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Summary

Root-associated fungi (RAF) link nutrient fluxes
between soil and roots and thus play important roles
in ecosystem functioning. To enhance our under-
standing of the factors that control RAF, we fitted sta-
tistical models to explain variation in RAF community
structure using data from 150 temperate forest sites
covering a broad range of environmental conditions
and chemical root traits. We found that variation in
RAF communities was related to both root traits (e.g.,
cations, carbohydrates, NO;™) and soil properties (pH,
cations, moisture, C/N). The identified drivers were the
combined result of distinct response patterns of fun-
gal taxa (determined at the rank of orders) to biotic
and abiotic factors. Our results support that RAF com-
munity variation is related to evolutionary adapted-
ness of fungal lineages and consequently, drivers of
RAF communities are context-dependent.
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Introduction

Root-associated fungal (RAF) communities, important com-
ponents of plant microbiomes, are defined as any fungi resid-
ing in and on plant roots (Porras-Alfaro and Bayman, 2011;
Dean et al., 2014; Bergelson et al., 2019). RAF communities
are composed of fungi that belong to different trophic
guilds and encompass all major phyla (Basidiomycota,
Ascomycota, Glomeromycota, Chytridiomycota and Zyg-
omycota) (Kernaghan, 2013; PerSoh, 2015). The main func-
tional guilds in RAF communities are symbiotrophic fungi
providing mineral nutrients to their host and priming plant
defence systems, saprotrophic fungi recycling dead, organic
materials and pathotrophic fungi thriving on living cells
(Kermmaghan, 2013; PerSoh, 2015; Vandenkoornhuyse
et al., 2015). Since RAF communities link matter fluxes
between soil and roots, their composition is also critical for
biogeochemical processes such as carbon sequestration
(Clemmensen et al., 2013; Kyaschenko et al., 2019). There-
fore, knowledge on the variation patterns and drivers that
structure fungal assemblages is fundamental to better under-
stand ecosystem functioning.

Habitat properties such as vegetation type, host species,
forest age, successional stage, human disturbance
(Edwards and Zak, 2011; Goldmann et al., 2015; Vannette
etal., 2016; Zhang et al., 2016; Kolafikova et al., 2017; Mag-
hnia et al., 2017; Kennedy et al., 2018) and abiotic environ-
mental filters such as climate, soil type, soil fertility and soil
pH (Moora et al., 2004; Gorzelak et al., 2012; Sterkenburg
etal., 2015; Maghnia et al., 2017) shape fungal communities
in soil and roots. For example, soil pH and the C/N ratio are
major factors affecting the structure of fungal assemblages
(Wubet etal., 2012; Kivlin et al., 2014; Glassman et al., 2017;
Vétrovsky et al., 2019). The nature of the environmental fil-
ters varies across landscapes, highlighting the complexity
and dynamics of fungi in their environment (Schroter
et al., 2019). RAFs, which are recruited from the surrounding
soil (Danielsen et al., 2012, 2013), are less affected by the
abiotic environment than soil fungi (Goldmann et al., 2016). It
is known that mycorrhizal fungi show distinct host prefer-
ences (Lang et al., 2011; Bahnmann et al., 2018; van der
Linde et al., 2018). Since mycorrhizal community structure
on roots varies with root nutrients (Lang and Polle, 2011), itis
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conceivable that RAF community structure is also strongly
influenced by interactions with host root properties such as
root chemistry. Important fungal traits, e.g., decomposition, P
and N transformation are phylogenetically conserved
(Treseder and Lennon, 2015), which suggest relationships
between nutrient resources and the composition of RAF
assemblages, but these factors have not yet received much
attention.

In addition to abiotic factors and interspecific competi-
tion (Koide et al., 2011), host-derived carbohydrates have
been suggested to influence the coexistence of different
trophic groups in plant roots (Kernaghan, 2013). There-
fore, carbon is also expected to be a driver of RAF com-
munity structures. For example, the structure and
diversity of ectomycorrhizal assemblages, which are a
major component in RAF communities (Goldmann
et al., 2016; Kolafikova et al., 2017), are strongly affected
by host allocation to the roots (Druebert et al., 2009;
Pena et al., 2010). In boreal forests, as much as 50% to
70% of stored soil carbon originates from roots and root-
associated microorganisms, stressing the significance of
RAF communities for the regulation of carbon dynamics
in forests (Clemmensen et al., 2013). Despite the tight
links of root carbon sources and associated fungal
assemblages, it is unknown whether differences in root
carbon pools drive changes in RAF community structure.

The goal of this study was to determine the importance
of soil and root chemistry shaping RAF community struc-
ture in temperate forests. Here, we focused on root
chemistry instead of more often applied biotic filters con-
cerning plant identity and associated mycorrhizal assem-
blages. We investigated the effect sizes of carbon,
nitrogen (C/N, NO3z~, NH,* in soil and roots, carbohy-
drates in roots), other nutrient elements (P, S, basic
cations) and abiotic drivers (soil pH, soil moisture) on
RAF community structure. We conducted our study in
the Biodiversity Exploratories (http:/www.biodiversity-
exploratories.de/startseite/) on 150 plots in coniferous
and deciduous forests in three regions [Schwabische Alb
(A), Hainich-Din (H) and Schorfheide-Chorin (S)] located
along a transect from the south-west to the north-east of
Germany (Fischer et al., 2010). The regions are charac-
terized by different climatic conditions with mean annual
temperatures ranging from 6°C to 8.5°C and precipitation
from 500 to 1000 mm (Fischer et al., 2010). The S region
is characterized by the warmest and driest climatic condi-
tions; A is the coolest and moistest region, and the cli-
mate in H is similar to that in the A region (Fischer
et al., 2010). We hypothesized that (i) the composition of
RAF is driven by soil chemistry and root traits explaining
divergent taxonomic structures of RAF communities in
different biogeographic regions and that (ii) the impact of
root chemistry on RAF depends on the functional guild,
being stronger for symbionts (mycorrhizal fungi) than for

saprotrophic or pathotrophic fungi. Alternatively, we
hypothesized that (i) RAF assemblages are structured
by distinct interactions of phylogenetic groups with root
chemistry and abiotic habitat filters. To address these
hypotheses, we characterized RAF taxonomic and tro-
phic structures in relation to soil and root chemistry.

Results

Soil and root chemistry vary among biogeographic
regions

Soils in S forests were more acidic than those in H (inter-
mediate) and A (Table 1). Soil carbon and nitrogen con-
tents were lowest in S and highest in the A region
(Table 1). The highest soil C/N ratio was present in S
(Table 1). Other soil nutrients also showed considerable
differences among the regions, with the highest P and
the lowest cation contents in S, the lowest P in H and the
highest cation contents in A (Table 1). Soil moisture in
the region S was lowest and that in A highest (Table 1).
Soil moisture and soil temperatures were significantly
correlated (r = —0.53, p < 0.001, Fig. S1).

The total annual N deposition was similar among the
regions ranging from about 14 to 17 kg ha™' a™', but the
composition varied. The amounts of NOz™ were higher in
A (upto 10 kgha™'a™") than in S and H (about 7 kg ha™"
a~"), whereas higher NH,* and organic N amounts were
deposited in S than in A and H (Table S1). In agreement
with the atmospheric deposition, the concentration of soil
NH4* was highest in the S and lowest in the A region,
while the concentrations of soil NO3™ exhibited the oppo-
site order (Table 1).

Root chemistry also showed differences among the for-
est regions. The root concentrations of carbon, glucose
and fructose were higher in the S than the other two
regions (Table 1). Root starch concentrations were higher
in A than in H and S (Table 1). Root N concentrations
were highest in the A and lowest in the S region. The
concentrations of root NO3~ were significantly higher in
the S than the other two regions, while there were no dif-
ferences in NH,™ concentrations among the roots from
the three regions (p =0.173, Table 1). The root C/N
ratios did not differ between A and H but were higher in
roots from S than in those from the other regions
(Table 1). Root P content was lower in H and root cations
lower in S than in the other regions, reflecting the varia-
tion in soil contents of these nutrients (Table 1).

Taxonomic and trophic community structure of RAF

For the comparison of fungal operational taxonomic unit
(OTU) richness and diversity metrics, we used a quality-fil-
tered, rarefied data set, which consisted of 8400 sequences
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Table 1. Characterization of soil and root chemistry, soil pH and soil moisture in three forest regions (A = Schwabische Alb, H = Hainich-Din,

S = Schorfheide-Chorin).

Study region p value
Variables Unit A H S A-H-S A-H A-S H-S
Soil variables
Soil C gkg™ 62.52 + 1.92 36.85 + 1.55 19.79 £ 0.65 <0.001 <0.001 <0.001 <0.001
Soil N® gkg™’ 468 +0.14 2.76 = 0.11 1.11 £0.04 <0.001 <0.001 <0.001 <0.001
Soil NH4*? mg kg™ 0.32 + 0.04 0.44 £ 0.07 0.67 + 0.06 <0.001 0.385 <0.001 <0.002
Soil NO3~ mg kg™’ 2.35+0.17 1.31 £0.10 0.71 £ 0.08 <0.001 <0.001 <0.001 <0.002
Soil C:N? 13.4 £ 0.11 13.4 £0.16 18.3£0.38 <0.001 <0.999 <0.001 <0.001
Soil P? mg kg™’ 95.4+10.9 49.6 +1.84 119.8 £ 6.2 <0.001 <0.001 <0.001 <0.001
Soil §? mg kg™ 82.9 + 3.58 75.0 £ 2.06 56.0 + 1.50 <0.001 0.369 <0.001 <0.001
Soil Sum Cations®® mmol kg 96.1 + 3.63 77.7 £ 4.07 12.6 + 0.60 <0.001 <0.001 <0.001 <0.001
Soil pH? 5.23 +0.10 4.80 £ 0.12 3.55 + 0.02 <0.001 0.002 <0.001 <0.001
Soil moisture % 58.7 £ 1.25 43.6 £ 0.99 14.6 + 0.61 <0.001 0.001 <0.001 <0.001
Root variables
Root C gkg™’ 436.55 + 5.44 421.31 +5.57 488.36 + 2.93 <0.001 0.068 <0.001 <0.001
Root glucose® gkg™ 2.53+0.13 2.08 + 0.09 4.36 + 0.26 <0.001 0.058 <0.001 <0.001
Root fructose gkg™’ 1.25 +0.09 1.06 + 0.06 1.95+0.17 <0.001 0.471 0.004 <0.001
Root starch® gkg™ 4.68 + 0.85 1.83+0.28 3.64 £ 0.87 0.022 0.019 0.154 0.651
Root N# gkg™’ 13.87 £ 0.45 12.15+0.26 11.51 £ 34 <0.001 0.006 <0.001 0.236
Root NH,*® mg kg™ 29.81 + 3.21 22.43 £1.05 29.57 + 1.98 0.173 0.443 0.797 0.156
Root NO3~ mg kg™’ 1716.2 + 123.8 1735.1 £ 89.0 2207.5 + 136.7 0.006 0.993 0.012 0.017
Root C:N?® 32.8 + 0.96 35.4 +0.85 44.4 +1.53 <0.001 0.087 <0.001 <0.001
Root P? mg kg™’ 1100.7 + 64.8 815.8 + 25.6 1090.2 + 34.5 <0.001 <0.001 0.235 <0.001
Root S? mg kg™’ 1432.7 £ 76.5 1377.6 £ 49.0 1128.7 £ 22.9 <0.001 0.061 0.204 <0.001
Root Sum Cations®® mmol kg™’ 424.8 £ 14.7 426.5 £ 16.7 192.5 + 5.68 <0.001 <0.999 <0.001 <0.001

Significant differences at p < 0.05 are indicated with bold letters. Data are means of n = 50 plots per region + SE.

3Data were subjected to In transformation before ANOVA analysis.
PSum of K, Ca and Mg molar compositions.

per plot corresponding to a total of 3366 different OTUs
(Table S2). Mean observed fungal OTU richness per plot
was almost twice higher in the H than in the S region
(Table 2). This result was also supported by the calculation
of maximum OTU richness (via Michaelis—Menten fit,
Table 2). Classification of fungal guilds revealed higher rich-
ness of symbiotrophic, saprotrophic and pathotrophic fungi
on roots in H than in S, while A exhibited intermediate OTU
richness (Table 2). Shannon diversity and Evenness were
not different among the regions (Table 2).

The taxonomic composition of RAF varied among the
forest regions, resulting in distinct clusters for RAF
community structures in A, H and S (ANOSIM,
p <0.001, R =0.40, Fig. 1A). The OTU dissimilarities of
the communities were explained by all tested soil prop-
erties and root traits except root NH,* concentrations
(Fig. 1A, Table S3).

Classification of OTUs according to fungal orders rev-
ealed phylogenetic differences among the RAF assem-
blages (ANOSIM, p <0.001, R =0.46, Fig. 1B). Ten

Table 2. OTU richness and diversity estimates of RAF in three biogeographical regions.

Mean = standard error p value

Parameter A H S A-H-S A-H A-S H-S

Observed OTU richness 157 +7 201 +8 119+ 3 <0.001 <0.001 <0.001 <0.001
Michaelis—Menten Fit* 182+9 240+ 9 135+4 <0.001 <0.001 <0.001 <0.001
SY richness 47 £2 62+ 3 27 £1 <0.001 <0.001 <0.001 <0.001
SA richness 302 34+2 26+ 1 <0.001 <0.001 <0.001 <0.001
PA richness 9+1 15+ 1 10+1 <0.001 <0.001 0.251 <0.001
Shannon (H’) 423 +0.1 437 +0.1 4.04 + 0.1 0.072 0.591 0.382 0.058
Evenness (Ep) 0.85+0.0 0.83 £ 0.0 0.85+0.0 0.624 0.760 0.973 0.622

A = Schwébische Alb; H = Hainich-Diin; S = Schorheide-Chorin; SY = symbiotrophic fungi; SA = saprotrophic fungi; PA = pathotrophic fungi. Dif-
ferences at p < 0.05 are indicated with bold letters. Data are means of n = 50 plots per region + SE. Generalized linear model (Poisson) was
used to analyse the count data (OTU richness). ANOVA were used for analysis of the continuous variables (Shannon, Evenness and Michaelis
Menten fit).

8Calculated OTU richness using the Michaelis—Menten algorithm.
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Fig 1. NMDS of fungal species (OTU-based) (A) and relative abundance of orders (B) of root-associated fungal communities in 150 forest plots

in three regions.

Fungal taxonomic dissimilarities were based on Bray—Curtis dissimilarity matrices. Abundance data are means of n = 50 plots per region, each
rarefied to 8400 reads per plot. A = Schwébische Alb (orange circle), H = Hainich-Diin (blue square) and S = Schorfheide-Chorin (green triangle).
Statistical information is found in Table S3. [Color figure can be viewed at wileyonlinelibrary.com]

fungal orders were dominant with OTU abundances
greater than 2% of the total number of OTUs. These
orders accounted together for about 87.3% of the total
OTUs abundances (Fig. 1B). Only 5.1% of the reads
could not be assigned to any fungal order (Fig. 1B).
Agaricales dominated in A and Russulales in S (Fig. 1B,
Table S4). These Basidiomycota are known to form
ectomycorrhizal associations and accounted together for
more than 50% of the RAF communities (Fig. 1B).
Ascomycota, mainly of the orders Helotiales and
Pezizales, which contain also ectomycorrhizal fungal
species, were more abundant on roots in the S than on
those in the H and A forests (Fig. 1B, Table S4).

Root traits and soil properties as drivers of RAF
communities

We explored the relationships of the fungal guilds and
orders with environmental factors (soil properties, root
traits as predictors) by calculating their standardized coeffi-
cients for interaction (SCIl) (Fig. 2, Table S5). This
approach did not yield any SCI as predictor for
symbiotrophs, five for saprotrophs (negative: root NO5~,
positive soil C/N, root C/N, root glucose, root NH4*) and
three for pathotrophs (negative: root NO3™, soil C/N, posi-
tive: soil P) (Fig. 2). The percentage of explained variance
ranged from 21% to 27% (Fig. 2). When the fungal guilds
were split into orders, each of the resulting 15 groups (9
symbiotrophic, 5 saprotrophic, and 1 pathotrophic order)

exhibited more complex patterns of the SCls than those
found for the guilds alone and the percentage of explained
variance ranged from 5% to 46% (Fig. 2). The most fre-
quent SClIs, which were detect in more than half of the
fungal groups, were root NOz~ (in 10/15 group), root
starch, root sulfur, soil NH,*, and soil basic cations (each
in 8/15 fungal groups). For example, the symbiotrophic
Russulales, Boletales, and Pezizales as well as the
saprotrophic Pezizales were positively related to root
NO3;~, whereas negative SCls for root NO3z~ were
obtained for all categories of the Helotiales (symbiotroph,
saprotroph, pathotroph), the saprotrophic Agaricales and
Glomerales (symbiotrophic). The SCls for other variables,
which might have been expected such as soil pH, soil P
or soil C/N, root C/N occurred in 7 out of the 15 groups.
Notably, in three orders, the mycorrhizal groups
(Agaricales, Sebacinales and Thelephorales) showed neg-
ative relationships with soil P, indicating that these groups
were increased under low P, whereas others decreased
with increasing soil P (Fig. 2). Soil pH also showed contra-
sting SCls: positive values for the symbiotrophic
Pezizales, Thelephorales and Sebacinales, and negative
values for Russulales (symbiotrophs) and saprotrophic
Atheliales and Trechisporales (Fig. 2). Some of the groups
showed similar responses. For example, symbiotrophic
Agaricales, Sebacinales and Thelephorales showed posi-
tive SCls for soil moisture and negative SCls for soil pH
(Fig. 2). As the consequence of contrasting SCls, environ-
mental drivers can be masked when different order and

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Fig 2. SCI between the abundance of root-associated fungal orders and guilds with soil and root chemistry.

Percent variance explained by soil and root variables is shown in parentheses. Orders with a relative abundance >2% were included in the analy-
sis. All taxa per guild together (SY = symbiotroph, SA = saprotroph, PA = pathotroph). Rows for groups according to guild and order were clus-
tered using correlation distance and average linkage. Blue colours indicate negative SCls and red colours indicate positive SCls. [Color figure

can be viewed at wileyonlinelibrary.com]

functional guilds are analysed together or SCls can be
enhanced, when the responses of different groups are
similar.

To test whether the responses of orders were more
dissimilar than the guilds within an order, we used the three
orders for which several symbiotrophic and saprotrophic
species (OTU-based) were available (Agaricales, Heliotales,
Pezizales). Two-way permutational multivariate analysis of
variance (PERMANOVA) showed that the SCls differed
significantly among orders and guilds but showed no interac-
tion (Table 3). Comparing symbiotrophic orders among each
other (PERMANOVA), we found significant differences

between Agaricales and Heliotales (p = 0.010), a marginal
difference between Agaricales and Pezizales (p = 0.067),
and no significant difference between the Ascomycota
Heliotales and Pezizales (p = 0.132). No differences were
found for SCls of the saprotrophs in the order of Agaricales,
Heliotales and Pezizales (p > 0.05).

Comparing the effect sizes of root- and soil-related factors
showed that symbiotrophs in four orders had stronger root
than soil responses (Atheliales, Glomerales, Boletales and
Helotiales) but three orders (Thelephorales, Agaricales
and Sebacinales) showed stronger soil than root effects
(Fig. 3). Comparing the effect sizes of root and soil on the

Table 3. Two-way PERMANOVA for SCI of Agaricales, Heliotales and Pezizales according to order and guild.

Factor Sum of squares df Mean square F p
Guild 0.209 1 0.209 1.026 0.030
Order 0.360 2 0.180 0.884 0.031
Interaction -9.013 2 -4.507 -22.13 0.268
Residual 20.76 102 0.204

Total 12.32 107

Permutation N = 9999.
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symbiotrophs in our study, no significant differences were
found (paired rank test, p = 0.406). Similarly, there were
dominant soil effects for saprotrophs in distinct orders
(Atheliales, Trechisporales, Pezizales) (Fig. 3), but the over-
all comparison of root and soil effect sizes did not reveal a
clear dominance of either compartment in the group of the
saprotrophs (paired rank test, p = 0.208).

Discussion

Habitat filtering and root traits explain divergent
Structures of root-associated fungal communities in
different temperate forest regions

We found a strong taxonomic differentiation of RAF
communities among the three forest regions. Soil N and
pH were strong drivers of those dissimilarities, in agreement
with other studies on soil and root fungi in forest ecosystems
(Philippot et al., 2013; Zhang et al., 2013; Moeller et al., 2014;
Walker et al., 2014; Goldmann et al., 2015, 2016;
Sterkenburg et al., 2015; Glassman et al., 2017; Kolarikova
etal., 2017; Maghnia et al., 2017). Itis further known that veg-
etation composition influences mycorrhizal fungal communi-
ties (Ishida et al., 2007; Lang et al., 2011; Bahnmann
et al., 2018; van der Linde et al., 2018). Significant relation-
ships among tree species, root nutrient chemistry and mycor-
rhizal diversity were found (Lang and Polle, 2011). Here,
beech (Fagus sylvatica) was the dominant species across all
plots and previous studies indicated approximately 70%
beech roots in topsoil samples (Pena et al., 2017). Therefore,
the variation in root resources in the present study might have
been caused in parts by plant species composition, but a

detailed dissection of host effect was beyond the scope of this
work.

In addition to soil moisture, soil NO3™, basic cations and P
were significant factors, explaining the separation of fungal
assemblages among different regions. In agreement with
other studies (Zavisic et al., 2016) P had less effects on the
RAF community structure than N. Different N forms are
known to influence mycorrhizal assemblages (Kranabetter
et al., 2015). Still, the effects of soil NO3;~ and NH,* in the
current study may appear surprising because the concen-
trations of inorganic N in soil show rapid temporal fluctua-
tions (e.g., Dannenmann et al., 2009) and one time
measurements of inorganic N may not reflect soil N avail-
ability (Binkley and Hart, 1989). However, available inor-
ganic nitrogen forms are generally linked with soil pH and
prevalent as NH,* in acid and as NO3™ in calcareous envi-
ronments (Lapeyrie et al., 1987; Dames et al., 1999) as
observed here as well. Earlier measurements in a subset of
our plots also reported higher NO3™ in less acidic soils
(A region) and higher NH4* in more acidic soils (S region)
(Pena et al., 2017). Recently, we repeated the measure-
ments of inorganic N across all 150 plots and confirmed
higher concentrations NO3;~ in the A and lower in the
S region; vice versa, we found higher NH,* in the S and
lower in the A region (Polle and Pena, unpublished results).
Furthermore, the observed regional differences of NOz~
and NH,* in soils also correspond to higher deposition of
NO;~ and NH,*, respectively, in these areas (Schwarz
et al., 2014). Collectively, these reports underpin long-term
differences in the inorganic N forms in the soils and, thus,
support the role of inorganic N forms as drivers of RAF com-
munity structure in temperate forests.

In general, high N deposition results in reduced mycor-
rhizal species richness (Lilleskov et al., 2002a; Lilleskov
et al., 2008; Cox et al., 2010; Suz et al., 2014; de Witte
et al., 2017), while naturally nitrogen-rich soils can also
show high mycorrhizal diversity (Kranabetter et al., 2009).
Here, we found higher fungal symbiotrophic species (OTU)
richness in forests with higher inorganic N concentrations
in soil than in those with lower N availabilities, which might
have been caused by positive effects of moderate N
increases, in agreement with other studies (Lilleskov
et al., 2002a; Cox et al., 2010; van der Linde et al., 2018).
Other explanations are also possible. For example, mycor-
rhizal fungi are known to be sensitive to elevated tempera-
tures (Marx et al., 1970; Sanchez et al., 2001; Lazarevi¢
et al., 2016; Mucha et al., 2018) and drought (Leberecht
et al., 2016a; Taniguchi et al., 2018). Since the region with
reduced RAF species richness also exhibited lower soil
moisture and higher temperatures, we suggest that these
conditions might have played a critical role in reducing
OTU richness in RAFs in warmer, drier regions than in
cooler, moist climate.
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The importance of the vegetation structuring mycorrhizal
communities has often been shown (e.g., plant community
composition: Wubet et al., 2012; stand type and manage-
ment: Pena et al., 2017; Bahnmann et al., 2018; host iden-
tity: van der Linde et al., 2018). Our study goes a step
further towards a mechanistic understanding of the influ-
ence of the vegetation community on the fungal communi-
ties by testing if variation in root chemistry (which we
expect to vary with environment and host community) is an
important driver of fungal community structure. Beside soil
factors, root nutrient resources (carbohydrates, C, NO3™,
N, cations) also exhibited significant relationships with the
composition of RAF assemblages supporting our initial
hypothesis. While the abiotic environment is generally a
driver of the fungal communities, root features and mycor-
rhizal functions can be both response or effect traits (Koide
et al., 2014). Girdling studies revealed that root carbohy-
drates affect the mycorrhizal species spectrum on roots
(Druebert et al., 2009; Pena et al., 2010; Pena and
Polle, 2014) and, therefore, root chemistry can be consid-
ered as a driver of fungal communities. However, root nutri-
ent status and fungal nutrient demand can influence each
other (Markkola et al., 2004; Valtanen et al., 2014;
Leberecht et al., 2016a) and thereby may affect the direc-
tion of the response. Here, root carbohydrates as well as
root N and cations were strong explanatory variables for
the separation RAF assemblages among different regions.
Overall, our results highlight relationships of soil habitat
and root carbon and nitrogen contents with RAF commu-
nity structure.

Complex interactions of fungal taxa with root traits and
soil properties structure the fungal assemblages

The RAF communities in this study were composed of
symbiotrophic, saprotrophic and pathotrophic guilds, in
which ectomycorrhizal fungi, i.e., symbionts, formed the
dominant group. This composition was expected in
agreement with other investigations of root-residing fungi
in temperate forests (Goldmann et al., 2016; KolaFikova
et al., 2017; Schroter et al., 2019). Here, we tested the
hypothesis that different trophic guilds of fungi harbour
signatures related to features of their ecological niche,
i.e., that the saprotrophic guild would be less affected by
root than by soil properties, whereas the symbiotrophic
guild would show strong root and less soil impact. How-
ever, in contrast to this expectation, the saprotrophic
guild showed a higher number of significant interactions
with root (C/N, NO3~, NH,4*, glucose) than with soil prop-
erties, whereas significant soil and root effects on the
whole assemblage of symbiotrophs were absent. Fungal
biomass of saprotrophs was also stronger affected by
plant than by soil factors, while these factors had less
impact on symbiotrophs (Awad et al., 2019). The reason
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that we found no significant effects on the whole group of
symbiotrophs could be related to the fact that the fungal
guilds were composed of different orders, each being
characterized by unique response patterns to abiotic
drivers and roots traits. For example, for symbiotrophs in
distinct orders, soil pH was an important driver, but in
opposing directions, negative for Russulales and positive
for Pezizales and Sebacinales. As a result, in composed
assemblages, contrasting effects may neutralize each
other or disappear when the abundance of pH-dependent
orders is low compared with dominant orders such as the
Agaricales and, thus, explain the apparent pH indepen-
dence of guilds. Our findings underpin that evolutionary
differences among distinct fungal groups determine their
responses to abiotic filters and root traits. Along similar
lines, Treseder and Lennon (2015) reported that maxi-
mum variance of fungal traits related to N and P transfor-
mation could be explained at the levels of order to
phylum. These results are also compatible with the gen-
eral principle of niche-selection filtering (Chase and
Myers, 2011), which results, for instance, in a stronger
phylogenetic clustering of mycorrhizal fungi in the drier
and more acid habitat than under more favourable, moist
soil conditions (Pena et al., 2017). These considerations
imply that the relationship of a guild with habitat filters
such as that of the symbiotrophic fungi with root NO3™
and NH,* is the outcome of the combination of the char-
acteristics of the taxa that make up that assemblage and
thus, will vary, if the community composition was chan-
ged. Thus, the drivers of any multi-taxa trophic guild in
RAFs must be context-dependent.

In contrast to guilds as a whole, which showed mainly
moderate or no responses to different soil- or root-related
variables, our analyses of fungal orders uncovered larger
differences for the standardized effects of root traits and
environmental filters. Glomerales were most strongly
responsive to roots traits, in particular to root NO;™. Nega-
tive effects of elevated soil nitrogen levels on arbuscular
mycorrhizal fungi have often been reported (Bradley
et al., 2006; Rodriguez-Echeverra et al., 2017; Xu
et al., 2017; Ceulemans et al., 2019), but this effect can be
counteracted by higher richness and land cover of
arbuscular mycorrhizal plants in more productive soils
(Kranabetter and MacKenzie, 2010). The present results
suggest that at the plot level, root nitrogen may be more
important than soil nitrogen levels for the abundance of
arbuscular mycorrhizal fungi. In contrast to the Glomerales,
the groups of ectomycorrhizal symbionts and saprotrophs in
different orders did not show a clear dominance of root-
respective soil-related factors but were distinguished by dis-
tinct patterns of interaction coefficients. The most frequent
discriminating factor was root NO3™ (10/15 groups), followed
by root starch and sulfur besides soil basic cations and
NH,* (8/15 groups). While root starch might have been
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expected, the importance of root NO3;~ was surprising. We
can currently only speculate that this result might have been
caused by different fungal abilities to use and translocate
NO;™ (Leberecht et al., 2016b; Nguyen et al., 2017). In gen-
eral, fungal species grow well on NH,* (Finlay et al., 1992;
Keller, 1996; Yamanaka, 1999), whereas the fungal efficien-
cies to utilize NO3~ vary strongly among taxa (Nygren
etal., 2008). The main agaricoid fungi in our study, Laccaria
and Hebeloma can use both inorganic N sources
(Yamanaka, 1999, 2003), but for important russoloid taxa
(Russula sp., Lactarius sp.) divergent results have been
reported. Russula spp. are nitrophilic species (Lilleskov
et al., 2002b), but their growth was inhibited by NO3™;
Lactarius spp. transform NO3~ into NH,* and exude this
compound into the medium (Nygren et al., 2008). In agree-
ment with lower NO3™ usage, Russulales were dominant in
regions with low soil NOz™ and high soil NH,* concentra-
tions, explaining differences in RAF community composi-
tion. Roots showed inverse NO3s~ and NH,4* patterns, which
might have been caused by complementary resource use.

Taken together, our results support that adaptation to
distinct ecological niches drive RAF community structure.
Symbiotrophic fungi in different orders showed divergent
patterns in response to root and soil chemistry.
Symbiotrophic taxa in several orders, especially the
Glomerales, which reside inside roots, were more
strongly affected by root than by soil factors. Differences
at the level of fungal orders suggest that widely con-
served properties dominated the responses. This conclu-
sion is supported by conserved genes for functional traits
at higher phylogenetic levels (Amend et al., 2016;
Treseder and Lennon, 2015) that could explain trait differ-
ences among the orders found here. However, in contrast
to our initial hypothesis, the symbiotrophic and
saprotrophic guilds were not distinguished by the effect
sizes of root- or soil-related factors. The mechanisms that
result in the segregation of RAFs across temperate for-
ests remain speculative because our knowledge on fun-
gal traits and their nutritional preferences is still very
limited. To better understand the outcome of ecological
interactions, comprehensive analyses of fungal species
and their traits are required. In combination with the cur-
rent genome projects on ectomycorrhizal fungi, which
provide information on the molecular tool boxes of distinct
taxa (Grigoriev et al., 2014), these efforts will greatly be
expedited.

Experimental procedures
Study site description

This study was conducted in the Biodiversity Explor-
atories (http://www.biodiversity-exploratories.de/startseite/)
encompassing three biogeographic regions located in the

south-west (Schwabische Alb), centre (Hainich-Diin) and
north-east (Schorfheide-Chorin) of Germany (Fischer
et al.,, 2010). Key bioclimatic and geographic data have
been summarized in Table S1. In addition to climatic differ-
ences, the soil types differ among the regions with loamy
soils in A and silty soils in S (Table S1). In each region, 50
forest plots (100 x 100 m) were established. The locations
of the plots can be found at http://www.biodiversity-
exploratories.de/exploratories/. The plots are dominated by
Fagaceae (Fagus sylvatica or Quercus sp.) or Pinaceae
(Picea abies or Pinus sylvestris), with a mean age of
114 years.

Root and soil sampling

In early May 2014, 150 mineral topsoil samples
(0-10cm) and 150 root samples were collected in 150
forest plots as follows: in each forest plot, two transects
of 40 m length were established. Fourteen soil cores
were taken with a split tube (56 mm in diameter) along
the transects from north to south and from west to east at
the sampling points 2.5, 8.5, 14.5, 20.5, 26.5, 32.5 and
38.5 m from the starting points. When present, the forest
floor was removed before sampling. The collected soil
cores were mixed yielding one a composite sample per
plot. An aliquot of soil from the composite sample was
used for element analysis. We used 200 g of the com-
posite sample to separate soil and roots by sieving. A
sieved soil sample was kept for further analyses. The
roots were gently washed with cool tap water, the fine
roots cut off, immediately frozen in liquid nitrogen in the
field and stored at —80°C. Sorting of roots according to
vitality was not possible, but previous analyses showed
no differences in root tip vitality among the different
regions (Pena et al., 2017).

Analysis of root and soil carbon, nitrogen and mineral
nutrient elements

Aliquots of fine roots were dried at 60°C for 1 week and
ground to a fine powder with a ball mill (Type MM400,
Retsch GmbH, Hann, Germany). Aliquots of 0.7-1 mg
were weighed into 4 mm x 6 mm tin capsules (IVA Anal-
ysentechnik, Meerbusch, Germany) using a microbal-
ance (Model: Cubis MSA 2.7S-000-DM, Sartorius,
Gottingen, Germany). Samples were analysed in an Ele-
mental Analyzer (Model SHNC-O EA1108, Carlo Erba
Instruments, Milan, Italy). Acetanilide (71.09% C, 10.36%
N) was used as the standard for quantification of N and
C. Total carbon and nitrogen contents in soils were
analysed on ground subsamples by dry combustion in a
CN analyser ‘Vario Max’ (Elementar Analysensysteme
GmbH, Hanau, Germany). Mineral element concentra-
tions of Ca, K, Mg, P and S were determined using iCAP
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6300 Duo VIEW ICP Spectrometer (Thermo Fischer
Scientific GmbH, Waltham, MA, USA) after pressure
digestion of samples in 65% HNO;3 for 12 h (Heinrichs
et al., 1986).

Determination of non-structural carbohydrates

Non-structural carbohydrates in fine roots were deter-
mined enzymatically by NADPH production at the
wavelength of 340 nm in a spectrophotometer (Type
UV-DU640, Beckmann, CA, USA) (Schopfer, 1989).
Briefly, frozen root samples were milled and extracted in
dimethyl sulfoxide and 25% HCI (80:20, vol:vol). For the
assay, the following enzymes were used: 10 pl hexoki-
nase/glucose-6-phosphate dehydrogenase (3 mg mi~",
340 U hexokinase mi~" and 170 U glucose-6-phosphate
dehydrogenase mi~'; Roche Diagnostics GmbH, Mann-
heim, Germany) for glucose determination, 5 pl phospho-
glucose isomerase (10 mgmi~', 350U mg~'; Roche
Diagnostics GmbH) for fructose and 10 pul of invertase
(30 mg mI~", 200-300 U mg~"; Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) for sucrose. For starch
analysis, amyloglucosidase [(10mgml~", 14Umg™’;
Roche Diagnostics GmbH) in 50 uM citrate buffer pH 4.6
(1:5, vol:vol)] was used to convert starch to glucose and
then the glucose assay was used.

Determination of soil and root ammonium and nitrate

Ammonium (NH,*) and nitrate (NO3z™) of soil samples
were extracted from 20 g of fresh soil in 40 ml of 1 mM
CaCl, solution. The samples were thoroughly shaken for
10 min and filtered for 1 h using folded filter papers MN
280 (Macherey-Nagel, Duren, Germany). To remove all
organisms, the filtrates were further filtered through a
0.2-um sterile Corning® syringe filters (CLS431218
Sigma, Sarstedt, Nimbrecht, Germany) and then kept at
—80°C until further analysis. The ammonium and nitrate
concentrations in the filtrate were spectrophotometrically
analysed using ammonium (#100683) and nitrate
(#109713) test kits (Merck, Darmstadt, Germany) follow-
ing the manufacturer’s instructions.

Fifty micrograms of frozen root powder were extracted
in 0.4 ml of methanol (VVA, Cologne, Germany) and
chloroform (Th. Geyer GmbH, Renningen, Germany)
(3.5:1.5, vol:vol) as described by Winter et al. (1992).
After incubation at 40°C for 60 min, 0.2 ml demineralized
water was added to the sample solution, shaken and
centrifuged for 5min at 5000 rpm (Model 5417R,
Eppendorf AG, Hamburg, Germany). The lower hydro-
philic phase was collected and extraction with water
repeated twice. The hydrophilic phases were merged and
dried in a vacuum concentrator (Model 5301, Eppendorf-
Netheler-Hinz GmbH, Hamburg, Germany) at 35°C. The
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residue was resuspended in 400 pl demineralized water
and centrifuged shortly at 5000 rpm (Model 5417R,
Eppendorf AG). The supernatant was used for ammo-
nium and nitrate determinations as above.

Determination of soil pH and soil moisture

Twenty-five millilitres of 0.01 M CaCl, was added to 10 g
soil. The soil pH was measured with a WTW pH meter
538 (Wissenschaftlich-Technische-Werkstatten GmbH,
Germany). Two measurements per sample were taken,
and final value was calculated as the average value of
the two measurements. To determine soil moisture, soil
samples were dried at 105°C to a constant weight.
Weights were taken before and after soil drying. The per-
centage of water in soil was calculated as follows:

(moist soil weight—dry soil weight)

dry soil weight x 100

Soil water content (%) =

DNA extraction and amplification of internal transcribed
spacer region 2

Frozen fine roots were ground in a ball mill (Type
MM400, Retsch). Total DNA from roots was extracted
using the innuPREP Plant DNA Kit (Analytik Jena AG,
Jena, Germany) according to the manufacturer’s instruc-
tions. Fungal ribosomal internal transcribed spacer (ITS)
region 2 was amplified with a Mastercycler Gradient
(Eppendorf AG, Hamburg, Germany) using the forward
primer ITS3_KYO2 (Toju et al., 2012) and the reverse
primer ITS4 (White et al., 1990). Primers were purchased
from Microsynth AG (Balgach, Switzerland). Details of
the PCR conditions and purification have been reported
as an addendum to Table S2. Purified PCR products
were quantified using a Qubit dsDNA HS assay Kit in a
Qubit 3.0 Fluorometer (Thermo Fischer Scientific,
Dreieich, Germany) and pooled at equimolar concentra-
tions for sequencing. Amplicons were sequenced using
the dual index paired-end approach (v3, 2 x 300 bp) for
the MiSeq platform (lllumina).

Sequence processing and analyses

Demultiplexing of raw sequences was performed by
CASAVA data analysis software (lllumina). Paired-end
sequences were merged using PEAR v0.9.10 (Zhang
et al., 2014) with default parameters. Subsequently, we
used Quantitative Insights into Microbial Ecology (QIIME)
v1.9.1 (Caporaso et al., 2010) with the split_library_fastq.
py script to remove the sequences with an average qual-
ity (Phred) score lower than 20 or containing unresolved
nucleotides. For the removal of reverse and forward
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primer sequences, cutadapt v1.12 (Martin, 2011) with
default settings was applied. Before OTU clustering, we
employed USEARCH v9.2.64 (Edgar, 2010) with the
UPARSE (Edgar, 2013) algorithm to remove sequences
shorter 140 bp, discard singleton reads, merge identical
sequences (dereplication) and sort sequences by cluster
size. OTUs were clustered at 97% sequence identity
using USEARCH. Chimeric DNA sequences were
detected and removed using UCHIME2 algorithm (Edgar
et al., 2011) with a reference data set from the Unite
database Version 7.1 (Abarenkov et al., 2010), available
at https://unite.ut.ee/repository.php. The merged paired-
end sequences were mapped to chimera-free OTUs. The
OTU table was generated using USEARCH. Taxonomic
assignment of OTUs was performed with para-
llel_assign_taxonomy_blast.py against the UNITE data-
base, version 7.1. Extrinsic domain OTUs and
unclassified OTUs were removed from the data set by
employing filter_otu_table_py. This procedure resulted in
a total of 5,030,679 quality-filtered reads, which were
clustered into 4765 OTUs. All unidentified fungal OTUs
were searched by blastn against the nt database of NCBI
GenBank (May 2017) to remove non-fungal OTUs (espe-
cially plant sequences), and only fungal classified reads
were kept. Thereby, we acquired 4,758,344 fungal reads
that were grouped into 3815 OTUs. The highest number
of reads in a sample was 101,929, while the lowest num-
ber was 8471 reads. On average, there were 31,722 fun-
gal reads per sample. For comparison, all samples were
rarefied by random selection to the same number of
reads utilizing the lowest number of sequences present
in one of the samples (total 8400 reads). The sequences
were deposited in sequence read archive under the
accession number SRP140604. The OTUs were
assigned to functional guilds using the software
FUNGuild (Nguyen et al., 2016) (Table S2). An overview
on reads per order and life style is shown in Table S6.

Statistical analysis and calculations

Statistical analyses were conducted using R statistical
software version 3.4.1 (R Core Team, 2017). Data distri-
bution and homogeneity of the variance were checked by
visual inspection using histograms and residual plots.
When the data did not show a normal distribution, the
data were log-transformed for statistical analyses. We
used ANOVA to compare the means of soil and root vari-
ables among the three biogeographical regions. General-
ized linear models (Poisson regression, chi-square test)
were used to compare the means of count data-related
variables such as fungal OTU richness and read abun-
dance among the study regions. Pairwise differences
between study regions were compared using Tukey’'s
honestly significant difference test. Differences between

saprotrophs and symbiotrophs in the same fungal order
were analysed by the paired-rank Kruskal-Wallis test.
Two-way and one-way PERMANOVA were conducted on
the matrix of interaction coefficients (see below) to test
similarities between different fungal orders and guilds
(using correlation as the distance measure). Non-metric
multidimensional scaling (NMDS) ordination of RAF fun-
gal communities was conducted using function metaMDS
() in ‘'vegan’ package (Oksanen et al., 2018) with three
dimensions and 100 iterations. The root and soil-related
explanatory variables were fitted to NMDS plots using the
envfit() function of the ‘vegan package’. Only the vectors
of significant correlations (p < 0.05) with the ordination
(random 999 permutation steps of the data) were plotted
(Oksanen et al., 2018).

To obtain a meaningful statistical assessment of root
and soil effects, the a priori selection of key variables in a
balanced design is required (Borcard et al., 2011). With
the exception of soil pH for which no corresponding
parameter was available, all other parameter were mir-
rored in roots and soil. The contribution of root and soil
factors and their combination in explaining the total varia-
tion in the fungal community response was assessed
using the function varpart() in the ‘vegan’ package. The
analysis was conducted using the two explanatory matri-
ces, root and soil factors and the OTU abundance
response matrix. The variation partitioning between the
root and soil variables was based on redundancy analy-
sis ordination models using permutational ANOVA
(p <0.05; 999 permutations). Abundance data were
Hellinger-transformed. The contribution of each fraction
was evaluated by adjusted R? (Peres-Neto et al., 2006).
The relationship between the specific root and soil vari-
ables and taxa abundance was further investigated by an
integrated multivariate species distribution model that
analyses the taxa distribution based on their abundance,
assuming different response for different taxa
(Brown, 2014). This analysis was computed in the
‘mvabund’ packages in R (Wang et al., 2012) using the
trait generalized linear model, function traitGLM(), where
the trait argument was the taxa ID factor. The Least
Absolute Shrinkage and Selection Operator (LASSO)
penalty was included in the function by ‘glmipath’
method. The LASSO penalty shrinks the regression coef-
ficients with a minor contribution to the model towards
zero by penalizing the regression model with an
L1-penalty term (Tibshirani, 1996; Warton et al., 2015).
The LASSO approach provides both the model selection
and parameter estimation to determine the contribution of
each explanatory variable to taxa distribution (Warton
et al., 2015). All variables were standardized by default;
therefore, the size of interaction coefficients (standard-
ized coefficients of interaction, SCIs) between the OTU
abundance and explanatory variables can be interpreted

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 22, 3081-3095


https://unite.ut.ee/repository.php

as a measure of importance. SCI matrices were clustered
and visualized in ClustVIS (https://biit.cs.ut.ee/clustvis/)
without any transformation. Both rows and columns were
clustered using correlation distance and average linkage
(Metsalu and Vilo, 2015).

Where applicable, data in tables and figures are shown
as the mean + standard error. p-value <0.05 was used
to indicate a significant difference in statistical analyses.

Acknowledgements

We are grateful to Silke Ammerschubert and Alex Fotea
(Forest Botany and Tree Physiology) for help with fine root
sampling in the field, to Gisbert Langer-Kettner and Monika
Franke-Klein (Forest Botany and Tree Physiology) for excel-
lent technical assistance in measuring carbohydrate concen-
trations and nutrient elements. We also thank Thomas Klein
(Laboratory for Radioisotopes) for his help with DNA extrac-
tion and PCR. We thank the managers of the three Explor-
atories, Kirsten Reichel-Jung, Swen Renner, Katrin
Hartwich, Sonja Gockel, Kerstin Wiesner and Martin Gorke
for their work in maintaining the plot and project infrastruc-
ture; Christiane Fischer for giving support through the central
office, Michael Owonibi for managing the central database,
and Markus Fischer Karl Eduard Linsenmair, Dominik Hes-
senmoller, Jens Nieschulze, Daniel Prati, Frangois Buscot,
Ernst-Detlef Schulze, Wolfgang W. Weisser and the late
Elisabeth Kalko for their role in setting up the Biodiversity
Exploratories project. Field work permits were issued by the
responsible state environmental offices of Baden-
Wiirttemberg, Thiringen and Brandenburg (according to §
72 BbgNatSchG). The work has been funded by the DFG
Priority Program 1374 ‘Infrastructure-Biodiversity-Explor-
atories’ (DFG, PO362/18-3,18-4; DA374/9-1,9-2;
PE2256/1-1). Dung Quang Nguyen was supported by a PhD
scholarship awarded by Ministry of Agriculture and Rural
Development (MARD), Vietnam.

Author contributions

D.Q.N. sampled fine roots, conducted the root measure-
ments, extracted DNA and prepared DNA amplicons,
analysed data and wrote the first draft of the manuscript.
N.B. supervised and supported DNA extraction and PCR.
DS and RD performed amplicon sequencing and bioinfor-
matic analysis. B.S. and R.P. measured soil NH,* and
NO3™ concentrations. R.P. analysed data. I.S. measured
soil C, N, pH and moisture. D.J. conducted statistical
data analyses. A.P. designed the study and supervised
data analyses. A.P. and R.P. revised the manuscript. All
authors commented on and approved the final version of
the manuscript.

Data Availability Statement

All data have been deposited in the BExIS database
(https://www.bexis.uni-jena.de) under the following

Root chemistry structures root fungi 3091

accession numbers (data owner): root-related parameters
22967, 22968, soil nutrient ions 26066 (Polle); soil NO3™
and NH,* 19966 (Pena); soil-related parameters 18386,
18787, 19067 (Schéning). The data that support the find-
ings of this study are available from the corresponding
author upon reasonable request.

References

Abarenkov, K., Nilsson, R.H., Larsson, K.-H., Alexander, |.J.,
Eberhardt, U., Erland, S., et al. (2010) The UNITE data-
base for molecular identification of fungi—recent updates
and future perspectives. New Phytol 186: 281-285.

Awad, A., Majcherczyk, A., Schall, P., Schréter, K.,
Schéning, 1., Schrumpf, M., et al. (2019) Ectomycorrhizal
and saprotrophic soil fungal biomass are driven by differ-
ent factors and vary among broadleaf and coniferous tem-
perate forests. Soil Biol Biochem 131: 9—18.

Bahnmann, B., Masinova, T., Halvorsen, R., Davey, M.L.,
Sedlak, P., Tom$ovsky, M., and Baldrian, P. (2018)
Effects of oak, beech and spruce on the distribution and
community structure of fungi in litter and soils across a
temperate forest. Soil Biol Biochem 119: 162—173.

Bergelson, J., Mittelstrass, J., and Horton, M.W. (2019)
Characterizing both bacteria and fungi improves under-
standing of the Arabidopsis root microbiome. Sci Rep
9:1-11.

Binkley, D., and Hart, S.C. (1989) The components of nitro-
gen availability assessments in forest soils. In advances in
soil science: volume 10. In Advances in Soil Science,
Stewart, B.A. (ed). New York, NY: Springer, pp. 57-112.

Borcard, D., Gillet, F., and Legendre, P. (2011) Numerical
Ecology with R. New York: Springer-Verlag, p. 435 ISBN
978-3-319-71404-2.

Bradley, K., Drijpber, R.A., and Knops, J. (2006) Increased N
availability in grassland soils modifies their microbial com-
munities and decreases the abundance of arbuscular
mycorrhizal fungi. Soil Biol Biochem 38: 1583—-1595.

Brown, J.L. (2014) SDMtoolbox: a python-based GIS toolkit
for landscape genetic, biogeographic and species distribu-
tion model analyses. Methods Ecol Evol 5: 694—700.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335-336.

Ceulemans, T., Geel, M.V., Jacquemyn, H., Boeraeve, M.,
Plue, J., Saar, L., et al. (2019) Arbuscular mycorrhizal
fungi in European grasslands under nutrient pollution.
Glob Ecol Biogeogr 28: 1796—1805.

Chase, J.M., and Myers, J.A. (2011) Disentangling the
importance of ecological niches from stochastic processes
across scales. Philos Trans R Soc B Biol Sci 366:
2351-2363.

Clemmensen, K.E., Bahr, A., Ovaskainen, O., Dahlberg, A.,
Ekblad, A., Wallander, H., et al. (2013) Roots and associ-
ated fungi drive long-term carbon sequestration in boreal
forest. Science 339: 1615-1618.

Cox, F., Barsoum, N., Lilleskov, E.A., and Bidartondo, M.I.
(2010) Nitrogen availability is a primary determinant of

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 22, 3081-3095


https://biit.cs.ut.ee/clustvis/
https://www.bexis.uni%2010jena.de

3092 D. Q. Nguyen et al.

conifer mycorrhizas across complex environmental gradi-
ents. Ecol Lett 13: 1103—-1113.

Dames, J.F., Straker, C.J., and Scholes, M.C. (1999) Eco-
logical and anatomical characterization of some Pinus
patula ectomycorrhizas from Mpumalanga, South Africa.
Mycorrhiza 9: 9-24.

Danielsen, L., Thirmer, A., Meinicke, P., Buée, M., Morin,
E., Martin, F., et al. (2012) Fungal soil communities in a
young transgenic poplar plantation form a rich reservoir
for fungal root communities. Ecol Evol 2: 1935-1948.

Danielsen, L., Lohaus, G., Sirrenberg, A., Karlovsky, P.,
Bastien, C., Pilate, G., and Polle, A. (2013)
Ectomycorrhizal colonization and diversity in relation to
tree biomass and nutrition in a plantation of transgenic
poplars with modified lignin biosynthesis. PLoS One 8:
€59207.

Dannenmann, M., Simon, J., Gasche, R., Holst, J,
Naumann, P.S., Kégel-Knabner, |., et al. (2009) Tree gir-
dling provides insight on the role of labile carbon in nitro-
gen partitioning between soil microorganisms and adult
European beech. Soil Biol Biochem 41: 1622—-1631.

Dean, S.L., Farrer, E.C., Lee Taylor, D., Porras-Alfaro, A.,
Suding, K.N., and Sinsabaugh, R.L. (2014) Nitrogen depo-
sition alters plant-fungal relationships: linking belowground
dynamics to aboveground vegetation change. Mol Ecol
23: 1364-1378.

Druebert, C., Lang, C., Valtanen, K., and Polle, A. (2009)
Beech carbon productivity as driver of ectomycorrhizal
abundance and diversity. Plant Cell Environ 32:
992-1003.

Edgar, R.C. (2010) Search and clustering orders of magni-
tude faster than BLAST. Bioinformatics 26: 2460—-2461.
Edgar, R.C. (2013) UPARSE: highly accurate OTU
sequences from microbial amplicon reads. Nat Methods

10: 996-998.

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., and
Knight, R. (2011) UCHIME improves sensitivity and speed
of chimera detection. Bioinformatics 27: 2194-2200.

Edwards, I.P., and Zak, D.R. (2011) Fungal community com-
position and function after long-term exposure of northern
forests to elevated atmospheric CO, and tropospheric Os.
Glob Change Biol 17: 2184-2195.

Finlay, R.D., Frosteard, A., and Donnerfeldt, A.-M. (1992)
Utilization of organic and inorganic nitrogen sources by
ectomycorrhizal fungi in pure culture and in symbiosis
with Pinus contorta Dougl. Ex loud. New Phytol 120:
105-115.

Fischer, M., Bossdorf, O., Gockel, S., Hansel, F., Hemp, A,,
Hessenmdller, D., et al. (2010) Implementing large-scale
and long-term functional biodiversity research: the biodi-
versity exploratories. Basic Appl Ecol 11: 473—-485.

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

Goldmann, K., Schéning, I., Buscot, F., and Wubet, T.
(2015) Forest management type influences diversity and
community composition of soil fungi across temperate for-
est ecosystems. Front Microbiol 6: 1300.

Goldmann, K., Schréter, K., Pena, R., Schéning, I.,
Schrumpf, M., Buscot, F., et al. (2016) Divergent habitat

filtering of root and soil fungal communities in temperate
beech forests. Sci Rep 6: 31439.

Gorzelak, M.A., Hambleton, S., and Massicotte, H.B. (2012)
Community structure of ericoid mycorrhizas and root-
associated fungi of Vaccinium membranaceum across an
elevation gradient in the Canadian Rocky Mountains. Fun-
gal Ecol 5: 36-45.

Grigoriev, 1.V., Nikitin, R., Haridas, S., Kuo, A., Ohm, R.,
Otillar, R., et al. (2014) MycoCosm portal: gearing up for
1000 fungal genomes. Nucleic Acids Res 42: 699-704.

Heinrichs, H., Brumsack, H.-J., Loftfield, N., and Koénig, N.
(1986) Verbessertes DruckaufschluBsystem fir biologi-
sche und anorganische Materialien. Z Fir Pflanzenerndhr
Bodenkd 149: 350-353.

Ishida, T.A., Nara, K., and Hogetsu, T. (2007) Host effects
on ectomycorrhizal fungal communities: insight from eight
host species in mixed conifer-broadleaf forests. New
Phytol 174: 430—440.

Keller, G. (1996) Utilization of inorganic and organic nitrogen
sources by high-subalpine ectomycorrhizal fungi of Pinus
cembra in pure culture. Mycorrhizal Res 100: 989—-998.

Kennedy, P.G., Mielke, L.A., and Nguyen, N.H. (2018) Eco-
logical responses to forest age, habitat, and host vary by
mycorrhizal type in boreal peatlands. Mycorrhiza 28:
315-328.

Kernaghan, G. (2013) Functional diversity and resource par-
titioning in fungi associated with the fine feeder roots of
forest trees. Symbiosis 61: 113—123.

Kivlin, S.N., Winston, G.C., Goulden, M.L., and Treseder, K.
K. (2014) Environmental filtering affects soil fungal com-
munity composition more than dispersal limitation at
regional scales. Fungal Ecol 12: 14-25.

Koide, R.T., Fernandez, C., and Petprakob, K. (2011) Gen-
eral principles in the community ecology of
ectomycorrhizal fungi. Ann For Sci 68: 45-55.

Koide, R.T., Fernandez, C., and Malcolm, G. (2014) Deter-
mining place and process: functional traits of
ectomycorrhizal fungi that affect both community structure
and ecosystem function. New Phytol 201: 433—439.

Kolarikova, Z., Kohout, P., Krluger, C., Janouskova, M.,
Mrnka, L., and Rydlova, J. (2017) Root-associated fungal
communities along a primary succession on a mine spoil:
distinct ecological guilds assemble differently. Soil Biol
Biochem 113: 143-152.

Kranabetter, J.M., and MacKenzie, W.H. (2010) Contrasts
among mycorrhizal plant guilds in foliar nitrogen concen-
tration and 615N along productivity gradients of a boreal
forest. Ecosystems 13: 108—117.

Kranabetter, J.M., Friesen, J., Gamiet, S., and Kroeger, P.
(2009) Epigeous fruiting bodies of ectomycorrhizal fungi
as indicators of soil fertility and associated nitrogen status
of boreal forests. Mycorrhiza 19: 535-548.

Kranabetter, .M., Hawkins, B.J., Jones, M.D., Robbins, S.,
Dyer, T., and Li, T. (2015) Species turnover (p-diversity) in
ectomycorrhizal fungi linked to NH4+ uptake capacity. Mol
Ecol 24: 5992—-6005.

Kyaschenko, J., Ovaskainen, O., Ekblad, A., Hagenbo, A.,
Karltun, E., Clemmensen, K.E., and Lindahl, B.D. (2019)
Soil fertility in boreal forest relates to root-driven nitrogen
retention and carbon sequestration in the mor layer. New
Phytol 221: 1492—-1502.

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 22, 3081-3095



Lang, C., and Polle, A. (2011) Ectomycorrhizal fungal diver-
sity, tree diversity and root nutrient relations in a mixed
central European forest. Tree Physiol 31: 531-538.

Lang, C., Seven, J., and Polle, A. (2011) Host preferences
and differential contributions of deciduous tree species
shape mycorrhizal species richness in a mixed central
European forest. Mycorrhiza 21: 297-308.

Lapeyrie, F., Chilvers, G.A., and Bhem, C.A. (1987) Oxalic
acid synthesis by the mycorrhizal fungus Paxillus
involutus (Batsch. Ex Fr.) Fr. New Phytol 106: 139—-146.

Lazarevi¢, J., Stojici¢, D., and Kec¢a, N. (2016) Effects of
temperature, pH and carbon and nitrogen sources on
growth of in vitro cultures of ectomycorrhizal isolates from
Pinus heldreichii forest. For Syst 25: e048.

Leberecht, M., Tu, J., and Polle, A. (2016a) Acid and calcar-
eous soils affect nitrogen nutrition and organic nitrogen
uptake by beech seedlings (Fagus sylvatica L.) under
drought, and their ectomycorrhizal community structure.
Plant and Soil 409: 143-157.

Leberecht, M., Dannenmann, M., Tejedor, J., Simon, J.,
Rennenberg, H., and Polle, A. (2016b) Segregation of nitro-
gen use between ammonium and nitrate of ectomycorrhizas
and beech trees. Plant Cell Environ 39: 2691-2700.

Lilleskov, E.A., Fahey, T.J., Horton, T.R., and Lovett, G.M.
(2002a) Belowground ectomycorrhizal fungal community
change over a nitrogen deposition gradient in Alaska.
Ecology 83: 104—115.

Lilleskov, E.A., Hobbie, E.A., and Fahey, T.J. (2002b)
Ectomycorrhizal fungal taxa differing in response to nitro-
gen deposition also differ in pure culture organic nitrogen
use and natural abundance of nitrogen isotopes. New
Phytol 154: 219-231.

Lilleskov, E.A., Wargo, P.M., Vogt, K.A., and Vogt, D.J.
(2008) Mycorrhizal fungal community relationship to root
nitrogen concentration over a regional atmospheric nitro-
gen deposition gradient in the northeastern USA. Can J
For Res 38: 1260—1266.

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

Maghnia, F.Z., Abbas, Y., Mahé, F., Kerdouh, B., Tournier,
E., Ouadji, M., et al. (2017) Habitat-and soil-related drivers
of the root- associated fungal community of Quercus
suber in the northern Moroccan forest. PLoS One 12:
e01877.

Markkola, A., Kuikka, K., Rautio, P., Harma, E., Roitto, M.,
and Tuomi, J. (2004) Defoliation increases carbon limita-
tion in ectomycorrhizal symbiosis of Betula pubescens.
Oecologia 140: 234—240.

Martin, M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet.j 17: 10-12.
Marx, D.H., Bryan, W.C., and Davey, C.B. (1970) Influence
of temperature on aseptic synthesis of ectomycorrhizae by
Thelephora terrestris and Pisolithus tinctorius on loblolly

pine. For Sci 16: 424—431.

Metsalu, T., and Vilo, J. (2015) ClustVis: a web tool for visu-
alizing clustering of multivariate data using principal com-
ponent analysis and heatmap. Nucleic Acids Res 43:
W566-W570.

Moeller, H.V., Peay, K.G., and Fukami, T. (2014) Ectomycorrhizal
fungal traits reflect environmental conditions along a coastal

Root chemistry structures root fungi 3093

California edaphic gradient. FEMS Microbiol Ecol 87:
797-806.

Moora, M., (")pik, M., Sen, R., and Zobel, M. (2004) Native
arbuscular mycorrhizal fungal communities differentially
influence the seedling performance of rare and common
Pulsatilla species. Funct Ecol 18: 554-562.

Mucha, J., Peay, K.G., Smith, D.P., Reich, P.B., Stefanski,
A., and Hobbie, S.E. (2018) Effect of simulated climate
warming on the ectomycorrhizal fungal community of
boreal and temperate host species growing near their
shared ecotonal range limits. Microb Ecol 75: 348-363.

Nguyen, N.H., Song, Z., Bates, S.T., Branco, S., Tedersoo,
L., Menke, J., et al. (2016) FUNGuild: an open annotation
tool for parsing fungal community datasets by ecological
guild. Fungal Ecol 20: 241-248.

Nguyen, D.Q., Pena, R., and Polle, A. (2017) Impact of
ectomycorrhizal community composition and soil treat-
ment on inorganic nitrogen nutrition and performance of
beech (Fagus sylvatica L.) provenances. Trees 31:
1891-1904.

Nygren, C.M.R., Eberhardt, U., Karlsson, M., Parrent, J.L.,
Lindahl, B.D., and Taylor, A.F.S. (2008) Growth on nitrate
and occurrence of nitrate reductase-encoding genes in a
phylogenetically diverse range of ectomycorrhizal fungi.
New Phytol 180: 875-889.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R.,
Legendre, P., Mcglinn, D., et al. (2018) vegan: Community
Ecology Package. R package version 2.4-4. https://CRAN.
R-project.org/package=vegan.

Pena, R., and Polle, A. (2014) Attributing functions to
ectomycorrhizal fungal identities in assemblages for nitro-
gen acquisition under stress. ISME J 8: 321-330.

Pena, R., Offermann, C., Simon, J., Naumann, P.S.,
Gessler, A., Holst, J., et al. (2010) Girdling affects
ectomycorrhizal fungal (EMF) diversity and reveals func-
tional differences in EMF community composition in a
beech forest. Appl Environ Microbiol 76: 1831-1841.

Pena, R., Lang, C., Lohaus, G., Boch, S., Schall, P.,
Schoning, 1., et al. (2017) Phylogenetic and functional
traits of ectomycorrhizal assemblages in top soil from dif-
ferent biogeographic regions and forest types. Mycorrhiza
27: 233-245.

Peres-Neto, P., Legendre, P., Dray, S., and Borcard, D. (2006)
Variation partitioning of species data matrices: estimation
and comparison of fractions. Ecology 87: 2614—2625.

Persoh, D. (2015) Plant-associated fungal communities in
the light of meta’omics. Fungal Divers 75: 1-25.

Philippot, L., Raaijmakers, J.M., Lemanceau, P., and Van
Der Putten, W.H. (2013) Going back to the roots: the
microbial ecology of the rhizosphere. Nat Rev Microbiol
11: 789-799.

Porras-Alfaro, A., and Bayman, P. (2011) Hidden fungi,
emergent properties: endophytes and microbiomes. Annu
Rev Phytopathol 49: 291-315.

Rodriguez-Echeverra, S., Teixeira, H., Correia, M.,
Timéteo, S., Heleno, R., Opik, M., and Moora, M. (2017)
Arbuscular mycorrhizal fungi communities from tropical
Africa reveal strong ecological structure. New Phytol
213: 380-390.

Séanchez, F., Honrubia, M., and Torres, P. (2001) Effects of
pH, water stress and temperature on in vitro cultures of

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 22, 3081-3095


https://CRAN.R%2010project.org/package=vegan
https://CRAN.R%2010project.org/package=vegan

3094 D. Q. Nguyen et al.

ectomycorrhizal fungi from Mediterranean forests. Crypto-
gam Mycol 22: 243-258.

Schopfer, P. (1989) Experimentelle Pflanzenphysiologie.
Band 2. Einfiihrung in die Anwendungen. Berlin: Springer
Verlag, pp. 39-50.

Schréter, K., Wemheuer, B., Pena, R., Schéning, I.,
Ehbrecht, M., Schall, P., et al. (2019) Assembly processes
of trophic guilds in the root mycobiome of temperate for-
ests. Mol Ecol 28: 348-364.

Schwarz, M.T., Bischoff, S., Blaser, S., Boch, S., Schmitt, B.,
Thieme, L., et al. (2014) More efficient aboveground nitro-
gen use in more diverse central European forest canopies.
For Ecol Manage 313: 274-282.

Sterkenburg, E., Bahr, A., Durling, M.B., Clemmensen, K.E.,
and Lindahl, B.D. (2015) Changes in fungal communities
along a boreal forest soil fertility gradient. New Phytol 207:
1145-1158.

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.

Taniguchi, T., Kitajima, K., Douhan, G.W., Yamanaka, N., and
Allen, M.F. (2018) A pulse of summer precipitation after the
dry season triggers changes in ectomycorrhizal formation,
diversity, and community composition in a Mediterranean
forest in California, USA. Mycorrhiza 28: 665—677.

Tibshirani, R. (1996) Regression shrinkage and selection via
the Lasso. J R Stat Soc Ser B Methodol 58: 267—-288.

Toju, H., Tanabe, A.S., Yamamoto, S., and Sato, H. (2012)
High-coverage ITS primers for the DNA-based identifica-
tion of ascomycetes and basidiomycetes in environmental
samples. PLoS One 7: e40863.

Treseder, K.K., and Lennon, J.T. (2015) Fungal traits that
drive ecosystem dynamics on land. Microbiol Mol Biol
Rev 79: 243-262.

Valtanen, K., Eissfeller, V., Beyer, F., Hertel, D., Scheu, S.,
and Polle, A. (2014) Carbon and nitrogen fluxes between
beech and their ectomycorrhizal assemblage. Mycorrhiza
24: 645-650.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A.,
and Dufresne, A. (2015) The importance of the microbiome
of the plant holobiont. New Phytol 206: 1196—1206.

Vannette, R.L., Leopold, D.R., and Fukami, T. (2016) Forest
area and connectivity influence root-associated fungal
communities in a fragmented landscape. Ecol Appl 97:
2374-2383.

Vétrovsky, T., Kohout, P., Kopecky, M., Machac, A., Man,
M., Bahnmann, B.D., et al. (2019) A meta-analysis of
global fungal distribution reveals climate-driven patterns.
Nat Commun 10: 1-9.

Walker, J.K.M., Phillips, L.a., and Jones, M.D. (2014)
Ectomycorrhizal fungal hyphae communities vary more
along a pH and nitrogen gradient than between decayed
wood and mineral soil microsites. Botany 92: 453—-463.

Wang, Y., Naumann, U., Wright, S.T., and Warton, D.I.
(2012) Mvabund- an R package for model-based analysis
of multivariate abundance data. Methods Ecol Evol 3:
471-474.

Warton, D.l, Shipley, B., and Hastie, T. (2015) CATS
regression—a model-based approach to studying trait-based
community assembly. Methods Ecol Evol 6: 389-398.

White, T.J., Bruns, T.D., Lee, S.B., and Taylor, J.W. (1990)
Amplification and direct sequencing of fungal ribosomal
RNA genes for phylogenetics. In PCR—Protocols and
Applications—A Laboratory Manual, Innis, N., Gelfand,
D., Sninsky, J., and White, T. (eds). New York: Academic
Press, pp. 315-322.

Winter, H., Lohaus, G., and Heldt, HW. (1992) Phloem
transport of amino acids in relation to their cytosolic levels
in barley leaves. Plant Physiol 99: 996—1004.

de Witte, L.C., Rosenstock, N.P., van der Linde, S., and
Braun, S. (2017) Nitrogen deposition changes
ectomycorrhizal communities in Swiss beech forests. Sci
Total Environ 605-606: 1083—1096.

Wubet, T., Christ, S., Schoéning, I., Boch, S., Gawlich, M.,
Schnabel, B., et al. (2012) Differences in soil fungal com-
munities between European beech (Fagus sylvatica L.)
dominated forests are related to soil and understory vege-
tation. PLoS One 7: e47500.

Xu, X., Chen, C., Zhang, Z., Sun, Z., Chen, Y., Jiang, J., and
Shen, Z. (2017) The influence of environmental factors on
communities of arbuscular mycorrhizal fungi associated
with Chenopodium ambrosioides revealed by MiSeq
sequencing investigation. Sci Rep 7: 45134.

Yamanaka, T. (1999) Utilization of inorganic and organic
nitrogen in  pure cultures by saprotrophic and
ectomycorrhizal fungi producing sporophores on urea-
treated forest floor. Mycol Res 103: 811-816.

Yamanaka, T. (2003) The effect of pH on the growth of
saprotrophic and ectomycorrhizal ammonia fungi in vitro.
Mycologia 95: 584-5809.

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.

Zhang, J., Taniguchi, T., Tateno, R., Xu, M., Du, S,, Liu, G.
B., and Yamanaka, N. (2013) Ectomycorrhizal fungal com-
munities of Quercus liaotungensis along local slopes in
the temperate oak forests on the loess plateau, China.
Ecol Res 28: 297-305.

Zhang, J., Kobert, K., Flouri, T., and Stamatakis, A. (2014)
PEAR: a fast and accurate lllumina paired-end reAd
mergeR. Bioinformatics 30: 614—620.

Zhang, Y., Ni, J., Tang, F., Pei, K., Luo, Y., Jiang, L., et al.
(2016) Root-associated fungi of Vaccinium carlesii in
subtropical forests of China: intra-and inter-annual
variability and impacts of human disturbances. Sci Rep 6:
22399.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Correlation between soil moisture and annual mean
temperature in forest plots across Germany in 2014. Pear-
son correlation coefficient (r) with the associated P value is
shown

Table S1. Key biogeographic characteristics of three study
regions. (Source: Fischer et al. 2010 and http://www.
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biodiversity-exploratories.de/exploratories/) with additional
information on atmospheric N input determined on nine
plots per region (Schwarz et al., 20142014).

Table S2. Master table with fungal OTU counts and taxo-
nomic and guild assignment is presented in an additional
excel file.

Table S3. Statistical information for Fig. 1A (NMDS) and
Fig. 1B (Fungal abundances).

Table S4. Fungal orders found in roots collected in three bio-
geographical regions. A = Schwébische Alb. H = Hainich-
Din and S = Schorfheide-Chorin. Significant differences in
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the abundance of fungal orders at p < 0.05 are indicated with
bold letters. Data are means of n = 50 plots per region +
SE. Statistical analyses of fungal orders with an abundance
of less than 0.1% were shown as NA (not available).

Table S5. Standardized Coefficients for Interaction (SCI)
between the abundance of root-associated fungal orders
and guilds, symbiotroph (SY), saprotroph (SA) and pat-
hotroph (PA), with soil and root chemistry. Orders with a rel-
ative abundance > 2% were included in the analysis.

Table S6. Taxa and number of reads used for the analyses
presented in this study.

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 22, 3081-3095


http://www.biodiversity-exploratories.de/exploratories/

	 Soil and root nutrient chemistry structure root-associated fungal assemblages in temperate forests
	Introduction
	Results
	Soil and root chemistry vary among biogeographic regions
	Taxonomic and trophic community structure of RAF
	Root traits and soil properties as drivers of RAF communities

	Discussion
	Habitat filtering and root traits explain divergent structures of root-associated fungal communities in different temperate...
	Complex interactions of fungal taxa with root traits and soil properties structure the fungal assemblages

	Experimental procedures
	Study site description
	Root and soil sampling
	Analysis of root and soil carbon, nitrogen and mineral nutrient elements
	Determination of non-structural carbohydrates
	Determination of soil and root ammonium and nitrate
	Determination of soil pH and soil moisture
	DNA extraction and amplification of internal transcribed spacer region 2
	Sequence processing and analyses
	Statistical analysis and calculations

	Acknowledgements
	Author contributions
	Data Availability Statement

	References


