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Abstract

Ecological interactions are evolutionarily conserved, indicating a tendency of closely related species to interact with similar partners. Arbuscular mycorrhizal
(AM) fungi form obligate symbioses with the roots of most land plants. Local host preference is frequently reported as a factor in structuring AM fungal
communities. There lacks study about whether AM fungi-host preference could structure AM fungal communities at the regional scales. Here, AM fungal
communities of 296 root samples were revealed, encompassing 76 plant species from 29 plant families, which were sampled in steppe in the Xilingol Grassland in
northern China. The relative importance of plant phylogeny, geographical distance, and environmental variables were characterized on phylogenetic turnover of
AM fungal communities with GLMM-MCMC (the generalized linear mixed model using Markov chain Monte Carlo) and Mantel test approaches. Geographic
distance appeared to be more important to the phylogenetic turnover of AM fungal communities than plant phylogeny and environmental variables, evidencing
the role of dispersal limitation in shaping the root AM fungal communities. A great majority of phylogenetic beta diversity (betaNTI and betaNRI) is distributed
between -2 and +2, which also suggested a random pattern of AM fungal communities. Here, empirical evidence supporting that dispersal limitation is the main
determinant of AM fungal communities at the landscape scale is provided and it is suggested that AM fungal communities are mainly structured by stochastic
events.
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Introduction

Ecological interactions are evolutionarily conserved, indicating a
tendency of closely related species to interact with similar partners!'.
Thus, phylogenies can significantly contribute to the understanding of
interactions, even across trophic levels??. In particular, plant phylogeny
leaves an imprint in root-associated microbial communities!*~*l. The
magnitude of the plant's phylogenetic signature belowground is especially
strong on host-dependent microbial partners based on their history of
coevolution®!, Ultimately, such a phylogenetically structured top-down
control can further affect the rates of essential ecosystem processes’].
Arbuscular mycorrhizal (AM) fungi form obligate symbioses with
the roots of most land plants(!%l. The AM symbiosis is arguably the
world's most prevalent and ancient mutualism known, traced back to
early land colonization by plants('!]. Local host preference is frequently
reported as a factor structuring AM fungal communities!'>!3], as
closely related woody plants tend to interact with closely related AM
fungil'4l. The woody plant-AM fungi networks are highly intercon-
nected and explained by plant and AMF phylogenies. This suggests
that the phylogenetic niche conservatism in woody plants and their
AM fungal symbionts could contribute to interdependent AM fungi
and plant community assembly. Also on a local scale, the phylogenetic
composition of plant communities, as well as plant life history traits,
have been shown to impact the phylogenetic structure of AM fungal
assemblages!!>1¢l. For example, the effect of plant life history traits was

depicted as that in the order annual herbs—perennial herbs-semi-
woody plant species, there was a transition from phylogenetic clus-
tered to over-dispersed AM fungal communities. Most of the AM
fungi preferentially associated with annual plants belonged to Glomer-
aceae, showing a phylogenetic clustering pattern. However, conflicting
results have been reported on a broader scale. At the global scale, vari-
ations in AM fungal communities are similar to the levels of variations
seen in plant families!!”], as plants within the same family may have
inherited similar traits or may share similar ecological niches that
select for particular AM fungal communities. A global meta-analysis
however indicates that plant-fungal association patterns are poorly
influenced by host phylogeny!'8l. Further, there are few studies about
whether AM fungi-host plant preference could exert selection within
AM fungal communities.

In addition to host plant effects, environmental filtering (e.g., soil
physical and chemical properties) and geographical dispersal are also
capable of affecting AM fungal communities. However, the relative
importance of AM fungi-host preference, environmental filtering and
geographical dispersal has yet to be tested to check whether AM fungi-
host preference is a central mechanism structuring AM fungal
communities. In the present study, a sampling of the roots of plant
individuals across the Xilingol steppe in northern China were manipu-
lated. Whether the phylogenetic divergence of host plants may be a
main driver for variations of AM fungal communities at the regional
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scale was tested, at which spatial and environmental drivers can
concurrently play a relevant role.

Materials and methods

Study site and root sampling

The sampling area represents a typical steppe in the Xilingol Grassland in
northern China, which is located in the mid-latitude inland area with a
semi-arid climate and covers a total area of 179,600 km? (Fig. 1;
Supplementary Table S1). Ten sites were randomly chosen across the
sampling area in August 2022 (Fig. 1; Supplementary Table S1). To collect
roots, soil was excavated to a depth of 0.4 m because this is where fine
roots are most abundant. Then roots that were connected to shoots were
identified, and one plant individual was randomly chosen and its root
samples were collected manually with sterile gloves (sprayed with 70%
EtOH) put in plastic bags, and refrigerated. Root samples were trans-
ported to the laboratory, washed free of soil, and stored for molecular
analysis. The location of each sampled individual was recorded in GPS.
At each of these sampling sites, 29-30 plant individuals were sampled.
Only adult plant individuals were chosen and seedlings and juveniles
were not included. A total of 296 root samples (plant individuals) were
collected, encompassing 76 plant species from 29 plant families (see the
phylogenetic tree in Supplementary Fig. S1).

For each sampled plant individual, the longitude, latitude, and alti-
tude were recorded with an eXplorist 210 GPS (Magellan, San Dimas,
CA, USA). Mean annual temperature (MAT) and mean annual precip-
itation (MAP) were compiled from the National Meteorological
Bureau of China database. Data were compiled by interpolating data of
daily mean temperature and daily precipitation records (1961-2016)
from 716 climate stations across China (http://data.cma.cn). Rhizo-
sphere soil was collected by gently shaking off the soil adhering to the
roots for measuring soil characteristics. For each root sample, there is a
corresponding rhizosphere soil sample, leading to a total of 296 rhizo-
sphere soil samples.

112°0'0"E 114°0'0"E

Molecular analysis of AM fungal communities
To remove AM fungal spores or hyphae from the root surface, roots were
sonicated at low frequency for 3 min (30-s bursts followed by 30-s rests
performed three times). Genomic DNA was extracted from a 0.2 g (dry)
subsample of fine roots with the FastDNA SPIN Kit (MP Biomedicals,
Santa Ana, CA, USA) following the manufacturer's protocol. The ex-
tracted DNA was dissolved in 50 uL TE buffer, quantified by spectro-
photometer, and then stored at —20 °C before further use. The root AM
fungal community was described using the Illumina Miseq platform with
the primer set AMV4.5NF (5-AAGCTCGTAGTTGAATTTCG-3') /
AMDGR (5'-CCCAACTATCCCTATTAATCAT-3') which targets the
18S SSU rRNA gene region!'”l. PCR was performed with 35 cycles (95 °C
for 45 s, 58 °C for 45 s, and 72 °C for 1 min) and a final extension at 72 °C
for 7 min in 50-uL reaction mixtures (1.25 mM deoxynucleoside
triphosphate, 2 U Taq DNA polymerase (TaKaRa, Shiga, Japan), 15 uM
AMEF primers, and 50 ng genomic DNA). PCR products were purified
using a QIAquick PCR Purification kit (QIAGEN), quantified using a
NanoDrop ND-1000 instrument (Thermo Scientific, USA) (confirmed
using the ratio of A260/280 between 1.8-2.0), and were normalized in
equimolar amounts before sequencing. Sequencing reads were assigned
to samples, and the corresponding paired reads were merged if the
overlap was 100% identical using FLASH (V1.2.7, http://ccb.jhu.edu/
software/FLASH/). The reads were quality-filtered with QIIME 1.6.00"1,
Default settings for Illumina processing in QIIME were used [minimum
number of consecutive high-quality base > 75% total read length,
maximum number of consecutive low-quality base = 3, last quality score
considered low-quality = 3, maximum number of ambiguous (N)
characters = 0] as recommended by Bokulich and colleagues®'l. After
removing chimera sequences with UCHIME (Version 4.2)1%, OTU
(operational taxonomic units) classification at 0.97 similarity and
taxonomic assignment were acquired by blasting against the MaarjAM
database (http://maarjam.botany.ut.ee)’?” following the criteria of
Davison et al.?%], After removing singletons, the longest sequence for each
OTU was chosen as the representative sequence. The representative
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Fig. 1 Geographic distribution of the 10 sampling sites containing 296 sampling individuals. Sampling sites are described in detail in Supplementary

Table S1.
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sequences were aligned with ClustalW?l, Because an even sequencing
depth per sample is required for beta diversity calculations, the OTU table
was rarefied to 502 sequences per sample. There were 188 and 167 OTUs
in the OTU table before and after the rarefaction, respectively. The
maximum likelihood phylogenetic trees of AM fungi were inferred with
RAXML v7.0.3%° using the GTRCAT model and 1,000 bootstrap
replicates. Six independent phylogenetic trees were constructed based on
different seeds. Phylogenetic trees of AM fungi are provided as
Supplementary Fig. S1.

Plant phylogeny

The phylogenetic relationships between the 76 studied plant species was
resolved by firstly matching the species names to the tips of the
megaphylogeny of vascular plants (i.e., GBOTB.extended. TPL) embedded
within the R software package V.PhyloMaker2??”). A total of 54 of the 76
species names were matched. Secondly, the remaining 22 unmatched
species were bound to the megaphylogeny by adopting the 'S3' scenario of
the function 'phylo.maker'in V.PhyloMaker2. Thirdly, the expanded mega-
phylogeny was trimmed using the 'drop.tip’ function in the ape package
for RI?!], to retain the 76 study species only (Supplementary Fig. S1).

Soil chemical characteristics

The characteristics of the rhizospheric soil samples were assessed by
determining their total nitrogen (TN), extractable phosphorus, pH, and
soil organic carbon (SOC). Soil TN was determined by performing
elemental analyses (Elementar Vario MACRO, Germany). Extractable P
concentrations were determined using a spectrophotometer (UV-1600
spectrophotometer, Beijing). The standard Walkley-Black potassium
dichromate oxidation method was employed for obtaining SOC. Then, a
1:1 ratio of soil to water slurries was used to measure soil pH with an
acidometer (HANNA, Padova, Italy).

Phylogenetic diversity metrics
Several indices of phylogenetic community structure and turnover
were calculated. First, the phylogenetic structure of AM fungal
communities was described by calculating a matrix (matrix P) that
contains the composition of species fuzzy-weighed by their pairwise
phylogenetic similarities’™! with the R package PCPSP. In matrix P,
each OTU has a value per sample that increases as the phylogenetic
distance between neighbouring OTUs decreases. Ordination techniques
allow reducing matrix P to represent the phylogenetic structure at the
sample level. Principal coordinate analysis was performed with Euclidean
distances and extracted the sample scores along the first axis, which
represents the principal component phylogenetic structure (PCPS1). This
axis captures the deepest phylogenetic divergences among lineages*"*2,
Second, the phylogenetic turnover of AM fungal communities from
each plant individual was computed as betaMNTD (between-assem-
blage analogs of mean nearest taxon distance) and betaMPD (between-
assemblage analogs of mean pairwise distance) as described by Fine &
Kembel®)l. BetaMNTD is the mean nearest taxon distance between
pairs of species drawn from two distinct communities and is sensitive
to the changes of lineages close to the phylogenetic tips, while
betaMPD is sensitive to tree-wide distributions of lineages. Further,
betaNTI (between-assemblage analogs of the nearest taxon index) and
betaNRI (between-assemblage analogs of net relatedness index) were
computed as the number of standard deviations that observed betaM-
NTDs or betaMPDs departed from the mean of the null model of
random shuffling of taxa labels across the phylogeny!®*l. BetaNTI and
betaNRI were computed as the number of standard deviations that
observed betaMNTDs and betaMPDs departed from the mean of the
null distribution, respectively. To calculate betaNTI or betaNRI, a null
distribution of betaMNTDs or betaMPDs were generated by random-
izing OTUs across the phylogeny (999 null iterations) based on
random shuffling of OTU labels across the tips of the phylogeny.

BetaNTIs and betaNRIs less than -2 indicates less than expected
phylogenetic turnover (communities are more similar than expected),
while betaNTIs and betaNRIs greater than +2 indicates greater than
expected phylogenetic turnover. BetaNTIs and betaNRIs indicates
random patterns when the values are distributed between -2 to +2 as
this means distribution deviation from the null model was not signifi-
cant. All four phylogenetic beta-diversity values across six replicated
trees were found to be highly correlated (r > 0.90, p < 0.001) indicating
reproducibility in the phylogenetic reconstructions.

Statistical analyses
Two approaches were used to determine the relative importance of plant
phylogeny, geographic distance, and environmental variables in driving

the phylogenetic community structure and turnover in AMF
communities.
GLMM-MCMC approach

The Bayesian version of GLMM-MCMC (the generalized linear
mixed model using Markov chain Monte Carlo) was performed with
the six AMF phylogenetic trees with the geographic coordinates as the
random factors, following the method of Stone et al.B4. GLMMs are
used for analyzing correlated non-Gaussian data, but their likelihood
function is only available as a high dimensional integral, making
closed-form inference and prediction impossible. Consequently,
Bayesian GLMMs also have intractable posterior densities, and
MCMC algorithms are typically used for conditional simulation and
exploring these densities in GLMMs. In the present analysis, the three
phylogenetic beta dissimilarities, PCPS1, betaMNTD, and betaMPD
were used as the dependent variables in the GLMM-MCMC analysis,
respectively. As betaMNTD and betaMPD were two-dimensional data
in dissimilarity format, the first axis of principal coordinate ordina-
tions was extracted and used as the dependent variable in Bayesian
GLMM-MCMC analysis. Principal coordinate ordinations were also
manipulated on plant phylogenetic distance and distance of environ-
mental variable, and the first axis of each distance matrix was extracted
as the independent variables. GLMM-MCMC was performed with the
R package MCMCglmm[33]. The effect of predictors was estimated by
calculating the 95% confidential interval of their posterior distribu-
tions3¢]. 13,000 MCMC iterations were ran with a burn-in period of
3,000 iterations and default priors. Convergence of the chain was veri-
fied by the autocorrelation function of the Markov chain.

Mantel test approach

The Mantel test was used to explore the relationship between the
phylogenetic turnover of AM fungal communities (measured as
betaMNTD, betaMPD, and the distance of matrix P) and plant phylo-
genetic distance of host plant (betaMNTD and betaMPD of plant
phylogenetic distance), geographical distance, and distance of environ-
mental variables. As the PCPSI1 is in column data format, Euclidean
distance of the matrix P was used in the Mantel test. Further, partial
Mantel tests were done between the distance of the matrix P/betaM-
NTD/ betaMPD and plant phylogeny, geographic, and environmental
distance, respectively, after controlling each of the other two factors.
Results were corrected for multiple testing as one series using a false
discovery rate (FDR). As the phylogenetic beta-diversity values across
six replicated trees showing reproducibility in the phylogenetic recon-
structions, a single phylogenetic tree was used in Mantel and partial
Mantel analysis. Geographic distance between samples was calculated
from the latitude and longitude coordinates using the 'geosphere’
packagesl®”l. The environmental distance was calculated as the Bray-
curtis dissimilarity of environmental variables including climate (MAP
and MAT) and soil physicochemical characteristics (pH, TN,
extractable P, and SOC). The Mantel test examines the correlation
relationship between the two matrices. In the partial Mantel test,
control was implemented by calculating the correlation between the
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residuals of each of the two primary distance matrices after perform-
ing a linear regression on the third distance matrix.

Results

A total of 167 OTUs were detected in the rarefied OTU table, among
which Glomeraceae (113 OTUs) was the most dominant at the family
level, followed by the Diversisporaceae (12 OTUs).

There were 43660 paired phylogenetic beta-diversities (betaMNTD
or betaMPD) across the 296 samples. Calculation of the number of
standard deviations that observed betaMNTDs or betaMPDs departed
from the mean of the null model (i.e., betaNTI or betaNRI, respec-
tively) showing a large proportion of both betaNTI (89.19%, 38,941
out of 43,660 paired samples) and betaNRI (93.38%, 40,770 out of
43,660 paired samples) values distributed between -2 to +2 (Fig. 2).

For the relationship between phylogenetic turnover of AM fungal
communities and plant phylogeny, geographical distance, and envi-
ronmental variables, the Bayesian GLMM-MCMC analysis identified
geographical distance as the only significant factor in explaining
phylogenetic beta-diversity of AM fungal communities (Table 1). For
all the three phylogenetic beta-diversity of AM fungal communities
(i.e., PCPS1, betaMNTD, and betaMPD), the 95% credible intervals of
Bayesian postmean estimates explained by geographical distance did
not overlap with 0 (Table 1), which suggested a significant role of
geographical distance in determining beta diversity of AM fungal
communities. Plant phylogeny and environmental variables were not
significant in Bayesian GLMM-MCMC analysis in explaining either of
the beta-diversity of AM fungal communities (Fig. 2, Table 1).

Mantel tests showed a significant correlation between betaMNTD of
AM fungal communities and plant phylogeny (FDR adjusted p < 0.05;
Table 2), but the correlation between PCPS1 and betaMPD of AM
fungal communities and plant phylogeny was not significant (Table 2).
Geographical distance showed a significant correlation with all three
phylogenetic beta diversity metrics of AM fungal communities (i.e.,
PCPSI, betaMNTD, and betaMPD ) (FDR adjusted p < 0.05; Table 2).

In the partial Mantel test, betaMNTD of AM fungal communities
was significantly correlated with plant phylogeny after controlling for
environmental variables (Table 3). When the geographic distance was
accounted for in the partial Mantel test, the correlation between AM
fungal communities and plant phylogeny was not significant (Table 3).

a 10,000

8,000 N
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Fig.2 Distribution of betaNTI and betaNRI values.

The betaMNTD of AMF communities was significantly correlated
with environment and geographical distance after controlling for each
of the other factors (Table 3). The betaMPD of AMF communities was
only significantly correlated with geographical distance after control-
ling plant phylogeny or environmental variables (Table 3). Correla-
tion of betaMPD of AMF with plant phylogeny or environment was
not significant after controlling geographical distance in that partial
Mantel test (Table 3). The PCPS1 of AMF communities was only
significantly correlated with geographical distance after controlling
plant phylogeny or environmental variables (Table 3), but showed no
significant correlation with plant phylogeny or environment (Table 3).

Discussion

The present results showed that betaMNTD of AM fungal communities
was significantly correlated with plant phylogeny, but the correlation
between PCPS1 and betaMPD and plant phylogeny was not significant.
The Bayesian GLMM-MCMC analysis also suggested a poor influence of
plant phylogeny in explaining the phylogenetic turnover of AMF
communities. The betaMNTD is the mean nearest taxon distance
between pairs of species drawn from two distinct communities® and is
sensitive to the changes in lineages close to the phylogenetic tips. The
betaMPD tends to be more sensitive to the tree-wide distributions of
lineages, compared to betaMNTD. PCPSI was considered to capture the
deepest phylogenetic divergences among lineages. Thus, the present
results indicate that AM fungal communities colonizing plant species
with close relatedness might contain taxa that are phylogenetically
clustered towards the tips of phylogeny!®*l. However, this correlation is
reduced when controlling for geographical distance and environmental
variables in the partial Mantel test, but the role of geographical distance
was emphasized in both GLMM-MCMC analysis and partial Mantel
analysis.

Dispersal limitation can be stochastic - when occurring through
passive processes like wind - or deterministic when driven by diffe-
rences in dispersal traits among taxa (or lineages)!*]. In the present
study, the role of stochasticity in shaping AM fungal communities in
the steppe grassland was suggested by the great importance of
geographical distance, a conclusion confirmed by analyses of devia-
tions of phylogenetic turnover from the stochastic expectation. The
majority of both betaNTI and betaNRI values distributed between —2
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Table 1.

GLMMMCMC analysis on effects of plant phylogeney, geographical distance and environmental variables on the phylogenetic turnover of AMF

communities with sampling site as a random factor. Bayesian postmean estimates and 95% credible intervals are shown. Geographical distance was the only factor
significantly explaining phylogenetic turnover of AMF communities, as the 95% credible interval did not overlap with 0 and p < 0.05.

PCPS1 BetaMNTD BetaMPD
Post mean 95% CI Post mean 95% CI Post mean 95% CI
Geographical distance 2.2x 10710 (1.3 x 10712, 6.1 x 10719) 1.9 x107° (1.9 x 10716, 8.5 x 107°) 1.4x 1078 (5.0 x 10714,4.7 x 1078)
Plant phylogeny 4.5%x1073 (-1.5%x107%,2.5x 107?) —4.6 x107° (-1.1 x 107, 1.8 x 107°) -7.8x107° (-2.3x107%,6.9 x 107°)
Environment 1.5x 1073 (-3.0x1073,5.9 x 1073) 3.7 x 1073 (9.6 x 1073,2.0 x 1072) -53x 107 (-3.5%107% 3.8 x 107?)

Values in bold represent the 95% credible interval did not overlap with 0 and p < 0.05.

Table 2. Mantel test between unweighted betaMNTD/betaMPD of AMF
communities and plant phylogeny, geographical distance, or environmental
variable.

PCPS1 BetaMNTD BetaMPD

r p r p r p
Plant phylogeny 0.008  0.600 0.053  0.043 0.049 0.252
Geographical distance ~ 0.051 0.004  0.179 0.003  0.058 0.012
Environment 0.002  0.998 0.021  0.037 0.022  0.924

p values were FDR adjusted. Values in bold represent the 95% credible interval did
not overlap with 0 and p < 0.05.

to +2, suggesting a random pattern. This result also suggests that AM
fungal communities were mainly structured by stochastic events (e.g.,
dispersal limitation). Plant phylogenetic distance also showed a
stronger correlation with geographical distance (p < 0.001 of partial
Mantel test controlling environment) than environment (p > 0.05 of
partial Mantel test controlling geographical distance), indicating that
stochastic events (e.g., dispersal limitation) also affected the current
phylogenetic structure of plant communities. This suggested that past
events generate and maintain biogeographic patterns of plants might
similarly operate in the microbial world, e.g., AM fungal communities.

Dispersal limitation represents an inability of taxa to reach poten-
tially suitable habitats in a given time frame. Nonetheless, AM fungi
are found on all continents, and many approximate species-level
phylogroups (phylogenetically defined groupings of taxa described by
DNA sequences) have been shown to exhibit wide distributions,
frequently spanning multiple continents(!73%40. Such broad distribu-
tion patterns suggest a highly effective long-distance dispersal strategy.
However, the dispersal ability of AM fungi (e.g., dispersal of spores by
wind or animals) was considered to directly influence its ability to
colonize a location and therefore its geographic distribution[*!-44l.
Long-distance dispersal of AM fungi might be difficult since they have
hypogeous and relatively large spores (0.01-1 mm) with limited
dispersal ability compared to other fungal groups*l. On this aspect,
the passive dispersal of AM fungi supported the role of stochasticity in
shaping AM fungal communities here. On another aspect, AM fungi
disperse by large spores in the soil, mycelial fragments, and colonized

Table 3.
variable, after controlling one of these three factors.

root pieces!'?l. Spore number, volume, and shape may be correlated
with dispersal ability in fungil*>#7]. Certain functional traits of AM
fungi associated with dispersal (spore number and volume) or spatial
niches (e.g. allocation of hyphal biomass to soil or roots) tend to be
similar among closely related species, i.e. they are phylogenetically
conserved!*o-48]. Tt might therefore be hypothesized that AM fungi
with similar dispersal-related traits are more likely to co-occur than
functionally dissimilar taxa. Thus, the correlation between spatial
distance and both fungal and host plant phylogenetic structure
suggests that distance effects on AM fungal communities may not be
purely neutral, but also may reflect correlated differences in dispersal
traits among lineages of the plants and fungi. The role of dispersal
limitation in structuring AM fungal communities has previously been
recognized on a local-[*] and global-scalel!7]. Here, the analysis repre-
sents the first empirical evidence that dispersal limitation is the main
determinant of AM fungal communities on a landscape scale.

Whether co-evolution has an important ongoing role in most
mycorrhizal relationships is unknown**l. AM fungi are typically
considered as host generalists, although patterns of partner preference
have been clearly documented!'>!35!], and plant growth responses to
AM fungi depend partly on specificity between plant phylogenetic
lineages and fungal taxal®?l. It has also been documented that host
plant phylogeny influences the local composition of AM fungil!”;
however, tests of null models found that plant phylogeny-AM fungi
relationships can be scale-dependent!’3] or due to spatial effect[>].
Moreover, Polme et al.['8] found that there was no overall evidence for
a phylogenetic signal in plant-AM fungal associations on a broad scale,
although the phylogenetic correlation of plant-AM fungal assemblages
was detected on a local scalel'5]. Here, significant correlation was
found between plant phylogeny and betaMNTD of AM fungal
communities in Mantel test. However, further analysis (partial Mantel
test and Bayesian GLMM-MCMC) showed this AM fungi-plant rela-
tionship seems to be attributed to the similar effect of dispersal limita-
tion on both AM fungal communities and plant phylogenetic lineages,
driving high positive spatial auto-correlation. AM fungi are obligate
symbionts and, therefore, successful colonization is contingent on the
coordinated arrival of fungal spores and suitable plant hosts to new
locations. Here it has been shown that the stochastic dispersal
processes seem to be important in the assembly of plant-AM fungal

Partial Mantel test between unweighted betaMNTD/betaMPD of AMF communities and plant phylogeny, geographical distance, or environmental

PCPS1 BetaMNTD BetaMPD
Controlling r p r p r p

Plant phylogeny Geographical distance 0.007 0.598 0.046 0.068 0.046 0.237
Environment 0.008 0.597 0.055 0.045 0.047 0.312

Geographical distance Plant phylogeny 0.051 0004 0.177 0.006 0.056 0.009
Environment 0.067 0.001 0.185 0.006 0.072 0.006

Environment Plant phylogeny 0.028 0.996 0.023 0.048 0.019 0.999
Geographical distance 0.005 0.999 0.051 0.999 0.049 0.999

p values were FDR adjusted. Values in bold represent the 95% credible interval did not overlap with 0 and p < 0.05.
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communities, but these dispersal processes may be correlated with
traits in both AM fungi and their host plants that are influenced by
phylogenetic history.

Implications, limitations, and future directions

A recent study revealed the dominant role of stochasticity in structuring
AM fungal communities on a regional scale, with drift generally being the
major process*], which aligned with the present findings. Thus, these
results together with previous studies!'>!*%% acknowledge that the
relationship between plant phylogeny and AM fungal communities may
be scale-dependent, with stronger correlations at local scales, and a strong
spatial structuring on regional scalest®”. In common with their plant
hosts, AM fungi are essentially sessile and require external vectors. There
is evidence for multiple potential dispersal vectors for AM fungi - both
abiotic (water and air/wind) and biotic (animals, including humans)),
e.g., birds are endozoochorous co-dispersers, transporting viable propa-
gules of both partners - plants and AM fungil®\. As the present study site
is a steppe grassland, it is reasonable to speculate that besides wind and
wild animals, grazing activities for storing cattle and sheep could be
important in generating the regional distribution pattern of AM fungi.
This was supported by that grazing substantially increased the stochas-
ticity of AM fungal community assembly in the steppe by reducing the
deterministic effects of plant richness on a regional scalel”’”! in favor of
those AM fungi with disturbance-tolerant traits.

Due to the vast area of the Xilingol grassland, the 10 sampling sites
in this study might not fully represent the AM fungal diversity of the
whole grassland. Further, there is a lack of comparative studies with
AM fungal communities in other grassland areas or different ecosys-
tems (e.g. forest) which might limit the understanding of the driving
mechanism of AM fungal community assemblage. Third, as sampling
was manipulated at only one time, it may be limited to specific seasons
and do not reflect the dynamics of arbuscular mycorrhizal fungal
communities at different time scales. Thus, for future studies,
sampling should be manipulated with more sites in different ecosys-
tems and various temporal dynamics to detect the phylogenetic signal
of plant-AM fungal interactions, and to test whether the dominant role
of stochasticity in structuring AM fungal communities on the regional
scale is a generalized rule or not.

Conclusions

The present results showed that geographic distance was the most
important factor explaining the phylogenetic f-diversity in AM fungal
communities, while the effects of plant phylogeny and environmental
variables was not significant. This suggests that at the landscape scale,
AMF community structure is largely determined by stochastic events
(e.g., dispersal limitation). Furthermore, significant correlations were
found between plant phylogeny and the S-MNTD of AMF communities,
but this correlation was attenuated after controlling for geographic
distance and environmental variables. This suggests that the role of
dispersal limitation in influencing the relationship between AM fungi and
host plants may be related to the phylogenetic history of plants and AM
fungi. This study provides new insights into understanding the evolution
and ecology of the plant-AM fungal symbiosis and highlights the
important role of dispersal limitation in AM fungal community structure.

Author contributions

The authors confirm contribution to the paper as follows: study
conception and design: Zhang Q, Zhou J, Chen X; data collection: Zhang
Q, Duan ], Xing J, Du S, Yu M, Qi G; analysis and interpretation of
results: Zhang Q, Duan ], Goberna M, Jin Y, Chu J, Yang H, Chen X;
draft manuscript preparation: Zhang Q, Duan J, Yang H. All authors
reviewed the results and approved the final version of the manuscript.

Data availability

All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Acknowledgments

This work was supported by the Central Public-interest Scientific
Institution Basal Research Fund (CAFYBB2019QB001,
CAFYBB2020ZB001), the Natural Science Foundation of China (Grant
No. 31870099) and the Strategic Priority Research Program of Chinese
Academy of Sciences (XDA26020102).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at (https://
www.maxapress.com/article/doi/10.48130/abd-0024-0004)

Dates

Received 6 July 2024; Revised 22 September 2024; Accepted 14 October
2024; Published online 30 October 2024

References

1. Goémez JM, Verda M, Perfectti F. 2010. Ecological interactions are evolu-
tionarily conserved across the entire tree of life. Nature 465:918-21

2. Pellissier L, Ndiribe C, Dubuis A, Pradervand JN, Salamin N, et al. 2013.
Turnover of plant lineages shapes herbivore phylogenetic beta diversity
along ecological gradients. Ecology Letters 16:600-8

3. Yang T, Tedersoo L, Soltis PS, Soltis DE, Gilbert JA, et al. 2019. Phyloge-
netic imprint of woody plants on the soil mycobiome in natural mountain
forests of eastern China. The ISME Journal 13:686-97

4. Tedersoo L, Mett M, Ishida TA, Bahram M. 2013. Phylogenetic relation-
ships among host plants explain differences in fungal species richness and
community composition in ectomycorrhizal symbiosis. New Phytologist
199:822-31

5. Peay KG, Baraloto C, Fine PVA. 2013. Strong coupling of plant and fungal
community structure across western Amazonian rainforests. 7he ISME
Journal 7:1852—61

6. Gehring CA, Sthultz CM, Flores-Renteria L, Whipple AV, Whitham TG.
2017. Tree genetics defines fungal partner communities that may confer
drought tolerance. Proceedings of the National Academy of Sciences of the
United States of America 114:11169-74

7. Yeoh YK, Dennis PG, Paungfoo-Lonhienne C, Weber L, Brackin R, et al.
2017. Evolutionary conservation of a core root microbiome across plant
phyla along a tropical soil chronosequence. Nature Communications 8:215

8. Yang T, Song L, Lin HY, Dong K, Fu X, et al. 2023. Within-species plant
phylogeny drives ectomycorrhizal fungal community composition in tree
roots along a timberline. Soil Biology and Biochemistry 176:108880

9. Pérez-Izquierdo L, Zabal-Aguirre M, Gonzalez-Martinez SC, Buée M,
Verdu M, et al. 2019. Plant intraspecific variation modulates nutrient
cycling through its below ground rhizospheric microbiome. Journal of
Ecology 107:1594-605

10. Smith SE, Read DJ. 2010. Mycorrhizal symbiosis. Cambridge, UK:
Academic press. doi: 10.1016/B978-0-12-370526-6.X5001-6

11. Martin FM, Uroz S, Barker DG. 2017. Ancestral alliances: plant mutualis-
tic symbioses with fungi and bacteria. Science 356:eaad4501

12. Davison J, Opik M, Daniell T], Moora M, Zobel M. 2011. Arbuscular
mycorrhizal fungal communities in plant roots are not random assem-
blages. FEMS Microbiology Ecology 78:103—-15

13. Davison J, Moora M, Jairus T, Vasar M, Opik M, et al. 2016. Hierarchical
assembly rules in arbuscular mycorrhizal (AM) fungal communities. Soil
Biology and Biochemistry 97:63—70

14. Chen L, Zheng Y, Gao C, Mi XC, Ma KP, et al. 2017. Phylogenetic related-
ness explains highly interconnected and nested symbiotic networks of

Zhang et al. Agrobiodiversity 2024, 1(2): 16-22

Page 21 of 22


https://www.maxapress.com/article/doi/10.48130/abd-0024-0004
https://www.maxapress.com/article/doi/10.48130/abd-0024-0004
https://www.maxapress.com/article/doi/10.48130/abd-0024-0004
https://www.maxapress.com/article/doi/10.48130/abd-0024-0004
https://www.maxapress.com/article/doi/10.48130/abd-0024-0004
https://www.maxapress.com/article/doi/10.48130/abd-0024-0004
https://doi.org/10.1038/nature09113
https://doi.org/10.1111/ele.12083
https://doi.org/10.1038/s41396-018-0303-x
https://doi.org/10.1111/nph.12328
https://doi.org/10.1038/ismej.2013.66
https://doi.org/10.1038/ismej.2013.66
https://doi.org/10.1073/pnas.1704022114
https://doi.org/10.1073/pnas.1704022114
https://doi.org/10.1038/s41467-017-00262-8
https://doi.org/10.1016/j.soilbio.2022.108880
https://doi.org/10.1111/1365-2745.13202
https://doi.org/10.1111/1365-2745.13202
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1126/science.aad4501
https://doi.org/10.1111/j.1574-6941.2011.01103.x
https://doi.org/10.1016/j.soilbio.2016.03.003
https://doi.org/10.1016/j.soilbio.2016.03.003

Agrobiodiversity

Phylogenetic pattern of AM fungi

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

woody plants and arbuscular mycorrhizal fungi in a Chinese subtropical
forest. Molecular Ecology 26:2563-75

Montesinos-Navarro A, Segarra-Moragues ]G, Valiente-Banuet A, Verdu
M. 2015. Evidence for phylogenetic correlation of plant-AMF assem-
blages? Annals of Botany 115:171-77

Loépez-Garcia A, Varela-Cervero S, Vasar M, Opik M, Barea JM, et al. 2017.
Plant traits determine the phylogenetic structure of arbuscular mycor-
rhizal fungal communities. Molecular Ecology 26:6948-59

. Davison ], Moora M, Opik M, Adholeya A, Ainsaar L, et al. 2015. Global

assessment of arbuscular mycorrhizal fungus diversity reveals very low
endemism. Science 349:970-73

Polme S, Bahram M, Jacquemyn H, Kennedy P, Kohout P, et al. 2018. Host
preference and network properties in biotrophic plant-fungal associations.
New Phytologist 217:1230-39

Lumini E, Orgiazzi A, Borriello R, Bonfante P, Bianciotto V. 2010. Disclos-
ing arbuscular mycorrhizal fungal biodiversity in soil through a land-use
gradient using a pyrosequencing approach. Environ Microbiol 12:2165-79
Caporaso JG, Kuczynski J, Stombaugh J. 2010. QIIME allows analysis of
high-throughput community sequencing data. Nat. Methods 7:335-36
Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, et al. 2013.
Quality-filtering vastly improves diversity estimates from Illumina ampli-
con sequencing. Nature Methods 10:57—59

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. UCHIME
improves sensitivity and speed of chimera detection. Bioinformatics
27:2194-200

Opik M, Vanatoa A, Vanatoa E, Moora M, Davison J, et al. 2010. The
online database MaarjdM reveals global and ecosystemic distribution
patterns in arbuscular mycorrhizal fungi (Glomeromycota). New Phytolo-
gist 188:223-41

Davison J, Opik M, Zobel M, Vasar M, Metsis M, et al. 2012. Communi-
ties of arbuscular mycorrhizal fungi detected in forest soil are spatially
heterogeneous but do not vary throughout the growing season. PLoS One
7:€41938

Thompson JD, Gibson TJ, Higgins DG. 2003. Multiple sequence align-
ment using ClustalW and ClustalX. Current protocols in bioinformatics
00:2.3.1-2.3.22

Stamatakis A. 2006. RAXML-VI-HPC: maximum likelihood-based phylo-
genetic analyses with thousands of taxa and mixed models. Bioinformatics
22:2688-90

Jin Y, Qian H. 2022. V. PhyloMaker2: an updated and enlarged R package
that can generate very large phylogenies for vascular plants. Plant Diver-
sity 44:335-39

Paradis E, Schliep K. 2019. ape 5.0: an environment for modern phyloge-
netics and evolutionary analyses in R. Bioinformatics 35:526-28

Pillar VD, Duarte LdS. 2010. A framework for metacommunity analysis of
phylogenetic structure. Ecology Letters 13:587-96

Debastiani V], Muller SC, Oliveira JM, Rocha FS, Sestren-Bastos MC, et al.
2015. Recurrent patterns of phylogenetic habitat filtering in woody plant
communities across phytogeographically distinct grassland-forest
ecotones. Community Ecology 16:1-9

Duarte LDS, Prieto PV, Pillar VD. 2012. Assessing spatial and environ-
mental drivers of phylogenetic structure in Brazilian Araucaria forests.
Ecography 35:952-60

Pérez-Valera E, Goberna M, Verdu M. 2015. Phylogenetic structure of soil
bacterial communities predicts ecosystem functioning. FEMS Microbiol-
ogy Ecology 91:£iv031

Fine PV, Kembel SW. 2011. Phylogenetic community structure and phylo-
genetic turnover across space and edaphic gradients in western Amazo-
nian tree communities. Ecography 34:552—65

Stone GN, Nee S, Felsenstein J. 2011. Controlling for non-independence in
comparative analysis of patterns across populations within species. Philo-
sophical Transactions of the Royal Society B: Biological Sciences
366:1410-24

Hadfield JD. 2010. MCMC methods for multi-response generalized linear
mixed models: the MCMCglmm R package. Journal of statistical software
33:1-22

Nakagawa S, Cuthill IC. 2007. Effect size, confidence interval and statisti-
cal significance: a practical guide for biologists. Biological Reviews
82:591-605

Hijmans R]. 2019. Introduction to the "geosphere" package (Version 1.5-
10). https://cran.r-project.org/web/packages/geosphere/

38.

39.
40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.
53.

54,
55.

56.

57.

Lowe WH, McPeek MA. 2014. Is dispersal neutral? Trends in Ecology &
Evolution 29:444-50

Davison ], Moora M, Opik M, Ainsaar L, Ducousso M, et al. 2018. Micro-
bial island biogeography: isolation shapes the life history characteristics
but not diversity of root-symbiotic fungal communities. 7he ISME Jour-
nal 12:2211-24

Savary R, Masclaux FG, Wyss T, Droh G, Cruz Corella ], et al. 2018. A
population genomics approach shows widespread geographical distribu-
tion of cryptic genomic forms of the symbiotic fungus Rhizophagus irregu-
laris. The ISME Journal 12:17-30

Correia M, Heleno R, da Silva LP, Costa JM, Rodriguez-Echeverria S. 2019.
First evidence for the joint dispersal of mycorrhizal fungi and plant dias-
pores by birds. New Phytologist 222:1054—60

Chaudhary VB, Lau MK, Johnson NC. 2008. Macroecology of microbes —
biogeography of the Glomeromycota. In Mycorrhiza: state of the art,
genetics and molecular biology, eco-function, biotechnology, eco-physiol-
ogy, structure and systematics, ed. Varma A. Berlin Heidelberg: Springer.
pp. 529-63. doi: 10.1007/978-3-540-78826-3_26

Egan C, Li DW, Klironomos J. 2014. Detection of arbuscular mycorrhizal
fungal spores in the air across different biomes and ecoregions. Fungal
Ecol 12:26-31

Gormsen D, Olsson PA, Hedlund K. 2004. The influence of collembolans
and earthworms on AM fungal mycelium. Applied Soil Ecology 27:211-20
Garcia de Leén D, Moora M, Opik M, Jairus T, Neuenkamp L, et al. 2016.
Dispersal of arbuscular mycorrhizal fungi and plants during succession.
Acta Oecologica 77:128-35

Chagnon PL. 2016. Seeing networks for what they are in mycorrhizal ecol-
ogy. Fungal Ecology 24:148-54

Kivlin SN, Winston GC, Goulden ML, Treseder KK. 2014. Environmental
filtering affects soil fungal community composition more than dispersal
limitation at regional scales. Fungal Ecology 12:14-25

Hart MM, Reader R]J. 2002. Taxonomic basis for variation in the coloniza-
tion strategy of arbuscular mycorrhizal fungi. New Phytologist 153:335—44
Dumbrell AJ, Nelson M, Helgason T, Dytham C, Fitter AH. 2010. Relative
roles of niche and neutral processes in structuring a soil microbial commu-
nity. The ISME Journal 4:337—-45

Hoeksema JD. 2010. Ongoing coevolution in mycorrhizal interactions.
New Phytologist 187:286-300

Vandenkoornhuyse P, Husband R, Daniell TJ, Watson IJ, Duck JM, et al.
2002. Arbuscular mycorrhizal community composition associated with
two plant species in a grassland ecosystem. Molecular Ecology 11:1555-64
Hoeksema JD, Bever JD, Chakraborty S, Chaudhary VB, Gardes M, et al.
2018. Evolutionary history of plant hosts and fungal symbionts predicts
the strength of mycorrhizal mutualism. Communications Biology 1:116
Encinas-Viso F, Alonso D, Klironomos JN, Etienne RS, Chang ER. 2016.
Plant-mycorrhizal fungus co-occurrence network lacks substantial struc-
ture. Oikos 125:457-67

Liu Z, Fang ], He Y, Bending GD, Song B, et al. 2024. Distinct biogeo-
graphic patterns in Glomeromycotinian and Mucoromycotinian arbuscu-
lar mycorrhizal fungi across China: A meta-analysis. Science of The Total
Environment 912:168907

Lépez-Angulo J, Matesanz S, Illuminati A, Pescador DS, Sinchez AM, et al.
2023. Ecological drivers of fine-scale distribution of arbuscular mycor-
rhizal fungi in a semiarid Mediterranean scrubland. Annals of Botany
131:1107-19

Bueno CG, Moora M. 2019. How do arbuscular mycorrhizal fungi travel?
New Phytologist 222:645—-47

Fan D, Ji M, Wu J, Chen H, Jia H, et al. 2023. Grazing does not influence
soil arbuscular mycorrhizal fungal diversity, but increases their interaction
complexity with plants in dry grasslands on the Tibetan Plateau. Ecologi-
cal Indicators 148:110065

Copyright: © 2024 by the author(s). Published by
Maximum Academic Press on behalf of Yunnan

Agricultural University. This article is an open access article distributed
under Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Page 22 of 22

Zhang et al. Agrobiodiversity 2024, 1(2): 16-22


https://doi.org/10.1111/mec.14061
https://doi.org/10.1093/aob/mcu228
https://doi.org/10.1111/mec.14403
https://doi.org/10.1126/science.aab1161
https://doi.org/10.1111/nph.14895
https://doi.org/10.1111/j.1462-2920.2009.02099.x.
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.2276
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1371/journal.pone.0041938
https://doi.org/10.1002/0471250953.bi0203s00
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1016/j.pld.2022.05.005
https://doi.org/10.1016/j.pld.2022.05.005
https://doi.org/10.1016/j.pld.2022.05.005
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/j.1461-0248.2010.01456.x
https://doi.org/10.1556/168.2015.16.1
https://doi.org/10.1111/j.1600-0587.2011.07193.x
https://doi.org/10.1093/femsec/fiv031
https://doi.org/10.1093/femsec/fiv031
https://doi.org/10.1093/femsec/fiv031
https://doi.org/10.1111/j.1600-0587.2010.06548.x
https://doi.org/10.1098/rstb.2010.0311
https://doi.org/10.1098/rstb.2010.0311
https://doi.org/10.18637/jss.v033.i02
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://cran.r-project.org/web/packages/geosphere/
https://cran.r-project.org/web/packages/geosphere/
https://cran.r-project.org/web/packages/geosphere/
https://doi.org/10.1016/j.tree.2014.05.009
https://doi.org/10.1016/j.tree.2014.05.009
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1038/s41396-018-0196-8
https://doi.org/10.1038/ismej.2017.153
https://doi.org/10.1111/nph.15571
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1007/978-3-540-78826-3_26
https://doi.org/10.1016/j.funeco.2014.06.004
https://doi.org/10.1016/j.funeco.2014.06.004
https://doi.org/10.1016/j.apsoil.2004.06.001
https://doi.org/10.1016/j.actao.2016.10.006
https://doi.org/10.1016/j.funeco.2016.05.004
https://doi.org/10.1016/j.funeco.2014.04.004
https://doi.org/10.1046/j.0028-646X.2001.00312.x
https://doi.org/10.1038/ismej.2009.122
https://doi.org/10.1111/j.1469-8137.2010.03305.x
https://doi.org/10.1046/j.1365-294X.2002.01538.x
https://doi.org/10.1038/s42003-018-0120-9
https://doi.org/10.1111/oik.02667
https://doi.org/10.1016/j.scitotenv.2023.168907
https://doi.org/10.1016/j.scitotenv.2023.168907
https://doi.org/10.1093/aob/mcad050
https://doi.org/10.1111/nph.15722
https://doi.org/10.1016/j.ecolind.2023.110065
https://doi.org/10.1016/j.ecolind.2023.110065
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Study site and root sampling
	Molecular analysis of AM fungal communities
	Plant phylogeny
	Soil chemical characteristics
	Phylogenetic diversity metrics
	Statistical analyses
	GLMM-MCMC approach
	Mantel test approach


	Results
	Discussion
	Implications, limitations, and future directions
	Conclusions
	Author contributions
	Data availability
	References

