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The symbiotic relationship between ectomycorrhizal fungi (EMF) and the roots
of host plants is significantly important in regulating the health and stability of
ecosystems, especially of those such as the climate warming affected subalpine
forest ecosystems. Therefore, from the coniferous forest systems located in
the Southern Qinghai-Tibetan Plateau, root tips from three forest tree species:
Pinus wallichiana, Abies spectabilis and Picea spinulosa, were collected to look
for the local causes of EMF community composition and diversity patterns.
The EMF colonization rate, diversity and taxonomic community structure were
determined by morphotyping and sanger sequencing of the fungal ITS gene
from the root tip samples. Soil exploration types were identified based on the
morphologies of the ectomycorrhizas, coupled with soil properties analysis and
plant diversity survey. Contrasting patterns of EMF community and functional
diversity were found across the studied three forests types dominated by
different coniferous tree species. In terms of associations between soil and
EMF properties, the total phosphorus (TP) and nitrate (NO;™) contents in soil
negatively correlated with the colonization rate and the Shannon diversity index
of EMF in contrast to the positive relationship between TP and EMF richness.
The soil total nitrogen (TN), ammonium (NH,*) and plant diversity together
caused 57.6% of the total variations in the EMF taxonomic community structure
at the three investigated forest systems. Whereas based on the soil exploration
types alone, NH,* and TN explained 74.2% of variance in the EMF community
structures. Overall, the findings of this study leverage our understanding of
EMF dynamics and local influencing factors in coniferous forests dominated by
different tree species within the subalpine climatic zone.
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Introduction

The impacts of climate change on forest processes are driven
by disturbances in biogeochemical cycling and decline in soil
biodiversity (van der Linde et al., 2018). The coniferous forests are
important characteristics of subalpine region which are currently
experiencing the adverse effects of environmental stress such as
the rise in temperature (Wang et al., 2021a). In forest ecology,
ectomycorrhizal fungi (EMF) are an interface between the soil
matrix and the host tree species. They often regulate the carbon
and nutrients balance (Lindahl and Tunlid, 2015; Lilleskov et al.,
2019), and therefore are of significant importance in network
building and maintaining the health and stability of the forest
ecosystem (Nash et al., 2020; Vincent and Declerck, 2021). In turn,
the various biotic (plants and other organisms) and abiotic factors
(e.g., the soil pH and niche specific microclimatic conditions)
within the forest ecosystem affect the dynamics of EMF
communities (Roy et al., 2013; Pei et al., 2016; Glassman et al.,
2017). In such scenario, understanding more about the EMF
community ecology and diversity would help us to prevision the
response of forest ecosystems to changing climatic conditions,
especially in the globally important subalpine-cold Himalayan
regions (Shi et al., 2018; Shigyo and Hirao, 2021).

The photosynthetically derived carbon (C) from host plants is
critical for EMF who in return, acquire nutrients for host plants
by directly emanating their hyphae to scavenge inorganic
nutrients, or through indirect provisioning of organic nutrients
via enzymatic decomposition of the organic matter in soils (Bogar
etal, 2022). The EMF and host plant species are therefore highly
specific and any changes in diversity of host plant species will
greatly affect the foraging-related functional traits of the symbiotic
EMF community (Reis et al., 2018). Seemingly, the higher plant
diversity increases diverse food resources availability and diversity
through differential litter input and/or root exudates, and elevates
niche availability through changes in physical microhabitats
(Dedeyn and Vanderputten, 2005). Such changes in plant diversity
were related to positive effects and increase in the diversity in EMF
community composition (Yang et al., 2022). Whereas, other
studies found no direct relationships between plant and EMF
diversity, and that plant diversity only influenced the occurrence
of few particular fungi (Arraiano-Castilho et al., 2020; Adamo
etal., 2021). Furthermore, a few studies indicated EMF community
filtering through host plant specificity (Tedersoo et al., 2012) and,
increase in EMF diversity directly related to increase in host tree
diversity (Gao et al., 2013). Contrasting to this, the EMF diversity
was highest in temperate and boreal forests despite of the low
diversity of host tree species (Rosinger et al, 2018). These
inconsistent observations in the plant-EMF interactions might as
well be attributed to altering soil properties (including soil pH and
nutrients) in different forest ecosystems thereby indicating a more
complex mechanism that regulates the dynamics of EMF
community composition and diversity patterns.

Increasing local-scale studies suggested soil properties as the
dominant factors shaping EMF communities across various
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ecosystems (Taylor et al., 2016; Arraiano-Castilho et al., 2021). In
European oak forests, along with N deposition, soil conditions and
properties (increasing N availability and decreasing pH)
significantly affected EMF diversity (Suz et al., 2014). Among such
soil properties, soil pH was the confounding regulator of EMF
communities and thereby regarded as key environmental filter for
divergence in the EMF taxa (Glassman et al., 2017; Tedersoo et al.,
2020). Apparently, soil pH also modulated mobility of soil
nutrients such as the Nitrogen (N) and Phosphorus (P) (Smith
and Read, 2008), and any variations in their contents reflected
changes in EMF communities, indicating a close relationship
among these chemical and biological variables (Guo et al., 2021a).
Some research also showed a decreasing trend in EMF
colonization and diversity with increasing N availability, while
others indicated an increasing abundance of specific EMF taxa in
presence of increased soil nutrient contents (Treseder, 2004;
Nisholm et al., 2009). Therefore, ambiguity exists in the holistic
understanding of EMF regulating factors and community diversity
patterns in soil matrix thus generating a need to identify the exact
EMF community regulatory factors, especially in the forest
ecosystems where plant-mycorrhizal interactions occur at
greater rates.

The divergent EMF taxa differ largely in nutrient uptake
strategies, the differences are partially represented in the features
of their emanating mycelium, which are relevant to the function
of nutrient exploitation and transport (Agerer, 2006; Hobbie and
Hogberg, 2012). Generally, the primary function of the emanating
EMF mycelium is to scavenge and transport nutrients from soil
matrix to the host plant (Agerer, 2006; Hobbie and Hogberg,
2012). However, there are differences reported even in this critical
function among different EMF taxa, which means the existence of
altering nutrient uptake strategies between the EMF taxa and the
host plant species. The EMF communities are characterized by
different “exploration types” based on their morphological
differences (Agerer, 2006): contact (smooth mantle with few
hyphae, close contact with soil substances); short-distance (dense
hyphae with short distance); medium-distance (hyphae with
intermediary distance, 30-50mm); and long-distance (few
rhizomorphs with long distance) exploration types. Each of the
exploration types may represent a distinct foraging strategy under
different soil and environmental conditions (Lilleskov et al., 2011).
Hence, exploring the patterns of EMF exploration types would
highlight EMF responses to environmental changes, and changing
EMF functional diversity across different forest ecosystems
(Rosinger et al., 2018; Baeza-Guzman et al., 2022). Nevertheless,
little is known about the environmental regulators of EMF
functional traits under different forests within the subalpine
climatic zone.

The Qinghai-Tibet Plateau is a unique location comprising of
different forest systems vulnerable to climate change at regional
scale (Han et al., 2021; Wang et al., 2021a,b). Therefore, elucidating
the shift of EMF communities and the influencing environmental
factors in this Himalayan region is important for understanding
future changes in its ecological services. Therefore, in this study,
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we explored ectomycorrhizal fungal (EMF) community and
functional diversity across three different coniferous forests with
the following hypotheses:

i. The EMF colonization rate, diversity and community
structure would differ across three different coniferous
forests dominated by different tree species;

ii. Considering the interactions between above-below ground
biotic communities and soil properties, any changes in
plant diversity and soil properties will be reflected by
variations in EMF community diversity;

iii. Under varying environmental conditions and plant
diversity, the EMF communities will have to adapt and alter
nutrients foraging strategy, thereby indicating significant
changes in EMF functional traits.

Materials and methods
Site description

The study site is in a mountainous region on the Southern
Qinghai-Tibet Plateau (28°22'35”7-28°25'1"N, 85°24'44"-
85°26'49"E). The location is near the Keelung Port, and at an
elevation level of 3,000m a.s.] (meters above sea level). Indian
ocean Monsoons impact the weather of the study area, with mean
annual precipitation (MAP) and mean annual temperature (MAT)
of 635mm and 3.9°C, respectively; This region experiences long
sunlight hours throughout the year (mean annual sunlight
duration of 2,639h per year). The main vegetation at the site is
natural secondary subalpine coniferous forest on a dark brown soil
(World Reference Base, WRB). From this subalpine coniferous
forest zone, three separate coniferous forest sites dominated
separately by Pinus wallichiana, Abies spectabilis and Picea
spinulosa were selected. The three forest sites were approximately
300 m distance apart. Five forest plots (20 m x20 m) with a 20m
distance grid, at each of the three forest sites (5x 3, total of 15
plots) were systematically chosen for soil sampling purposes.

Root and soil sampling

In each forest plot, soil adhering to fine roots at 0-10 cm depth
was collected by shaking and then sieved through >2 mm ethanol
sterilized mesh. These root samplings were done along four
different directions and at a distance of ~ 0.5 m from the same tree
trunk. The fine root samples were collected from five randomly
selected but similar sized dominant trees (~30cm diameter at
breast height). Care was taken to trace the fine roots belonged to
the same tree. The four fine root and soil samples from each tree
were bulked to form one composite sample per tree. Subsequently,
the fresh soil and root samples were stored at —20°C and 4°C for
soil properties analyses and mycorrhizal morphotyping,
respectively.
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Soil properties analysis and plant
diversity survey

Soil pH value was determined by a conductivity meter (Mettler-
Toledo Instruments, China) in a 1:2.5 soil: water solution. Soil
organic carbon (SOC) and total nitrogen (TN) concentrations were
measured with a CN-element analyzer (PE2400II, United States;
Yang et al,, 2021). Ammonium (NH,*) and nitrate (NO;~) contents
were, respectively, determined by the indophenol blue colorimetric
technique and phenol-disulfonic acid colorimetric method (Bao,
2016) after the extraction from the soil samples with 2moll™
potassium chloride (KCl) solution. We used the molybdenum blue
method after extraction to colorimetrically quantify available
phosphorus (AP) from the soil in a 0.5M sodium bicarbonate
(NaHCO;) solution at pH 8.5 (Bao, 2016). The total phosphorus
(TP) was analyzed colorimetrically (Parkinson and Allen, 1975) after
digestion with sulfuric acid-perchloric acid (H,SO,~HCIO,).

Plant diversity survey of each forest site plot was conducted in
August 2019 by using the method described by Dengler (2009).
Different species compositions were recorded in a large plot
(20m x20m) for trees, medium-sized plot (3 mx 3 m) for shrubs,
and small plot (1 mx 1 m) for herbs. In each plot, alpha-diversity
indices (Chaol index and Shannon index) of plant species were
determined by counting the number of individual plants
belonging to same species per plot (Pauli et al., 2015).

Morphotyping

Soil particles and debris of the root samples were carefully and
gently brushed using a fine brush and washed under tap water. The
tips of fine roots were classified under a dissecting microscope
(Nikon SMZ18, Kanagawa, Japan),
morphological characteristics such as the shape, color, bifurcation,

according to their

and the texture of the surface of the mycorrhizas (Agerer, 2001;
Pena et al,, 2013). The number of root tips, i.e., vital EME, vital
non-EME, dead roots, and EMF root tips colonized by each EMF
morphotype were noted and photographed to record their
morphological characteristics. EMF colonization rate was
calculated using the following equation:

Number of vital EMF root tips

EMF colonizing rate = -
Number of total root tips

For each EMF morphotype, ~20 root tips were carefully
selected and stored at —20°C until DNA extraction and
molecular identification.

Molecular identification

The total genomic DNA of EMF morphotypes was

extracted from the root tips using modified
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TABLE 1 Soil properties and plant diversity indices across the three
studied coniferous forest sites.

Variables Coniferous forests
Pinus Abies Picea

wallichiana spectabilis spinulosa
Soil properties
SOC (gkg ™) 40.0 £ 13.1b 134.9 £20.7a 106.5 £ 8.1a
TN (gkg™) 2.5+0.7b 8.9+0.1a 6.9 £0.0a
TP (mgkg™) 688.4 +109.8b 1387.7 £ 116.2a 1329.5 +157.3a
NO;™ (mgkg™) 78.6 + 18.6b 237.1 £55.7a 250.8 + 49.52
NH," (mgkg™) 27.4+6.1b 69.9 +10.2a 32.7 +4.8b
AP (mgkg™) 13.3+2.8a 174 £3.9a 153 £2.2a
pH 53+0.2a 49+0.2a 50+0.1a
Plant diversity
PR 33.0 +2.0a 34.0+ 1.0a 30.0 + 1.0a
PS 31+0.1a 32+0.2a 2.9+0.2b

SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; NO;™, nitrate
nitrogen; NH,', ammonia nitrogen; AP, available phosphorus; PS, plant Shannon index;
PR, plant Chaol richness index. Values indicate means + standard errors (SE; n=5).
Different letters indicate significant differences between means (p <0.05).

cetyl-trimethylammonium bromide (CTAB) method as
described by Roy et al. (2013). This extracted DNA served as
template for PCR (Polymerase Chain Reaction) amplification
of the fungal internal transcribed spacer (ITS) gene. The
ITS1F (5-TCCGTAGGTGAACCTGCGG-3") and ITS4R
(5’-TCCTCCGCTTATTGATATGC-3") were used as EMF
specific forward and reverse primers in the PCR thermal
profile (Yang et al., 2019, 2021). The 25pl PCR reaction
mixture contained: 2 pl template DNA, 1.25 pl of each primer
(10mM), 0.125 pl DNA polymerase (5ppl™"), 2.5 pl of 10 x Taq
buffer, 3 ul MgCl, (23 mM), 0.5 pl of 10 mM dNTP mix and
14.375 pl ddH,0. The PCR thermal profile included following
steps: initial denaturation at 95°C for 1min, followed by
annealing at 55°C for 30 s and extension for 72°C for 1 min,
and a final extension at 72°C for 5 min. The amplified PCR
products were purified using Axy Prep DNA Gel Recovery Kit
as described by the manufacturers.

The purified PCR products were then used for Sanger
sequencing and the sequences were assembled using Staden
Package 4.10." The BLAST analysis against National Center
for Biotechnology Information (NCBI)* public sequence
databases was conducted, to obtain fungal identification of
the sequences with the similarity higher than 98%. All the
fungal sequences were deposited in the NCBI GenBank and
are  available under the  accession  numbers:
MT730591-MT730602 (Supplementary Table S1). Based on
the EMF identification from NCBI, the relative abundance of
each EMF taxa was calculated as:
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The relative abundance of each EMF taxa
_ Number of each EMF root tips
Number of total vital EMF root tips -

Statistical analysis

Prior to the statistical analyses, Shapiro-Wilk and Levene test
were used to test the normality and homogeneity of the data.
Where not normal, the data were log transformed or
non-parametric tests were used for the statistical analysis. Analysis
of Variance (ANOVA) was conducted to determine the significant
differences in the means of plant diversity indices and soil
properties and their influence on the EMF colonization. The EMF
alpha-diversity was estimated by richness (Chaol) and diversity
(Shannon index). The Pearson’s correlation analyses were used to
determine the associations between EMF alpha-diversity and
environmental variables (Oksanen et al., 2020).

Redundancy analysis (RDA) were conducted to investigate the
impacts of plant diversity and soil properties on EMF communities
structure (Yang et al, 2021), and Analysis of Similarities
(ANOSIM) was used to calculate the dissimilarities between EMF
communities using the Bray-Curtis distance matrix method.
Variation Partitioning Analysis (VPA) was used to assess the
contributions of each variable to the overall variations in the EMF
communities (Liu et al., 2018). All statistical analyses were
performed using R statistical software.

Results
Plant diversity and soil properties

Across the three forest sites, the plant richness (Chaol index)
remained unchanged (p>0.05; Table 1). However, plant diversity
(Shannon index) was higher in forest sites dominated by
P, wallichiana and A. spectabilis in comparison to the P. spinulosa
dominated forest site (p <0.05; Table 1).

Among the measured soil chemical properties, soil organic
carbon (SOC), total nitrogen (TN), soil nitrate (NO;~) and total
phosphorus (TP) had lower contents in the P. wallichiana forest
soils than the contents in A. spectabilis and P. spinulosa dominated
forest soils (Psoc=0.02, Pry=0.01, Pyos.=0.031, P, =0.05). The
highest values for these soil contents were found in forest site
where P spinulosa were abundant (SOC: 177.18gkg™; TN:
7.76 gkg™"; TP: 1735.50 mgkg™"; Table 1). The Ammonium (NH,")
contents were significantly higher (p=0.02) and twice the amount
in the A. spectabilis forests (108.32 mgkg™), than the P. wallichiana
and P, spinulosa forest sites. Except for nitrate N (NO;~) contents,
the amounts of all other soil parameters were significantly higher
in the A. spectabilis dominated forests than the other two forests
and showed a trend of A. spectabilis> P. spinulosa > P. wallichiana.
The soil pH and available phosphorus (AP) did not significantly
differ among three forest soils (P,;; =0.195, Pyp=0.586; Table 1).
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Ectomycorrhizal fungal (EMF)
colonization rate and alpha-diversity

The EMF colonization rate and alpha-diversity indices varied
highly among the three forests with EMF colonization rate
differing significantly (p<0.001; Figure 1A). The lowest EMF
colonization rate was in the P. spinulosa forest (42.2%), while the
highest rate was observed in the P. wallichiana forests (95.1%). The
EMF richness (Chaol index) ranged from 3 to 10 and was
significantly lower in the P. spinulosa (3.6) than in the P wallichiana
(9.4) and A. spectabilis forests (9.2; Figure 1B; p=0.012). The EMF
diversity (Shannon index) of P. spinulosa forest ranged between
0.259 to 0.543, and was significantly lower than P. wallichiana
(0.789) and A. spectabilis (0.749) forests (p <0.05; Figure 1C). The
Pearson correlations analysis considering the soil properties and
the EMF community characteristics at the three forests sites
showed significant negative relations between soil NO,™ and TP
and, all EMF characteristics such as the EMF colonization rate and
EMEF alpha-diversity indices (p <0.05) except for NO;~ and EMF
richness, which had no significant negative correlationship
(Table 2).

Variation in EMF taxonomic community
composition

The EMF taxonomic community compositions varied strongly
within in the three forests and differed significantly as indicated
by ANOSIM analysis (p <0.05; Figure 2A; Supplementary Table S1).
The relative abundance of EMF species Suillus sibiricus (24.99%)
and Sebacina cystidiata (24.75%) were highest in P. wallichiana

10.3389/fmicb.2022.1016610

forest, followed by Russula xerampelina (15.23%), Tomentella sp.
(8.29%), while S. cystidiata (25.04%), R. xerampelina (27.67%) and
Tomentella stuposa (22.41%) were dominant in A. spectabilis
forest. The main dominant species of the P. spinulosa forest were
Lactarius dombangensis (51.93%) and Pseudotomentella sp.
(42.26%; Figure 2A; Supplementary Table S1).

The results of Redundancy Analysis (RDA) indicated soil
TN, NH,* and plant diversity significantly affect the EMF
taxonomic community structures across the studied three
forests (Figure 2B; Supplementary Tables S2 and S3). Whereas
the Variation Partitioning Analysis (VPA) showed, soil TN and
NH," explained 22.6 and 18.8% of the total variations in EMF
community structure, respectively. The plant diversity on the
other hand explained only 16.2% of the total variations in EMF
community structure within the three forests (Figure 2C;
Supplementary Table S2).

The Pearson correlations analysis between each EMF taxa and
different environmental variables showed significant positive
relation between soil pH and increased relative abundance of
fungal species Helotiales sp., S. sibiricus and Mortierella alpina
(p<0.05). The soil TN and SOC negatively correlated with
decreased relative abundance of Helotiales sp., S. americanus,
S. sibiricus, C. geophilum and M. alpine (p<0.05), but had
significant positive relationship with the relative abundance of
T. stuposa (p <0.05). Likewise, NO;~ and TP negatively correlated
with the relative abundance of Helotiales sp., S. americanus,
S. sibiricus, Tomentella sp. and M. alpina, but had positive relations
with relative abundance of L. dombangensis. The NH," also had
significant positive relation with the relative abundance of
T. stuposa, C. delectabile, Neobulgaria sp., Thelephoraceae sp. and
R. xerampelina (p <0.05). While, plant diversity was significantly

A B C
100% 09
EMF colonization 10 a EMF richness EMF diversity
1 a
b 0.8+ a [ Pinus wallichiana
80% ] Abies spectabilis
0.7 [ picea spinulosa
8 -
0.6
60% c b
|6 05- |
: J
044
40%
“ :
T 0.3
20% N 02
0.14
0- T 0- T 0.0 T
FIGURE 1
Ectomycorrhizal fungal (EMF) colonization (A) and alpha-diversity indices (B, C) across three coniferous forests. Different letters indicate significant
differences at p <0.05 (ANOVA) between means (n = 5).
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negatively related with the relative abundance of L. dombangensis
(p<0.05; Figure 3; Supplementary Table S4).

Variation in EMF exploration types

Changes in EMF taxonomic structures resulted in
corresponding changes in soil exploration types. The soil
exploration types of EMF communities differed across the three
forests; four EMF exploration types (contact, short-distance,
medium-distance and long-distance) were identified in total.

The relative abundance of contact exploration type was
significantly lower in P. wallichiana forests (relative abundance:
28.90%) than in the A. spectabilis (67.76%) and P. spinulosa
abundant forest sites (94.19%; p<0.05; Figure 4A). No long-
distance exploration types were detected in A. spectabilis and

TABLE 2 The Pearson correlations considering the soil properties and
the ectomycorrhizal fungal (EMF) community properties at all the
three forest sites (Pinus wallichiana, Abies spectabilis, and Picea
spinulosa).

EMF properties

Variables Colonization Richness Diversity
pH 0.142 0273 0.383
Nelo —0.429 —0.209 -0.306
TN —0.473 —0.303 —0.417
NH,' —0.003 0323 0.174
NO;- —0.541% —0.459 —0.519%
TP —0.553* —0.551% —0.647%*
AP —0.030 —0.054 -0.023
PR 0.099 0.249 0.301
PS 0.323 0.297 0.359

*Significant correlations at the level of p<0.05.

**Significant correlations at the level of p <0.01.

Values indicate r of the soil properties and the ectomycorrhizal fungal (EMF)
community properties. Bold values indicate significant correlations (p <0.05).

10.3389/fmicb.2022.1016610

P spinulosa forests, compared to the relative abundance of 31.27%
in P. wallichiana forests (Figure 4A).

Based on ANOSIM analysis, the soil exploration types of EMF
communities differed significantly across the three forests
(Supplementary Table S5). RDA analysis showed significant
influences of soil NH," and TN on EMF community structures
when considering the soil exploration types (Pypus,=0.002,
Pry=0.036. Figure 4B; Supplementary Table S6). The soil NH,*
explained 48.1% and TN explained 26.1% of the total variations in
EMF exploration types in the three forest types, respectively
(Figure 4C).

Discussion

Soil nutrients influence EMF colonization
rate and alpha-diversity

Soil nutrient cycling in forest ecosystems is largely based on the
ecological functioning of ectomycorrhizal fungi (EMF), nearly 75%
of phosphorus (P) and 80% of nitrogen (N) acquisition seems to
be facilitated by mycorrhizal fungi (Hobbie and Hobbie, 2006; van
der Heijden et al.,, 2008). Compared to the soils of boreal forest
ecosystems dominated by Norway spruce (Picea abies; Kjoller et al.,
2012; Almeida et al,, 2019), the soils in our study had lower amounts
of nitrogen (TN) and available phosphorus (AP) in presence of
acidic pH (soil pH ~5). Such lower pH accounts for N and P
limitation in soils (Hérdtle et al., 2004; Stark et al., 2014), especially
the N status that influenced EMF community composition (Kjoller
etal,, 2012). Further, in coniferous forests characterized as shown
in earlier study by low nutrient soils, the diversity in EMF
composition affected the decomposition of aromatic and lignified
substrates that were common to coniferous and deciduous litter
(Bardgett and McAlister, 1999; Six et al., 2006). A few studies
showed positive relationships between higher EMF richness and
diversity under increased P uptake efficiency in European beech
(Fagus sylvatica) forest ecosystems (Kohler et al., 2018) and N
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acquisition in boreal forests (Helmisaari et al., 2009). Albeit the
studies were conducted at sapling levels and such observations were
not reported in forest ecosystems dominated by adult trees.
Furthermore, the EMF are host specific and have high species
diversity and assemblage which may vary across habitat and
spatial scales (seedling and root tip scales; Rosinger et al., 2018;
Yoo et al,, 2022) and may be further escalated with changes in
plant species across different habitats. Therefore, in agreement
with our first hypothesis, the EMF colonization rate and EMF
diversity differed across three coniferous forests dominated by
different tree species. The EMF were least diverse and showed
decreased colonization rates in forest ecosystems with abundant
P, spinulosa and higher soil nutrient contents. The nitrate and
phosphorous contents in soil were the primary indicators of EMF
variability in our study as seen by RDA analysis. This is in line
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with previous studies showing soil environmental variables (e.g.,
the soil N, soil N:P ratio and soil pH) having significant influence
on EMF diversity at local scale (van der Linde et al., 2018).

The nutritional mutualisms between EMF and plants is
beneficiary for both participants and bridge soil nutrients and
plant photosynthetic C pools, especially in forest ecosystems
where available soil nutrients are limited (Johnson and Graham,
2013). Plants usually allocate 20-40% of C to EME which in turn
forage soil nutrients that are not easily accessible to plants,
meaning that host plants depend on fungal partner for resource
acquisition. In a different scenario, the host plant dependence on
EMEF colonization may be reduced under increased soil nutrients
as indicated by the reduced plant C allocation thus affecting the
EMEF colonization rate and diversity (Wyatt et al., 2014). In our
study, EMF colonization rate and diversity negatively correlated
with soil TP and NO;~, which was similar to previous studies
(Cline et al., 2018; Rosinger et al., 2018; Yang et al., 2021). Such
negative correlation between NO;~ and EMF colonization rate and
diversity illustrated the diverse effects of N limitation.

In other studies, EMF communities were shown to be highly
sensitive towards any changes in N than P availability in soils
(Almeida et al., 2019). While also, the EMF diversity declined in
presence of higher TN in the organic layer and remained
unaffected to changes in the soil TP levels which only lead to the
changes in EMF taxonomic community structure (Zavisic et al.,
2016). On the other hand, Teste et al. (2016) indicated decreasing
EMF hyphae with low P availability, perhaps indicating a divergent
assembly mechanism under forests with different nutrients status
(Lang et al.,, 2016). Moreover, the N:P ratio stoichiometry may also
regulate the variations in soil mycorrhizal community diversity
and not just the changes in single element (Johnson, 2010).

No changes in EMF alpha diversity were seen despite the
changes in plant diversity across the three forest sites. This
contradicts our second hypothesis based on findings of earlier
studies that have demonstrated positive relationship between host
plant and EMF community diversity (Dickie, 2007). The unaffected
EMEF alpha diversity can be attributed to the case that the majority
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of EMF detected could be conifer associates while also a large
proportion can be non-host specific mycorrhizal communities. In
this work, EMF were studied at root tip scale where they may
be less segregated and that the early colonizing species may have
monopolized root tips at the expense of late colonizers (Helmisaari
et al.,, 2009). Nevertheless, several studies have also shown no direct
correlation between plant and EMF diversity (Wardle, 2006).
Moreover, the diversity of EMF community was more regulated by
different environmental factors and/or was influenced by
environmental filtering (Orwin et al., 2010).

Soil nitrogen and plant diversity affect EMF
community structure and functional traits

Although plant and EMF diversity did not correlate, the results
of RDA analysis in this study yet represented plant diversity and soil
properties as local aspects that determine the variations in EMF
taxonomic community structure in the three subalpine forest sites.
The earlier studies have reported higher plant diversity induced
changes in EMF communities: (i) by directly altering the EMF
community composition through changes in the quantity of
photosynthetic C supplied to the symbiotic partner (Gao and Guo,
2014), and (ii) by indirectly creating specific niche environment in
soil matrix through differential litter mixture and root exudates
inputs (Pei et al., 2016; Yang et al,, 2019). In other circumstances,
plants also manifested EMF colonization by harboring more diverse
or specialist mycorrhizal communities within the same habitat to
decompose C sources such as the lignin, cellulose, etc. (Berg, 2000;
Lindahl et al., 2007; Allison et al.,, 2013). Likewise, in this study as
well, a total of 16.2% variations in EMF taxonomic community
structure was observed due to changes in plant diversity, thereby
illustrating the marked influence of the latter on EMF dynamics in
forest ecosystems. The plant diversity and the relative abundance of
EMF community in P, spinulosa forest were negatively correlated in
this study, which may be due to the already lower number of EMF
species in the investigated site. While also it can be attributed to the
selective filtering of mycorrhizal communities based on the
evolutionary history of the fungi-host association (Roy et al., 2013).
Similar findings were reported by Courty et al. (2007) where
Lactarius quietus were associated with oak and Suillus sp. with
Pinaceae (Zhang et al,, 2022). In other study, some common EMF
(Cenococcum geophilum) depicted wide host range (Yang et al.,
2019). Accordingly, co-evolution between host plants and associated
EMEF cannot be neglected as a potential reason towards the observed
EMF specificity in our study (Rochet et al., 2011), which may
determine the functional traits of the existing EMF communities in
the three studied forest ecosystems.

In addition to plant diversity, the local soil properties in the
studied forest soils also control the EMF taxonomic community
composition. Among these soil variables, soil nitrogen and it’s form
such as the ammonium (NH,") and total nitrogen (TN) were the
key regulators in our study, and this is in line with the results of
previous studies displaying close relationship between soil NH,*
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and EMF community composition in forest soil systems (Suz et al.,
2017; Baeza-Guzmdn et al., 2022). Different EMF taxa respond
differently to the varying N availability. This study indicated that
Helotiales sp., Suillus americanus, Suillus sibiricus, Cenococcum
geophilum were negatively correlated with higher TN. The similar
result was observed by Yang et al. (2021) as the EMF taxa:
Cenococcum  geophilum, and Helotiales sp. were negatively
correlated with increased N availability. Whereas Tomentella
stuposa and Russula xerampelina preferred relatively high soil N
conditions (Cox et al., 2010; Kjoller et al., 2012), and had higher
abundance in A. spectabilis and P. spinulosa forests in our study. A
probable explanation for this occurrence can be that even different
EMEF species within the same genus may respond both positively
or negatively to one variable at the same time; for example, within
the Lactarius genus, Lactarius rufus and Lactarius hepaticus were
negative and positive indicators for soil TN, respectively (van der
Linde et al., 2018). Further, Morrison et al. (2016) have also shown
that most Russula species were inexpedient under N-enriched
condition except EMF Russula vinacea. This inconsistency may
be attributed to more extensive role of other soil and/or
environmental factors that govern EMF taxonomic community
composition and structure, which needs further investigations.
Alterations in EMF taxonomic structures resulted in
corresponding changes in soil exploration types across the
studied three forests. The distinction of EMF exploration types
may help to elucidate the divergent response of EMF communities
to environmental variables, with respect to their ecophysiological
effectivity (Agerer, 2006). In this study, functional diversity in the
EMF community was least where soil N availability was higher.
A more diverse EMF with foraging mycelium were observed in
P. wallichiana forests in presence of lower soil N contents. This
indicated the sensitivity and adaptability of EMF mycelium to
shift their functional role depending on soil nutrients status and
availability. A similar result was reported in a recent study
conducted in high altitude regions with poor nutrients and harsh
environment (Baeza-Guzman et al., 2022). The same study
showed that the EMF communities developed abundant
mycelium in order to acquire more nutrients for the host plant.
EMF can mineralize organic forms of N and P by releasing
hydrolytic and oxidative enzymes, while also can effectively forage
nutrients from inorganic sources (e.g., NH,", NO;~, phosphate)
through their hyphal network (Smith and Read, 2008). Diverse
EMEF exploration types have greater implications for improved
ecosystem functioning. Long-distance types often showed higher
nutrient uptake efficiency (Koide et al., 2014) and facilitated
organic N acquisition (Hobbie and Agerer, 2010; Lilleskov et al.,
2011; Tedersoo and Smith, 2013). Whereas, short-range
exploration types preferentially foraged nitrate and ammonium
(Cox et al.,, 2010; Hobbie and Agerer, 2010; Tedersoo and Smith,
2013). In this study, we observed increases of contact exploration
foraging types in A. spectabilis (relative abundance: 67.76%) and
P spinulosa (94.19%) forests, than P. wallichiana (28.90%) forests
where soil TN contents were comparatively low. No long-distance
exploration types were detected in A. spectabilis and P. spinulosa
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forests, compared to the relative abundance of 31.27% in
P, wallichiana forests. This is in line with the recent study (Guo
etal., 2021b), showing an increase in soil N availability resulted in
increase in abundance of EMF genera belonging to contact, short-
distance exploration types in comparison to the decreased
medium-distance (e.g., Tomentella sp.) and long-distance (e.g.,
Suillus sp., Inocybe sp.) EMF exploration types.

On the other hand, due to the different amount of emanating
hyphae, contact exploration type require less C than the long-
distance EMF exploration type (Fransson, 2012). Recently, Yang et al.
(2021) reported that the soil mycelium foraging EMF communities
shift from the high- to low- biomass type under high levels of N
contents in soil. This means that plants have more labile N under
higher soil N availability. This greatly reduces the reliance of plant
hosts on mycelial EME especially in the events of long-distance
transport of N resources. This may also lower the allocation of C to
EMEF symbionts by the host plants. Indeed, more work is needed for
an explicit explanation of exploration types observed in this study.
This reduced host plants allocation of C to EMF symbionts for long-
distance transport of N resources. A connection of this explanation
with the exploration type observed in this study is needed.

Conclusion

This study explored how ectomycorrhizal community and
functional diversity respond to varying soil chemical properties and
plant diversity across three different coniferous forests (Pinus
wallichiana, Abies spectabilis, Picea spinulosa). The EMF community
and functional diversity differed across the three forest sites. The soil
total phosphorus (TP) and nitrate (NO,”) contents were key
predictors of EMF colonization and EMF Shannon diversity index.
While soil TP controlled EMF richness. Additionally, the EMF
taxonomic community structures were explained by soil total
nitrogen (TN), ammonium (NH,") and plant diversity, while NH,*
and TN in soils were the local causes for the differences observed in
exploration types of EMF communities in this study. The findings of
this work advocate the complex interactions between above and
below ground biotic communities especially the EMF and soil
properties. However, the inferences were only related to soil chemical
characteristics influencing root tip scale EMF colonization rate and
diversity. Therefore, further work on understanding the effects of
other abiotic and biotic variables such as the soil moisture, plant trait
and plant productivity on EMF fungal trophic guilds is needed.
Regardless, the results contribute to comprehensive understanding
of EMF community diversity and characteristic and local causes
determining their regulation in subalpine coniferous forests
dominated by different coniferous tree species.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

Frontiers in Microbiology

09

10.3389/fmicb.2022.1016610

accession number(s) can be found in the article/

Supplementary material.

Author contributions

NY: investigation, conceptualization, visualization, formal
analysis, writing—original draft, and writing—review and editing.
JH: investigation, visualization, formal analysis, and writing—
original draft. JZ, YZ, and XL: investigation and methodology. PB
and DL: writing—review and editing. HR: resources, funding
acquisition, validation, and project administration. WX and LM:
conceptualization, funding acquisition, visualization, supervision,
and writing—review and editing. All authors contributed to the
article and approved the submitted version.

Funding

The study was support by the following programs: Strategic
Priority Research Program of the Chinese Academy of Sciences
(no. XDB31000000), National Key Research and Development
Program of China (no. 2021YFD2200403), and Natural Science
Foundation of China (no. 31870506, 41907029, and 32071594).

Acknowledgments

We thank Sili Peng for the suggestions and manuscript
revision, and we are grateful to Yuheng Chen for technical
assistance in data analyses.

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.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material
The Supplementary material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1016610/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1016610
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1016610/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1016610/full#supplementary-material

Yang et al.

References

Adamo, 1., Castaiio, C., Bonet, J. A., Colinas, C., Martinez de Aragon, J., and
Alday, J. G. (2021). Soil physico-chemical properties have a greater effect on soil
fungi than host species in Mediterranean pure and mixed pine forests. Soil Biol.
Biochem. 160:108320. doi: 10.1016/j.s0ilbio.2021.108320

Agerer, R. (2001). Exploration types of ectomycorrhizae. Mycorrhiza 11, 107-114.
doi: 10.1007/s005720100108

Agerer, R. (2006). Fungal relationships and structural identity of their
ectomycorrhizae. Mycol. Progress. 5, 67-107. doi: 10.1007/s11557-006-0505-x

Allison, S. D,, Lu, Y., Weihe, C., Goulden, M. L., Martiny, A. C., Treseder, K. K.,
etal. (2013). Microbial abundance and composition influence litter decomposition
response to environmental change. Ecology 94, 714-725. doi: 10.1890/12-1243.1

Almeida, J. P, Rosenstock, N. P., Forsmark, B., Bergh, J., and Wallander, H. (2019).
Ectomycorrhizal community composition and function in a spruce forest
transitioning between nitrogen and phosphorus limitation. Fungal Ecol. 40, 20-31.
doi: 10.1016/j.funeco.2018.05.008

Arraiano-Castilho, R., Bidartondo, M. 1, Niskanen, T., Clarkson, J. J., Brunner, L.,
Zimmermann, S., et al. (2021). Habitat specialisation controls ectomycorrhizal fungi
above the treeline in the European Alps. New Phytol. 229, 2901-2916. doi: 10.1111/
nph.17033

Arraiano-Castilho, R., Bidartondo, M. I, Niskanen, T., Zimmermann, S., Frey, B.,
Brunner, L, et al. (2020). Plant-fungal interactions in hybrid zones: ectomycorrhizal
communities of willows (Salix) in an alpine glacier forefield. Fungal Ecol. 45:100936.
doi: 10.1016/j.funeco.2020.100936

Baeza-Guzman, Y., Medel-Ortiz, R., Trejo Aguilar, D., and Garibay-Orijel, R.
(2022). Medium-distance soil foragers dominate the Pinus hartwegii
ectomycorrhizal community at the 3900 m Neotropical treeline. Symbiosis. doi:
10.1007/513199-022-00869-6

Bao, S. D. (2016). Agricultural Chemical Analysis of Soil. 3rd Edn. Beijing: China
Agriculture Press.

Bardgett, R. D., and McAlister, E. (1999). The measurement of soil fungal:
bacterial biomass ratios as an indicator of ecosystem self-regulation in temperate
meadow grasslands. Biol. Fertil. Soils 29, 282-290. doi: 10.1007/s003740050554

Berg, B. (2000). Litter decomposition and organic matter turnover in northern
forest soils. For. Ecol. Manag. 133, 13-22. doi: 10.1016/S0378-1127(99)00294-7

Bogar, L. M., Tavasieff, O. S., Raab, T. K., and Peay, K. G. (2022). Does resource
exchange in ectomycorrhizal symbiosis vary with competitive context and nitrogen
addition? New Phytol. 233, 1331-1344. doi: 10.1111/nph.17871

Cline, L. C., Huggins, ]. A., Hobbie, S. E., and Kennedy, P. G. (2018). Organic
nitrogen addition suppresses fungal richness and alters community composition in
temperate forest soils. Soil Biol. Biochem. 125, 222-230. doi: 10.1016/j.s0ilbio.2018.
07.008

Courty, P-E., Bréda, N., and Garbaye, J. (2007). Relation between oak tree
phenology and the secretion of organic matter degrading enzymes by Lactarius
quietus ectomycorrhizas before and during bud break. Soil Biol. Biochem. 39,
1655-1663. doi: 10.1016/j.s0ilbio.2007.01.017

Cox, E, Barsoum, N,, Lilleskov, E. A., and Bidartondo, M. I. (2010). Nitrogen
availability is a primary determinant of conifer mycorrhizas across complex
environmental gradients: effects of nitrogen on mycorrhizas. Ecol. Lett. 13,
1103-1113. doi: 10.1111/j.1461-0248.2010.01494.x

Dedeyn, G., and Vanderputten, W. (2005). Linking aboveground and belowground
diversity. Trends Ecol. Evol. 20, 625-633. doi: 10.1016/j.tree.2005.08.009

Dengler, J. (2009). A flexible multi-scale approach for standardised recording of
plant species richness patterns. Ecol. Indic. 9, 1169-1178. doi: 10.1016/j.
ecolind.2009.02.002

Dickie, I. A. (2007). Host preference, niches and fungal diversity. New Phytol. 174,
230-233. doi: 10.1111/j.1469-8137.2007.02055.x

Fransson, P. (2012). Elevated CO2 impacts ectomycorrhiza-mediated forest soil
carbon flow: fungal biomass production, respiration and exudation. Fungal Ecol. 5,
85-98. doi: 10.1016/j.funeco.2011.10.001

Gao, C., and Guo, L. (2014). Distribution pattern and maintenance of
ectomycorrhizal fungus diversity: distribution pattern and maintenance of
ectomycorrhizal fungus diversity. Biodivers. Sci. 21, 488-498. doi: 10.3724/
SPJ.1003.2013.11055

Gao, C,, Shi, N. N,, Liu, Y. X,, Peay, K. G., Zheng, Y., Ding, Q,, et al. (2013). Host
plant genus-level diversity is the best predictor of ectomycorrhizal fungal diversity
in a Chinese subtropical forest. Mol. Ecol. 22, 3403-3414. doi: 10.1111/mec.12297

Glassman, S. I, Wang, I. J., and Bruns, T. D. (2017). Environmental filtering by
pH and soil nutrients drives community assembly in fungi at fine spatial scales. Mol.
Ecol. 26, 6960-6973. doi: 10.1111/mec.14414

Guo, W, Ding, J., Wang, Q., Yin, M., Zhu, X,, Liu, Q,, et al. (2021a). Soil
fertility controls ectomycorrhizal mycelial traits in alpine forests receiving

Frontiers in Microbiology

10

10.3389/fmicb.2022.1016610

nitrogen deposition. Soil Biol. Biochem. 161:108386. doi: 10.1016/j.s0ilbio.2021.
108386

Guo, W, Zhang, Z., Liu, Q,, Xiao, J., and Yin, H. (2021b). Seasonal variations in
plant nitrogen acquisition in an ectomycorrhizal alpine forest on the eastern Tibetan
plateau, China. Plant Soil 459, 79-91. doi: 10.1007/s11104-020-04644-8

Han, Y., Wang, Y, Liu, B., Huang, R., and Camarero, J. J. (2021). Moisture mediates
temperature-growth couplings of high-elevation shrubs in the Tibetan plateau. Trees
36, 273-281. doi: 10.1007/s00468-021-02204-w

Hardtle, W, von Oheimb, G., Friedel, A., Meyer, H., and Westphal, C. (2004).
Relationship between pH-values and nutrient availability in forest soils - the
consequences for the use of ecograms in forest ecology. Flora 199, 134-142. doi:
10.1078/0367-2530-00142

Helmisaari, H.-S., Ostonen, 1., Lohmus, K., Derome, J., Lindroos, A.-J., Merila, P,
et al. (2009). Ectomycorrhizal root tips in relation to site and stand characteristics
in Norway spruce and scots pine stands in boreal forests. Tree Physiol. 29, 445-456.
doi: 10.1093/treephys/tpn042

Hobbie, E. A., and Agerer, R. (2010). Nitrogen isotopes in ectomycorrhizal
sporocarps correspond to belowground exploration types. Plant Soil 327, 71-83. doi:
10.1007/s11104-009-0032-z

Hobbie, J. E., and Hobbie, E. A. (2006). 15N in symbiotic fungi and plants
estimates nitrogen and carbon flux rates in Arctic tundra. Ecology 87, 816-822. doi:
10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2

Hobbie, E. A., and Hogberg, P. (2012). Nitrogen isotopes link mycorrhizal fungi
and plants to nitrogen dynamics. New Phytol. 196, 367-382. doi: 10.1111/
j.1469-8137.2012.04300.x

Johnson, N. C. (2010). Resource stoichiometry elucidates the structure and
function of arbuscular mycorrhizas across scales: tansley review. New Phytol. 185,
631-647. doi: 10.1111/j.1469-8137.2009.03110.x

Johnson, N. C., and Graham, J. H. (2013). The continuum concept remains a
useful framework for studying mycorrhizal functioning. Plant Soil 363, 411-419.
doi: 10.1007/s11104-012-1406-1

Kjoller, R., Nilsson, L., Hansen, K., Schmidt, I. K., Vesterdal, L., and Gundersen, P.
(2012). Dramatic changes in ectomycorrhizal community composition, root tip
abundance and mycelial production along a stand-scale nitrogen deposition
gradient. New Phytol. 194, 278-286. doi: 10.1111/j.1469-8137.2011.04041.x

Kohler, J., Yang, N., Pena, R., Raghavan, V., Polle, A., and Meier, I. C. (2018).
Ectomycorrhizal fungal diversity increases phosphorus uptake efficiency of
European beech. New Phytol. 220, 1200-1210. doi: 10.1111/nph.15208

Koide, R. T, Fernandez, C., and Malcolm, G. (2014). Determining place and
process: functional traits of ectomycorrhizal fungi that affect both community
structure and ecosystem function. New Phytol. 201, 433-439. doi: 10.1111/
nph.12538

Lang, E, Bauhus, J., Frossard, E., George, E., Kaiser, K., Kaupenjohann, M., et al.
(2016). Phosphorus in forest ecosystems: new insights from an ecosystem nutrition
perspective. J. Plant Nutr. Soil Sci. 179, 129-135. doi: 10.1002/jpIn.201500541

Lilleskov, E. A., Hobbie, E. A., and Horton, T. R. (2011). Conservation of
ectomycorrhizal fungi: exploring the linkages between functional and taxonomic
responses to anthropogenic N deposition. Fungal Ecol. 4, 174-183. doi: 10.1016/j.
funeco.2010.09.008

Lilleskov, E. A., Kuyper, T. W,, Bidartondo, M. 1., and Hobbie, E. A. (2019).
Atmospheric nitrogen deposition impacts on the structure and function of forest
mycorrhizal communities: a review. Environ. Pollut. 246, 148-162. doi: 10.1016/j.
envpol.2018.11.074

Lindahl, B. D, Thrmark, K., Boberg, J., Trumbore, S. E., Hogberg, P, Stenlid, J.,
et al. (2007). Spatial separation of litter decomposition and mycorrhizal nitrogen
uptake in a boreal forest. New Phytol. 173, 611-620. doi: 10.1111/j.1469-8137.
2006.01936.x

Lindahl, B. D,, and Tunlid, A. (2015). Ectomycorrhizal fungi - potential organic
matter decomposers, yet not saprotrophs. New Phytol. 205, 1443-1447. doi: 10.1111/
nph.13201

Liu, D., Yang, Y., An, S., Wang, H., and Wang, Y. (2018). The biogeographical
distribution of soil bacterial communities in the loess plateau as revealed by
high-throughput sequencing. Front. Microbiol. 9:2456. doi: 10.3389/fmicb.
2018.02456

Morrison, E. W, Frey, S. D., Sadowsky, J. J., van Diepen, L. T. A., Thomas, W. K.,
and Pringle, A. (2016). Chronic nitrogen additions fundamentally restructure the
soil fungal community in a temperate forest. Fungal Ecol. 23, 48-57. doi: 10.1016/j.
funeco.2016.05.011

Nash, J., Laushman, R., and Schadt, C. (2020). Ectomycorrhizal fungal diversity
interacts with soil nutrients to predict plant growth despite weak plant-soil
feedbacks. Plant Soil 453, 445-458. doi: 10.1007/s11104-020-04616-y

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1016610
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.soilbio.2021.108320
https://doi.org/10.1007/s005720100108
https://doi.org/10.1007/s11557-006-0505-x
https://doi.org/10.1890/12-1243.1
https://doi.org/10.1016/j.funeco.2018.05.008
https://doi.org/10.1111/nph.17033
https://doi.org/10.1111/nph.17033
https://doi.org/10.1016/j.funeco.2020.100936
https://doi.org/10.1007/s13199-022-00869-6
https://doi.org/10.1007/s003740050554
https://doi.org/10.1016/S0378-1127(99)00294-7
https://doi.org/10.1111/nph.17871
https://doi.org/10.1016/j.soilbio.2018.07.008
https://doi.org/10.1016/j.soilbio.2018.07.008
https://doi.org/10.1016/j.soilbio.2007.01.017
https://doi.org/10.1111/j.1461-0248.2010.01494.x
https://doi.org/10.1016/j.tree.2005.08.009
https://doi.org/10.1016/j.ecolind.2009.02.002
https://doi.org/10.1016/j.ecolind.2009.02.002
https://doi.org/10.1111/j.1469-8137.2007.02055.x
https://doi.org/10.1016/j.funeco.2011.10.001
https://doi.org/10.3724/SP.J.1003.2013.11055
https://doi.org/10.3724/SP.J.1003.2013.11055
https://doi.org/10.1111/mec.12297
https://doi.org/10.1111/mec.14414
https://doi.org/10.1016/j.soilbio.2021.108386
https://doi.org/10.1016/j.soilbio.2021.108386
https://doi.org/10.1007/s11104-020-04644-8
https://doi.org/10.1007/s00468-021-02204-w
https://doi.org/10.1078/0367-2530-00142
https://doi.org/10.1093/treephys/tpn042
https://doi.org/10.1007/s11104-009-0032-z
https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1111/j.1469-8137.2012.04300.x
https://doi.org/10.1111/j.1469-8137.2012.04300.x
https://doi.org/10.1111/j.1469-8137.2009.03110.x
https://doi.org/10.1007/s11104-012-1406-1
https://doi.org/10.1111/j.1469-8137.2011.04041.x
https://doi.org/10.1111/nph.15208
https://doi.org/10.1111/nph.12538
https://doi.org/10.1111/nph.12538
https://doi.org/10.1002/jpln.201500541
https://doi.org/10.1016/j.funeco.2010.09.008
https://doi.org/10.1016/j.funeco.2010.09.008
https://doi.org/10.1016/j.envpol.2018.11.074
https://doi.org/10.1016/j.envpol.2018.11.074
https://doi.org/10.1111/j.1469-8137.2006.01936.x
https://doi.org/10.1111/j.1469-8137.2006.01936.x
https://doi.org/10.1111/nph.13201
https://doi.org/10.1111/nph.13201
https://doi.org/10.3389/fmicb.2018.02456
https://doi.org/10.3389/fmicb.2018.02456
https://doi.org/10.1016/j.funeco.2016.05.011
https://doi.org/10.1016/j.funeco.2016.05.011
https://doi.org/10.1007/s11104-020-04616-y

Yang et al.

Nisholm, T., Kielland, K., and Ganeteg, U. (2009). Uptake of organic nitrogen
by plants: Tansley review. New Phytol. 182, 31-48. doi: 10.1111/j.1469-8137.2008.
02751.x

Oksanen, J., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al.
(2020). vegan: community ecology package. R package version 2.5-7. Available at:
https://CRAN.R-project.org/package=vegan

Orwin, K. H., Buckland, S. M., Johnson, D., Turner, B. L., Smart, S., Oakley, S.,
et al. (2010). Linkages of plant traits to soil properties and the functioning of
temperate grassland: links of plant traits to soil properties. J. Ecol. 98, 1074-1083.
doi: 10.1111/j.1365-2745.2010.01679.x

Parkinson, J. A., and Allen, S. E. (1975). A wet oxidation procedure suitable for
the determination of nitrogen and mineral nutrients in biological material.
Commun. Soil Sci. Plant 6, 1-11. doi: 10.1080/00103627509366539

Pauli, H., Gottfried, M., Lamprecht, A., Niessner, S., Rumpf, S., Winkler, M., et al.
(2015). The GLORIA Field Manual-Standard Multi-summit Approach, Supplementary
Methods and Extra Approaches. 5th Edn. Vienna: GLORIA-Coordination, Austrian
Academy of Sciences and University of Natural Resources and Life Sciences.

Pei, Z., Eichenberg, D., Bruelheide, H., Kréber, W,, Kiihn, P, Li, Y., et al. (2016).
Soil and tree species traits both shape soil microbial communities during early
growth of Chinese subtropical forests. Soil Biol. Biochem. 96, 180-190. doi: 10.1016/j.
50ilbi0.2016.02.004

Pena, R,, Tejedor, J., Zeller, B., Dannenmann, M., and Polle, A. (2013). Interspecific
temporal and spatial differences in the acquisition of litter-derived nitrogen by
ectomycorrhizal fungal assemblages. New Phytol. 199, 520-528. doi: 10.1111/
nph.12272

Reis, E, Valdiviesso, T., Varela, C., Tavares, R. M., Baptista, P., and Lino-Neto, T.
(2018). Ectomycorrhizal fungal diversity and community structure associated with
cork oak in different landscapes. Mycorrhiza 28, 357-368. doi: 10.1007/
$00572-018-0832-1

Rochet, J., Moreau, P.-A., Manzi, S., and Gardes, M. (2011). Comparative
phylogenies and host specialization in the alder ectomycorrhizal fungi Alnicola,
Alpova and Lactarius (Basidiomycota) in Europe. BMC Evol. Biol. 11:40. doi:
10.1186/1471-2148-11-40

Rosinger, C., Sandén, H., Matthews, B., Mayer, M., and Godbold, D. (2018).
Patterns in ectomycorrhizal diversity, community composition, and exploration
types in European beech, pine, and spruce forests. Forests 9:445. doi: 10.3390/
9080445

Roy, M., Rochet, J., Manzi, S., Jargeat, P., Gryta, H., Moreau, P, et al. (2013). What
determines Alnus-associated ectomycorrhizal community diversity and specificity?
A comparison of host and habitat effects at a regional scale. New Phytol. 198,
1228-1238. doi: 10.1111/nph.12212

Shi, L., Zhang, H,, Liu, T., Mao, P,, Zhang, W,, Shao, Y,, et al. (2018). An increase
in precipitation exacerbates negative effects of nitrogen deposition on soil cations
and soil microbial communities in a temperate forest. Environ. Pollut. 235,293-301.
doi: 10.1016/j.envpol.2017.12.083

Shigyo, N., and Hirao, T. (2021). Saprotrophic and ectomycorrhizal fungi exhibit
contrasting richness patterns along elevational gradients in cool-temperate montane
forests. Fungal Ecol. 50:101036. doi: 10.1016/j.funec.2020.101036

Six, J., Frey, S. D., Thiet, R. K., and Batten, K. M. (2006). Bacterial and fungal
contributions to carbon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70,
555-569. doi: 10.2136/ss5aj2004.0347

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis. 3rd Edn. Amsterdam:
Elsevier/Academic Press.

Stark, S., Mannist6, M. K., and Eskelinen, A. (2014). Nutrient availability and pH
jointly constrain microbial extracellular enzyme activities in nutrient-poor tundra
soils. Plant Soil 383, 373-385. doi: 10.1007/s11104-014-2181-y

Suz, L. M., Barsoum, N., Benham, S., Dietrich, H.-P., Fetzer, K. D., Fischer, R.,
et al. (2014). Environmental drivers of ectomycorrhizal communities in Europe’s
temperate oak forests. Mol. Ecol. 23, 5628-5644. doi: 10.1111/mec.12947

Suz, L. M, Kallow, S., Reed, K., Bidartondo, M. I, and Barsoum, N. (2017). Pine
mycorrhizal communities in pure and mixed pine-oak forests: abiotic environment
trumps neighboring oak host effects. For. Ecol. Manag. 406, 370-380. doi: 10.1016/j.
foreco.2017.09.030

Frontiers in Microbiology

11

10.3389/fmicb.2022.1016610

Taylor, M. K., Lankau, R. A., and Wurzburger, N. (2016). Mycorrhizal associations
of trees have different indirect effects on organic matter decomposition. J. Ecol. 104,
1576-1584. doi: 10.1111/1365-2745.12629

Tedersoo, L., Anslan, S., Bahram, M., Drenkhan, R., Pritsch, K., Buegger, F, et al.
(2020). Regional-scale in-depth analysis of soil fungal diversity reveals strong pH
and plant species effects in northern Europe. Front. Microbiol. 11:1953. doi: 10.3389/
fmicb.2020.01953

Tedersoo, L., Bahram, M., Toots, M., Diédhiou, A. G., Henkel, T. W,, Kjoller, R.,
et al. (2012). Towards global patterns in the diversity and community structure of
ectomycorrhizal fungi: global metastudy of ectomycorrhizal fungi. Mol. Ecol. 21,
4160-4170. doi: 10.1111/§.1365-294X.2012.05602.x

Tedersoo, L., and Smith, M. E. (2013). Lineages of ectomycorrhizal fungi revisited:
foraging strategies and novel lineages revealed by sequences from belowground.
Fungal Biol. Rev. 27, 83-99. doi: 10.1016/j.fbr.2013.09.001

Teste, E. P, Laliberté, E., Lambers, H., Auer, Y., Kramer, S., and Kandeler, E. (2016).
Mycorrhizal fungal biomass and scavenging declines in phosphorus-impoverished
soils during ecosystem retrogression. Soil Biol. Biochem. 92, 119-132. doi: 10.1016/j.
s0ilbi0.2015.09.021

Treseder, K. K. (2004). A meta-analysis of mycorrhizal responses to nitrogen,
phosphorus, and atmospheric CO, in field studies. New Phytol. 164, 347-355. doi:
10.1111/j.1469-8137.2004.01159.x

van der Heijden, M. G. A,, Bardgett, R. D., and van Straalen, N. M. (2008).
The unseen majority: soil microbes as drivers of plant diversity and productivity
in terrestrial ecosystems. Ecol. Lett. 11, 296-310. doi: 10.1111/j.1461-0248.
2007.01139.x

van der Linde, S., Suz, L. M., Orme, C. D. L,, Cox, E, Andreae, H., Asi, E., et al.
(2018). Environment and host as large-scale controls of ectomycorrhizal fungi.
Nature 558, 243-248. doi: 10.1038/s41586-018-0189-9

Vincent, B., and Declerck, S. (2021). Ectomycorrhizal fungi and trees: brothers in
arms in the face of anthropogenic activities and their consequences. Symbiosis 84,
337-351. doi: 10.1007/s13199-021-00792-2

Wang, Y., Liang, E., Lu, X., Camarero, J. ], Babst, E, Shen, M., et al. (2021a).
Warming-induced shrubline advance stalled by moisture limitation on the Tibetan
plateau. Ecography 44, 1631-1641. doi: 10.1111/ecog.05845

Wang, Y., Mao, Q,, Ren, P, and Sigdel, S. R. (2021b). Opposite tree-tree
interactions jointly drive the natural fir treeline population on the southeastern
Tibetan plateau. Forests 12:1417. doi: 10.3390/f12101417

Wardle, D. A. (2006). The influence of biotic interactions on soil biodiversity. Ecol.
Lett. 9, 870-886. doi: 10.1111/j.1461-0248.2006.00931.x

Wryatt, G. A. K., Kiers, E. T., Gardner, A., and West, S. A. (2014). A biological
market analysis of the plant mycorrhizal symbiosis: mycorrhizal symbiosis as a
biological market. Evolution 68, 2603-2618. doi: 10.1111/evo.12466

Yang, N., Butenschoen, O., Rana, R., Kéhler, L., Hertel, D., Leuschner, C., et al.
(2019). Leaf litter species identity influences biochemical composition of
ectomycorrhizal fungi. Mycorrhiza 29, 85-96. doi: 10.1007/500572-018-0876-2

Yang, N., Wang, B., Liu, D., Wang, X, Li, X., Zhang, Y,, et al. (2021). Long-term
nitrogen deposition alters ectomycorrhizal community composition and function
in a poplar plantation. JoF 7:791. doi: 10.3390/jof7100791

Yang, N., Zhang, Y., Li, ], Li, X., Ruan, H., Bhople, P, et al. (2022). Interaction
among soil nutrients, plant diversity and hypogeal fungal trophic guild modifies
root-associated fungal diversity in coniferous forests of Chinese southern
Himalayas. Plant Soil. doi: 10.1007/s11104-022-05646-4

Yoo, S., Cho, Y., Park, K. H., and Lim, Y. W. (2022). Exploring fine-scale assembly
of ectomycorrhizal fungal communities through phylogenetic and spatial
distribution analyses. Mycorrhiza. doi: 10.1007/s00572-022-01088-z

Zavisi¢, A., Nassal, P, Yang, N., Heuck, C., Spohn, M., Marhan, S., et al. (2016).
Phosphorus availabilities in beech (Fagus sylvatica L.) forests impose habitat filtering
on ectomycorrhizal communities and impact tree nutrition. Soil Biol. Biochem. 98,
127-137. doi: 10.1016/j.s0ilbi0.2016.04.006

Zhang, R., Shi, X,, Liu, P,, Wilson, A. W,, and Mueller, G. M. (2022). Host shift
speciation of the ectomycorrhizal genus suillus (suillineae, boletales) and
biogeographic comparison with its host pinaceae. Front. Microbiol. 13:831450. doi:
10.3389/fmicb.2022.831450

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1016610
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1469-8137.2008.02751.x
https://doi.org/10.1111/j.1469-8137.2008.02751.x
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.1365-2745.2010.01679.x
https://doi.org/10.1080/00103627509366539
https://doi.org/10.1016/j.soilbio.2016.02.004
https://doi.org/10.1016/j.soilbio.2016.02.004
https://doi.org/10.1111/nph.12272
https://doi.org/10.1111/nph.12272
https://doi.org/10.1007/s00572-018-0832-1
https://doi.org/10.1007/s00572-018-0832-1
https://doi.org/10.1186/1471-2148-11-40
https://doi.org/10.3390/f9080445
https://doi.org/10.3390/f9080445
https://doi.org/10.1111/nph.12212
https://doi.org/10.1016/j.envpol.2017.12.083
https://doi.org/10.1016/j.funeco.2020.101036
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1007/s11104-014-2181-y
https://doi.org/10.1111/mec.12947
https://doi.org/10.1016/j.foreco.2017.09.030
https://doi.org/10.1016/j.foreco.2017.09.030
https://doi.org/10.1111/1365-2745.12629
https://doi.org/10.3389/fmicb.2020.01953
https://doi.org/10.3389/fmicb.2020.01953
https://doi.org/10.1111/j.1365-294X.2012.05602.x
https://doi.org/10.1016/j.fbr.2013.09.001
https://doi.org/10.1016/j.soilbio.2015.09.021
https://doi.org/10.1016/j.soilbio.2015.09.021
https://doi.org/10.1111/j.1469-8137.2004.01159.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1038/s41586-018-0189-9
https://doi.org/10.1007/s13199-021-00792-2
https://doi.org/10.1111/ecog.05845
https://doi.org/10.3390/f12101417
https://doi.org/10.1111/j.1461-0248.2006.00931.x
https://doi.org/10.1111/evo.12466
https://doi.org/10.1007/s00572-018-0876-2
https://doi.org/10.3390/jof7100791
https://doi.org/10.1007/s11104-022-05646-4
https://doi.org/10.1007/s00572-022-01088-z
https://doi.org/10.1016/j.soilbio.2016.04.006
https://doi.org/10.3389/fmicb.2022.831450

	Soil nutrients and plant diversity affect ectomycorrhizal fungal community structure and functional traits across three subalpine coniferous forests
	Introduction
	Materials and methods
	Site description
	Root and soil sampling
	Soil properties analysis and plant diversity survey
	Morphotyping
	Molecular identification
	Statistical analysis

	Results
	Plant diversity and soil properties
	Ectomycorrhizal fungal (EMF) colonization rate and alpha-diversity
	Variation in EMF taxonomic community composition
	Variation in EMF exploration types

	Discussion
	Soil nutrients influence EMF colonization rate and alpha-diversity
	Soil nitrogen and plant diversity affect EMF community structure and functional traits

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

