in R4.3.1. In our study, the taxonomic
composition of EM fungi was visualized using Krona's (v.2.6) pie chart. At the same
time, EM fungal OTU accumulation curves for each site, alpha diversity for EM
fungal analysis including OTU richness, Shannon-Wiener, Simpson, Chaol, and
abundance-based coverage estimator (ACE) index, beta diversity for EM fungal
analysis including the principal coordinate analysis (PCoA) which Based on Bray—
Curtis dissimilarity matrices, permutational multivariate ANOVA (PerMANOVA)
with 999 permutations, the nonmetric multidimensional scaling (NMDS) analysis, and
community assembly for EM fungal analysis among including the Neutral

Community Model (NCM) and a B-mean nearest taxon distance (BMNTD) were all

analyzing all the above content can be found in zhang-Zhang et al. (2023) and Wang
et al. (2021a).

Results

Ectomycorrhizal Fungal Database Summary

were classified into 2,039 OTUs based on the 97% similarity level, and after
identification, 1,132 OTUs (331,960) were identified as fungi. Finally, 295 EM fungal
OTUs were obtained after identification and flattening of EM fungi for analysis of
fungal community composition (Supplementary Tab.2). Among the 295 OTUs, 22
OTUs belonged to Ascomycota (3.01% of total EM fungal reads), 273 OTUs to
Basidiomycota (96.99%).
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Ectomycorrhizal Fungal Diversity

The accumulation curves of each site did not show any signs of reaching an
asymptote, suggesting that further sample collection may result in mere-unknown EM
fungal OTUs (Fig.1A). The abundance and frequency ranking of EM fungal OTU
shows that the EM fungal community contains a small number of dominant lineage
and a large number of rare lineage (Supplementary Fig.2). We analyzed the alpha
diversity of the EM fungal community of B. platyphylla in five sites, and the t-test
method was used to calculate the significant difference of species richness between
different sites (P<0.05). The nonparametric Wilcoxon test showed that EM fungal
OTUs' richness (log transformed), Shannon and Chaol indices significantly differed
across five sites, and were 55.600+6.807 (mean+SE), 3.808+0.261 (mean+SE) and
68.575+31.397 (meantSE), respectively. The HSD turkey tests further indicated that
the indices of ELST were significantly lower than those in GH, HDM, HLS and WLB
(Wilcoxon: p < 0.05, Figure 1B, C, D). The above results indicated that there were
significant differences in the diversity of EM fungi in the five sites, and multiple
comparisons showed that the diversity of EM fungi in GH was significantly higher

than that in the other four sites.

Ectomycorrhizal Fungal Community Composition and Assembly

A total of 30 lineages were found in 15 soil samples of five sites in the current
study, of which /Russula-Lactarius(26.65%), /Sebacina(18.66%),
/Cortinarius(17.44%), /Inocybe(9.25%), /Hygrophorus(8.3%), /Amanita(4.49%),
/Tomentella-Thelephora(3.83%),  /Clavulina(3.02%), /Piloderma(2.71%)  and
/Terfezia-Peziza(1.51%) were the dominant evolutionary lineages (Supplementary
Tab.3, >1% of total sequences). The EM fungal community composition were-was
different in different sites, /Wilcoxina, /Laccaria, /Tomentellopsis and /Serendipital
were only detected of GH; /Cantharellus were only detected of WLB;
/Ceratobasidium3 and /Tuber-Helvella were only detected of HDM; /Otidea and

/Genea-Humaria were only detected of ELST; /Paxillus-Gyrodon and /Marcelleina-
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Peziza were only detected of HLS. Comparing the relative abundance of EM fungi at
the genus level (listing the top 10 genera with relative abundance, >1% of total
sequences) can provide a clearer explanation of the differences between different
regions (Figure 2).

The venn diagram showed that the number of OTUs was different in the five sites,
from west to east was—HLS-83, ELST-70, HDM-77, WLB-71, and GH-106,
respectively. The proportion of OTUs number in different regions is 28.14%, 23.73%,
26.10%, 24.07%, and 35.93% of total OTUs number, respectively, indicating
significant differences among fungal communities in different regions, with HLS and
GH having the higher number of OTUs, and of which only 1 OTU were shared by the
five sites. Furthermore, each of the sites harbors unique OTUs, 36, 19, 3, 39 and 69
fungal OTUs only existed on HLS, ELST, HDM, WLB, and GH, respectively,
accounting for 56.27% of total OTUs number (Figure 3). The analysis suggests that
the reason may be due to significant differences in water and thermal conditions due
to the large span between the east and west (Supplementary Tab.1). This indicates
that the community composition of EM fungi has a certain correlation with different
geographical locations and environmental conditions.

The EM fungal community structure with the different sites was analyzed using
PCoA based on the Bray-Curtis distance (Fig.4). PCoA ordination analysis showed
that the PCoA first-axis explanation rate was 24.46%, the second-axis explanation rate
was 22.36%, in which clear area separation in terms of sampling sites. Moreover,
PerMANOVA agreed with the PCoA in that there were significant differences in the

EM fungal communities between different sampling sites (Fig.4, Adonis: R*=0.89,

were clearly separated, particularly the community in GH (Fig.5). In addition, an
environmental fitting test demonstrated climate conditions; and soil properties were
significantly correlated with the EM fungal community (Fig 5 and Supplementary
Tab. 4). In terms of geographical location, GH is located in a low altitude area, and is

also the easternmost area among the five sites, which is closer to the coast compared
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to other sites. In—terms—efRegarding environmental factors, GH is affected by the
southeast monsoon, which leadste-atarge-ameunt-of-water-vaper-being-breughtbrings

a large amount of water vapor into frem-the sea surface, resulting in the highest MAP,

lowest MAT, and the largest proportion of SWC. Therefore, there is a significant
difference in microbial communities compared to inland areas. Due to the close
distance and the small differences in soil rhizosphere environment between ELST and
HDM, and-the natural conditions are basically—the same, resulting in smaller
community differences. After comparing ELST with HLS and HDM, the difference
between HLS and HDM is greater due to the geographical location of HLS is closer to
inland areas, resulting in lower temperatures and less precipitation. The significant
differences in soil microbial communities between ELST and GH are mainly due to
different ecological environments.

The EM fungal community ecological process were-was fitted to the NTI and
PNTI. The NTI values ranged from —1.8 to 0.22, and the mean NTI value across all
samples was not significantly different from 0 (P > 0.05, Fig.6A), indicating the
phylogenetic relatedness in the communities was stochastic. Whereas, most SNTI
values fall in the range of -2 to 2 (87.74%; Fig.6B), while the case of |[BNTI>2 is
only 12.26%, which also indicates that the assembly process of EM fungal
communities is mainly affected by stochastic processes. Meanwhile, The result of
calculating the distribution of [RCypay| shows ecological drift, dispersal limitation and
homogeneous dispersal account for 42%, 42% and 16% respectively (Supplementary
Fig.3), indicating that stochastic processes had a stronger effect on the community

assembly of EM fungi than the deterministic processes in the present study.

Discussion

Structure and diversity of EM fungal community of B. platyphylla

A total of 2039 fungal OTUs were obtained in this study, of which 295 were EM
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fungal, belonging to 2 phyla, 3 classes, 9 orders, 20 families and 31 genera, indicating
that there are abundant EM fungal communities in the rhizosphere of B. platyphylla.
Previous studies have shown that the=forests with a high fungal diversity commonly
harbor tke-a strong ability to resist ecosystem disturbances and remediation (Guo Y., et
al. 2018). Studies have shown a significant positive correlation between soil
biodiversity and various ecosystem functions (nutrient cycling, decomposition, plant
production, and reducing potential pathogenicity) (Delgado-Baquerizo 2020). In
addition, tree species characteristics are an important determining factor in the
composition of fungal communities (Otsing, et al., 2021). The abundant EM fungal
community in the rhizosphere of B. platyphylla plays an important role in maintaining
the stability of the forest ecosystem and nutrient cycling, which may be an important
reason for its widespread distribution in northern China.

At the phylum level, Basidiomycota has the highest relative abundance at 97%,
while the rest are Ascomycota. Basidiomycetes contain laccase with a strong
degradation effect on lignin, and some of which can also use oxidase to inerganie
inorganic-organic nutrients in leaf litter; and then convert nutrients into usable forms
of plants (Shah et al., 2016; Cheeke et al., 2017; Steidinger et al.. 2019). Some EM
fungal-fungi can produce extracellular enzymes, such as cellulase, hemicellulase and
polyphenol oxidase, to promote the degradation of plant litter components (Read et
al.. 2003; Shah et al.. 2013). Other studies have found that Basidiomycetes can
effectively degrade stubborn hydrocarbons (such as phenols, halogenated
hydrocarbons, aromatic hydrocarbons, and persistent organic pollutants) in the
ecological environment, playing a positive role in the sustainable development of the
ecological environment (Treu, et al, 2017). Ascomycota fungi are mostly saprophytes,
which can decompose refractory organic matter, such as lignin and keratin, and play
an important role in the nutrient cycle of forest ecosystems (Paungfoo-Lonhienne et
al., 2015). Fungi in the soil decompose the litter of understory vegetation, providing
nutrients for the soil, which in turn provide nutrients for the growth and reproduction
of fungi, and subsequently, nutrient elements form a cycle between fungi and
understory vegetation.

The five sites in this study are approximately 2000km from east to west, with
significant differences in climate, geography, soil, and other aspects. The genera of

Russula, Cortinarius, Sebacina, Inocybe, and Hygrophorus are all distributed in the
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five sites. This is consistent with the conclusions of other researchers. Their results
showed that Russula and Hymenomyces are widely distributed in temperate regions
and can coexist with a variety of trees or shrubs (Jang et al., 2012; LeDuc et al.,
2013). They are the dominant EM fungi of B. platyphylla. It has been-ever reported
that the relative abundances of these two genera-is are linearly correlated (Xing et al..
2020). Efevious staey-studies has-have shown that Cortinarius can secrete a large
amount of peroxidase (Bddeker et al., 2014), which may play an important role in
degrading dead branches and leaves. In addition, Sebacina is also widely distributed
in various forest ecosystems, with almost no host specificity (Oberwinkler et al.,
2013).

At the same time, our study found that the community structure of EM fungat-fungi
in the five sites were-differentto—seme—extent—and-the-deminant-genera—and—their
relative—abundance—in—each—site—were—differentdiffered to some extent, and the

dominant genera and their relative abundance in each site differed. Russula has the

highest relative abundance in the eastern GH and central ELST of Inner Mongolia.
Cortinarius is the dominant genus in the HDM of central Inner Mongolia, while
Sebacina is the dominant genus in the HLS of western Inner Mongolia. Otidea only
exists in ELST. Each site has its ewst-unique species, and there are also species shared
by two or more sites, which better illustrates the diversity and differences between
fungal communities. This is because the five sites in this study have a great span in
geographical distance, and there are significant differences in ecological
environmental factors among different sites, while a large number of studies show that
the community structure of EM fungal is affected by multiple environmental factors
(Tedersoo et al., 2014; Crowther et al., 2019). In addition, it is also related to the
different microenvironments of EM fungal—fungi in different sites. Although the
constructive species in each sample in this study are pure birch forest, the complexity
of litter resources available to EM fungal-fungi is different due to different associated
shrubs and herbs under the forest (Urbanovd et al.. 2015), leading to certain
differences in their community structure. Other studies also believe that-there—is—a

group—ofrelatively—abundantfungia group of relatively abundant fungi exists in a

specific environment (Fitzpatrick et al., 2020).

Correlation between EM fungal community and seil physicochemical factors

. The sentence is not clear and
difficult to understand.
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In this study, all factors, including TN, TOC, AK, pH, longitude, and latitude, have
a-very-signifieantimpaet-ensignificantly impact the distribution of EM fungi. The soil
microbial community is a dynamically changing self-organizing system, and its
community structure and diversity are influenced by various environmental factors,
such as vegetation factors, climate factors, and soil factors.

Research has shown that pH value is an important factor affecting soil microbial
diversity on a global scale (Steidinger et al., 2019). The analysis of the community
structure of EM fungi in the rhizosphere soil of B. platyphylla at a large scale in this
study also supports the above conclusions. It spans about 2400km from east to west in
Inner Mongolia, and the soil pH value in the site shows a significant trend of change,
gradually transitioning from the alkaline soil of the HLS in the western (pH 7.51-
8.57) to the acidic soil of the GH in the eastern (pH 4.84-4.91). In addition, pH value
is positively correlated with altitude, MAT, and EC, and negatively correlated with
AK, SWC, longitude, latitude, AP, TOC, and TN. The research shows that these
factors have-influenee-eninfluence the community structure of EM fungi (Miyamoto
et al., 2015). In this study, pH has—a-significant—impaet-onsignificantly impacts the

community composition of EM fungi. This may be because EM fungi produce a lot of

organic acids in the process of mycorrhizal symbiosis with the host, which reduces the
soil pH value, changes environmental factors (such as nutrient availability, organic
carbon) and undergrowth vegetation structure, and then affects the community
structure of EM fungi (Hedwall et al., 2018).

A large number of studies have shown that TN has a significant impact on the
community structure of EM fungi, and the results of our study also support the above
conclusions. TN may affect soil microbial community structure by affecting the
diversity and dominance of aboveground vegetation (Avis et al.. 2003). Corrales'
research suggests that to some extent, nitrogen deposition reduces the colonization of
EM fungi and alters their community structure, and with the increase of nitrogen, the
abundance of some EM fungal groups increases while some decreases (Corrales et
al., 2017). Soil water content is another important factor affecting soil microbial
abundance on a global scale (Steidinger et al., 2019). The samplinge site in this study
has a great span in longitude, and the soil water conditions at each site are

significantly different.; se-Hence, the community composition of EM fungi at each
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site is significantly different. Soil water content may affect the content of chemical

ions in the soil;while. In contrast, the water was affected by various chemical process

and biological processes in the soil, thus affecting the pH value of the soil. These
findings suggests that different EM fungal taxa harbor distinct ecological niches and
thus preferred to existed in certain habitats.

In this study, GH has the most unique OTUs, and the richness and diversity of EM
fungal OTUs are significantly higher than other sites, while the MAT of GH is
significantly lower than other sites. The abundance of EM fungi is negatively
correlated with MAT, and the research results are consistent with those reported by
Miyamoto et al. (2018). Ane-tThe research results show that some EM fungi prefer to
survive in lower temperature environments, possibly due to the high organic carbon
content in cold habitats, which increases the diversity of EM fungi (Rosling et al.,
2003; Buée et al., 2007). Moreover, compared with other soil fungi, EM fungi have
significant competitive advantages in terms-ef-nutrition and carbon acquisition in cold
habitats (Fernandez & Kennedy, 2016). GH is located in a low altitude area with
higher longitude and is also the easternmost area among the five sites, which is closer
to the coast compared to other sites. The influence of the southeast monsoon on GH
results in a large amount of water vapor being brought into the sea surface, resulting
in the highest MAP, lowest MAT, and the largest proportion of SWC. Therefore, there
are significant differences in microbial communities compared to inland areas.

Common fungal species grow well under suitable soil nutrients and water content
conditions. For example, the relative abundance of certain fungi decreases with an
increase in pH value, while others exhibit opposite trends (Wang et al.. 2015).
Similarly, certain fungal groups increase with high the-inerease-ef-nutrients levels,
while others are inhibited (Paungfoo-Lonhienne et al., 2015). As is well known,
different EM fungal species occupy different growth environments and respond
differently to environmental changes such as climate change or nitrogen deposition.
For example, many fungal OTUs belonging to Cortinarius, Tylospora, and Piloderma
tended to occupy cold habitats; conversely, Russula and Lactarius were found across
wider temperature ranges and in warmer habitats (Miyamoto et al., 2018). These
results indicate that different fungal groups often have different ecological niches. In

conclusion, the results of this study indicate that ecological environmental factors

have—a—significant—impaet—ensignificantly impact the community structure of EM
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fungi. Most ef—the—EM fungi have a significant correlation with ecological
environment factors, which indieated-indicates that-the importance of EM fungi as
underground indicator species of forest status and environmental conditions (Suz et
al.. 2014), and also shows the ecological specificity of EM fungi. The above research
shows that the-future global warming may lead-te-therecduetion-ofreduce the diversity
of EM fungi. Therefore, determining the global distribution characteristics of EM
fungi and determining the factors controlling their distribution are necessary
eenditiens—for understanding the current and future functions of forest ecosystems

(Steidinger et al., 2019).

Conclusions

A total of 2039 fungal OTUs were obtained in this study, 295 of which were EM
fungi, belonging to 2 phyla, 3 classes, 9 orders, 20 families and 31 genera. It can be
divided into three classes, Agaricomycetes is the absolute advantage class. Russula,
Cortinarius and Sebacina are the dominant genera in the rhizosphere soil of B.
platyphylla. The EM fungal community is affected differently by the soil physical and
chemical properties, in which TN, TOC, AK, pH, longitude, and latitude have a very
important influence on the EM fungal composition, and other factors also have
significant influence. Neutral model analysis (NCM) and BNTI index found that the
community structure was mainly affected by the stochastic process, which could
provide a better basis for the community assembly of EM fungi. The results of this
study can provide a reference for the research on the adaptability of EM fungi to the
environment in different regions, and also provide a direction for the research on plant

stress resistance in Inner Mongolia, China.

Acknowledgements

We thank Yun Su from the Helan Mountain National Nature Reserve (HLS);-and

XiaohangZhang-from-Genhe-(GH)forhelp-during and Xiaoliang Zhang from Genhe

(GH) for their help during the sampling.




472

473

474

475

476

477

478

479

480

481

482

483

484
485

486

487

488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

Funding

This study was supported financially by the National Natural Science Foundation of
China (32260006, 32260027, 31760169), the science and technology project of Inner
Mongolia Autonomous Region (no. 2019GG002), the Natural Science Foundation of
Inner Mongolia Autonomous Region (2017MS0310), the Fundamental Research
Funds for the Inner Mongolia Normal University (2022JBTD010), and the High-level
Talents Introduced Scientifific Research Startup Fund Project of Baotou Teacher’s
College (No. BTTCRCQD2020-001), and the Science and Technology Project of
Ordos (no. 2022YY008), and Basic Scientific Research Business Fee Project for
Directly Affiliated Universities in Inner Mongolia Autonomous Region (no.

2023RCTD021).

References

Avis, P.G., McLaughlin, D., Dentinger, B.C., & Reich, P.B. (2003). Long-term increase in nitrogen
supply alters above- and below-ground ectomycorrhizal communities and increases the
dominance of Russula spp. in a temperate oak savanna. The New phytologist, 160 1, 239-
253. DOI 10.1046/j.1469-8137.2003.00865. x.

Bahram, M., Hildebrand, F., Forslund, S.K., Anderson, J.L., Soudzilovskaia, N.A., Bodegom,
P.M., Bengtsson-Palme, J., Anslan, S., Coelho, L.P., Harend, H., Huerta-Cepas, J., Medema,
M.H., Maltz, M.R., Mundra, S., Olsson, P.A., Pent, M., Pdlme, S., Sunagawa, S., Ryberg,
M., Tedersoo, L., & Bork, P. (2018). Structure and function of the global topsoil
microbiome. Nature, 560, 233 - 237. https://doi.org/10.1038/s41586-018-0386-6

Bai, S.L., Liu, Y., Zhou, J., Dong, Z., & Fan, R.. (2006). Resources investigation and ecological
study on ectomycorrhizal fungi in dagingshan mountains,inner mongolia. Acta Ecologica
Sinica, 26(3), 837-841. DOI 10.7717/peerj.15626.

Bardgett, R.D., & Putten, WH. (2014). Belowground biodiversity and ecosystem
functioning. Nature, 515, 505-511. DOI 10.1038/nature13855.

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A., Wit, P.D.,

Sénchez-Garcia, M., Ebersberger, 1., Sousa, F., Amend, A.S., Jumpponen, A., Unterseher,



504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541

M., Kiristiansson, E., Abarenkov, K., Bertrand, Y.J., Sanli, K., Eriksson, K.M., Vik, U.,
Veldre, V., & Nilsson, R.H. (2013). Improved software detection and extraction of ITS1 and
ITS2 from ribosomal ITS sequences of fungi and other eukaryotes for analysis of
environmental sequencing data. Methods in Ecology and Evolution, 4(10), 914-919. DOI
10.1111/2041-210X.12073.

Hackel, J., Henkel, T.W., Moreau, P., De Crop, E., Verbeken, A., S4, M., Buyck, B., Neves, M.A.,
Vasco-Palacios, A.M., Wartchow, F., Schimann, H. Carriconde, F., Garnica, S.,
Courtecuisse, R., Gardes, M., Manzi, S., Louisanna, E., & Roy, M. (2022). Biogeographic
history of a large clade of ectomycorrhizal fungi, the Russulaceae, in the Neotropics and
adjacent regions. The New Phytologist, 236, 698-713 DOI 10.1111/nph.18365.

Bodeker, I.T., Clemmensen, K.E., de Boer, W., Martin, F.M., Olson, A., & Lindahl, B.D. (2014).
Ectomycorrhizal Cortinarius species participate in enzymatic oxidation of humus in
northern forest ecosystems. The New phytologist, 203(1), 245-256 DOI 10.1111/nph.12791.

Buée, M., Courty, P., Mignot, D., & Garbaye, J. (2007). Soil niche effect on species diversity and
catabolic activities in an ectomycorrhizal fungal community. Soil Biology & Biochemistry,
39(8), 1947-1955. DOI 10.1016/j.s0ilbio.2007.02.016.

Cheeke, T.E., Phillips, R.P., Brzostek, E.R., Rosling, A., Bever, J.D., & Fransson, P. (2017).
Dominant mycorrhizal association of trees alters carbon and nutrient cycling by selecting
for microbial groups with distinct enzyme function. The New phytologist, 214(1), 432-442.
DOI 10.1111/nph.14343.

Chen, Q., Hu, H,, Yan, Z,, Li, C., Nguyen, B.T., Cui, H., Zheng, Y., Zhu, Y., & He, J. (2020).
Deterministic selection dominates microbial community assembly in termite mounds. Soil
Biology and Biochemistry. 152, 108073 DOI 10.21203/rs.3.rs-34782/v1.

Corrales, A., Turner, B.L., Tedersoo, L., Anslan, S., & Dalling, J.W. (2017). Nitrogen addition
alters ectomycorrhizal fungal communities and soil enzyme activities in a tropical montane
forest. Fungal Ecology, 27, 14-23. DOI 10.1016/j.funeco.2017.02.004.

Crowther, T.W., Hoogen, J.V., Wan, J., Mayes, M.A., Mayes, M.A., Keiser, A.D., Keiser, A.D.,
Mo, L., Averill, C., Averill, C., & Maynard, D.S. (2019). The global soil community and its
influence on biogeochemistry. Science, 365(6455), eaav0550. DOI
10.1126/science.aav0550.

De Wit, R., & Bouvier, T. (2006). 'Everything is everywhere, but, the environment selects'; what
did Baas Becking and Beijerinck really say? Environmental microbiology, 8(4), 755-7584.
DOI 10.1111/.1462-2920.2006.01017 x.

Delgado-Baquerizo, M., Reich, P.B., Trivedi, C., Eldridge, D.J., Abades, S.R., Alfaro, F.D.,
Bastida, F., Berhe, A.A., Cutler, N.A., Gallardo, A., Garcia-Velazquez, L., Hart, S.C., Hayes,
P.E., He, J., Hseu, Z., Hu, H., Kirchmair, M., Neuhauser, S., Pérez, C.A., Reed, S.C., Santos,
F., Sullivan, B.W.,, Trivedi, P., Wang, J., Weber-Grullon, L., Williams, M., & Singh, B.K.

(2020). Multiple elements of soil biodiversity drive ecosystem functions across



542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

biomes. Nature Ecology & Evolution, 4(2), 210-220. DOI 10.1038/s41559-019-1084-y.

Edgar, R.C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nature Methods, 10, 996-998. DOI 10.1038/nmeth.2604.

Fan Y., & Yan W. (2013). Morphological type and molecular identification of Ectomycorrhizae on
Betula platyphylla in Inner Mongolia area. Acta Botanica Boreali-Occidentalia Sinica
33(11), 2209-2215. DOI 10.3969/j.issn.1004-1524.2017.10.12.

Fernandez, C.W., & Kennedy, P.G. (2016). Revisiting the 'Gadgil effect: do interguild fungal
interactions control carbon cycling in forest soils? The New phytologist, 209(4), 1382-1394.
DOI 10.1111/nph.13648. 4, 1382-94 .

Fitzpatrick, C.R., Salas-Gonzélez, 1., Conway, J.M., Finkel, O.M., Gilbert, S., Russ, D., Teixeira,
PJ., & Dangl, J.L. (2020). The Plant Microbiome: From Ecology to Reductionism and
Beyond. Annual review of microbiology, 74, 81-100. DOI 10.1146/annurev-micro-022620-
014327.

Gao, C., Shi, N, Liu, Y., Peay, K.G., Zheng, Y., Ding, Q., Mi, X., Ma, K., Wubet, T., Buscot, F., &
Guo, L. (2013). Host plant genus-level diversity is the best predictor of ectomycorrhizal
fungal diversity in a Chinese subtropical forest. Molecular Ecology, 22(12), 3403-3414.
DOI 10.1111/mec.12297.

Guo, Y., Chen, X., Wy, Y., Zhang, L., Cheng, J., Wei, G., & Lin, Y. (2018). Natural revegetation of
a semiarid habitat alters taxonomic and functional diversity of soil microbial
communities. The  Science of the total environment, 635, 598-606. DOI
10.1016/j.scitotenv.2018.04.171.

Hedwall, P., Gruffman, L., Ishida, T.A., From, F., Lundmark, T., Ndsholm, T., & Nordin, A.
(2018). Interplay between N-form and N-dose influences ecosystem effects of N addition to
boreal forest. Plant and Soil, 423, 385-395. DOI 10.1007/s11104-017-3444-1.

Hijmans, R.J, Cameron, S.E, Parra, J.L, Jones, P.G, Jarvis, A. (2005). Very high resolution
interpolated climate surfaces for global land areas. International Journal of Climatology: A
Journal of the Royal Meteorological Society, 25(15), 1965-1978 DOI 10.1002/joc.1276.

Thrmark, K., Bodeker, I.T., Cruz-Martinez, K., Friberg, H., Kubartovd, A., Schenck, J., Strid, Y.,
Stenlid, J., Brandstrom-Durling, M., Clemmensen, K.E., & Lindahl, B.D. (2012). New
primers to amplify the fungal ITS2 region--evaluation by 454-sequencing of artificial and
natural communities. FEMS microbiology ecology, 82(3), 666-677. DOI 10.1111/j.1574-
6941.2012.01437.x.

Jang, S., & Kim, S. (2012). Relationship between Higher Fungi Distribution and Climatic Factors
in Naejangsan National Park. The Korean Journal of Mycology, 40, 19-38. DOI
10.4489/KJM.2012.40.1.019.

LeDuc, S.D., Lilleskov, E.A., Horton, T., & Rothstein, D.E. (2013). Ectomycorrhizal fungal
succession coincides with shifts in organic nitrogen availability and canopy closure in post-

wildfire jack pine forests. Oecologia, 172, 257-269. DOI 10.1007/s00442-012-2471-0.



580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617

Lilleskov, E.A., Bruns, T.D., Horton, T., Taylor, D.L., & Grogan, P. (2004). Detection of forest
stand-level spatial structure in ectomycorrhizal fungal communities. FEMS microbiology
ecology, 49(2), 319-332. DOI 10.1016/j.femsec.2004.04.004. 2, 319-32.

Liu, S, Yin, H., Li, X,, Li, X., Fan, C., Chen, G., Feng, M., & Chen, Y. (2021). Short-Term
Thinning Influences the Rhizosphere Fungal Community Assembly of Pinus massoniana by
Altering the Understory Vegetation Diversity. Frontiers in Microbiology, 12, 620309. DOI
10.3389/fmicb.2021.620309.

Miyamoto, Y., Sakai, A., Hattori, M., & Nara, K. (2015). Strong effect of climate on
ectomycorrhizal fungal composition: evidence from range overlap between two
mountains. The ISME Journal, 9(8), 1870-1879. DOI 10.1038/ismej.2015.8.

Miyamoto, Y., Terashima, Y., & Nara, K. (2018). Temperature niche position and breadth of
ectomycorrhizal fungi: Reduced diversity under warming predicted by a nested community
structure. Global Change Biology, 24(12), 5724 - 5737. DOI 10.1111/gcb.14446.

Oberwinkler, F., Riess, K., Bauer, R.B., Selosse, M., Weill, M., Garnica, S., & Zuccaro, A.
(2012). Enigmatic Sebacinales. Mycological Progress, 12, 1-27. DOI 10.1007/s11557-012-
0880-4.

Otsing, E., Anslan, S., Ambrosio, E., Koricheva, J., & Tedersoo, L. (2021). Tree Species Richness
and Neighborhood Effects on Ectomycorrhizal Fungal Richness and Community Structure
in Boreal Forest. Frontiers in Microbiology, 12, 567961. DOI 10.3389/fmicb.2021.567961.

Paungfoo-Lonhienne, C., Yeoh, Y.K., Kasinadhuni, N., Lonhienne, T., Robinson, N., Hugenholtz,
P, Ragan, M.A., & Schmidt, S. (2015). Nitrogen fertilizer dose alters fungal communities in
sugarcane soil and rhizosphere. Scientific Reports, 5(1), 8678 DOI 10.1038/srep08678.

Read, D.J., & Pérez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in ecosystems - a
journey towards relevance? The New phytologist, 157(3), 475-492. DOI 10.1046/j.1469-
8137.2003.00704.x.

Rosling, A., Landeweert, R., Lindahl, B.D., Larsson, K., Kuyper, T.W., Taylor, A.F., & Finlay,
R.D. (2003). Vertical distribution of ectomycorrhizal fungal taxa in a podzol soil
profile. The New phytologist, 159(3), 775-783. DOI 10.1046/j.1469-8137.2003.00829. x.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., Lesniewski,
R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W.,, Stres, B., Thallinger, G.G., Van
Horn, D., & Weber, C.F. (2009). Introducing mothur: Open-Source, Platform-Independent,
Community-Supported  Software  for  Describing and Comparing Microbial
Communities. Applied and Environmental Microbiology, 75(23), 7537 - 7541. DOI
10.1128/AEM.01541-09.

Shah, F., Nicolas, C., Bentzer, J., Ellstrom, M., Smits, M.M., Rineau, F., Canbick, B., Floudas, D.,
Carleer, R., Lackner, G., Braesel, J., Hoffmeister, D., Henrissat, B., Ahrén, D.G., Johansson,
T., Hibbett, D.S., Martin, F.M., Persson, P., & Tunlid, A. (2015). Ectomycorrhizal fungi

decompose soil organic matter using oxidative mechanisms adapted from saprotrophic



618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

ancestors. The New Phytologist, 209(4), 1705 - 1719. DOI 10.1111/nph.13722.

Shah, F., Rineau, F., Canbdck, B., Johansson, T., & Tunlid, A. (2013). The molecular components
of the extracellular protein-degradation pathways of the ectomycorrhizal fungus Paxillus
involutus. The New Phytologist, 200(3), 875 - 887. DOI 10.1111/nph.12425.

Steidinger, B.S., Crowther, T.W., Liang, J., Nuland, M.E., Werner, G.D., Reich, P.B., Nabuurs, G.,
de-Miguel, S., Zhou, M., Picard, N., Hérault, B., Zhao, X., Zhang, C., Routh, D., Peay,
K.G.,, & Marcon, E. (2019). Climatic controls of decomposition drive the global
biogeography of forest-tree symbioses. Nature, 569, 404 - 408. DOI 10.1038/s41586-019-
1128-0.

Suz, L.M., Barsoum, N., Benham, S., Dietrich, H., Fetzer, K.D., Fischer, R.A., Garcia, P.,
Gehrman, J., Kristofel, F., Manninger, M., Neagu, S., Nicolas, M., Oldenburger, J.F., Raspe,
S., Sénchez, G., Schrock, H.W., Schubert, A., Verheyen, K., Verstraeten, A., & Bidartondo,
M.IL (2014). Environmental drivers of ectomycorrhizal communities in Europe's temperate
oak forests. Molecular Ecology, 23(22), 5628-5644 DOI 10.1111/mec.12947.

Tedersoo, L., Bahram, M., Polme, S., Kéljalg, U., Yorou, N.S., Wijesundera, R.L., Ruiz, L.V,
Vasco-Palacios, A.M., Thu, P.Q., Suija, A., Smith, M., Sharp, C., Saluveer, E., Saitta, A.,
Rosas, M., Riit, T., Ratkowsky, D.A., Pritsch, K., Pdldmaa, K., Piepenbring, M., Phosri, C.,
Peterson, M., Parts, K., Partel, K., Otsing, E., Nouhra, E.R., Njouonkou, A., Nilsson, R.H.,
Morgado, L.N., Mayor, J.R., May, T., Majuakim, L., Lodge, D., Lee, S., Larsson, K.,
Kohout, P., Hosaka, K., Hiiesalu, 1., Henkel, T.W., Harend, H., Guo, L., Greslebin, A.,
Grelet, G., Geml, J., Gates, G., Dunstan, W., Dunk, C., Drenkhan, R., Dearnaley, J.D., De
Kesel, A., Dang, T., Chen, X., Buegger, F., Brearley, F.Q., Bonito, G., Anslan, S., Abell,
S.E., & Abarenkov, K. (2014). Global diversity and geography of soil fungi. Science,
346(6213), 1256688 DOI 10.1126/science.1256688.

Tedersoo, L., Bahram, M., & Zobel, M. (2020). How mycorrhizal associations drive plant
population and community  biology. Science,  367(6480), eabal223. DOI
10.1126/science.abal223.

Tedersoo, L., & Smith, M.E. (2013). Lineages of ectomycorrhizal fungi revisited: Foraging
strategies and novel lineages revealed by sequences from belowground. Fungal Biology
Reviews, 27(3-4), 83-99. DOI 10.1016/J.FBR.2013.09.001.

Treu, R., & Falandysz, J. (2017). Mycoremediation of hydrocarbons with basidiomycetes--a
review. Journal of Environmental Science and Health, Part B, 52(3), 148 - 155. DOI
10.1080/03601234.2017.1261536.

Urbanova, M., Snajdr, J., & Baldrian, P. (2015). Composition of fungal and bacterial communities
in forest litter and soil is largely determined by dominant trees. Soil Biology &
Biochemistry, 84, 53-64. DOI 10.1016/j.s0ilbio.2015.02.011.

Wang, J., Zheng, Y., Hu, H,, Zhang, L., Li, J., & He, J. (2015). Soil pH determines the alpha

diversity but not beta diversity of soil fungal community along altitude in a typical Tibetan



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

forest ecosystem. Journal of Soils and Sediments, 15, 1224-1232. DOI 10.1007/s11368-015-
1070-1.

Wang, P, Li, S., Yang, X., Zhou, J., Shu, W., & Jiang, L. (2019). Mechanisms of soil bacterial and
fungal community assembly differ among and within islands. Environmental microbiology,
22(4):1559-1571 DOI 10.1111/1462-2920.14864.

Wang, Y., Gao, C., Chen, L., Ji, N, Wu, B, Li, X, L, P., Zheng, Y., & Guo, L. (2019). Host plant
phylogeny and geographic distance strongly structure Betulaceae-associated
ectomycorrhizal fungal communities in Chinese secondary forest ecosystems. FEMS
microbiology ecology, 95(4), £iz037. DOI 10.1093/femsec/fiz037.

Wang, Y., Zhang, X., Xu, Y., Babalola, B.J., Xiang, S., Zhao, Y., & Fan, Y. (2021). Fungal
Diversity and Community Assembly of Ectomycorrhizal Fungi Associated With Five Pine
Species in Inner Mongolia, China. Frontiers in Microbiology, 12, 646821 DOI
10.3389/fmicb.2021.646821.

Xing, P, Xu, Y., Gao, T., Li, G., Zhou, J., Xie, M., & Ji, R. (2020). The community composition
variation of Russulaceae associated with the Quercus mongolica forest during the growing
season at Wudalianchi City, China. PeerJ, 8(11), e8527. DOI 10.7717/peerj.8527

Yue, Y., Wei, Y., & Jie, W. (2018). Ectomycorrhizal fungal community in the rhizospheric soil of
betula platyphylla in inner mongolia. Mycosystema, 37(3), 294-304. DOI
10.13346/j.mycosystema.170145.

Zhang, X., Wang, Y., Xu, Y., Babalola, B.J., Xiang, S., Ma, J., Su, Y., & Fan, Y. (2023). Stochastic
processes dominate community assembly of ectomycorrhizal fungi associated with Picea
crassifolia in the Helan Mountains, China. Frontiers in Microbiology, 13, 1061819. DOI
10.3389/fmicb.2022.1061819.

Zhang, Z., Pan, Y., Liu, Y., & Li, M. (2021). High-Level Diversity of Basal Fungal Lineages and
the Control of Fungal Community Assembly by Stochastic Processes in Mangrove
Sediments. Applied and Environmental Microbiology, 87(17), €00928-21. DOI
10.1128/AEM.00928-21.

Zhou, J., Deng, Y., Shen, L., Wen, C., Yan, Q., Ning, D., Qin, Y., Xue, K., Wu, L., He, Z.,
Voordeckers, J.W., Nostrand, J.D., Buzzard, V., Michaletz, S.T., Enquist, B.J., Weiser, M.D.,
Kaspari, M., Waide, R.B., Yang, Y., & Brown, J.H. (2016). Temperature mediates
continental-scale diversity of microbes in forest soils. Nature Communications, 7(1), 12083.

DOI 10.1038/ncomms12083.



