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Abstract:

Background

The functional diversity of arbuscular mycorrhizal fungi (AMF) affects the resistance and
resilience of plant communities to environmental stresses. However, considerable uncertainty
remains about how the complex interactions among elevated atmospheric CO2 (eCO2), nitrogen
deposition (eN), increased precipitation (eP), and warming (eT) affect AMF communities. These
global change factors (GCFs) always occur simultaneously, and their interactions likely affect
AMF community structure and assembly processes. In this study, the interactive effects of these
four GCFs on AMF communities were explored in an open-top chamber field experiment in a
semiarid grassland.

Results

Elevated CO2, eN, eT, and eP and their interactions did not affect AM fungal biomass. The relative
abundance of Paraglomus increased with N addition across treatment combinations, whereas that
of Glomus decreased with N addition, especially combined with eT and eCO2. Precipitation, T,
and N affected AMF phylogenetic α-diversity, and the three-way interaction among CO2, T, and N
affected taxonomic and phylogenetic α-diversity. Nitrogen addition significantly affected the
β-diversity of AMF communities. Both variable selection and dispersal limitation played major
roles in shaping AMF communities, whereas homogeneous selection and homogenizing dispersal
had almost no influence on AMF community assembly. The contribution of variable selection
decreased under eCO2, eN and eT, but not under eP. The contribution of dispersal limitation
decreased under eCO2, eT, and eP but it increased under eN. The assembly of AMF communities
under the sixteen GCF combinations was strongly influenced by dispersal limitation, variable
selection and ecological drift.

Conclusions

Elevated CO2, warming, N addition, and increased precipitation influenced different aspects of
AMF communities. The interactive effects of the four GCFs on AMF communities were limited.
Collectively, the results of this study suggest that AMF communities in semiarid grasslands can
resist changes in the global climate.

Keywords: Nitrogen deposition; Global change; Arbuscular mycorrhizal fungi; Grassland;
Semiarid ecosystem; Elevated CO2; Increased precipitation
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Background

Global atmospheric carbon dioxide (CO2) concentrations and nitrogen (N) deposition have
steadily increased since 1850 from 280 ppm and 23 Tg N yr-1 to over 400 ppm and 132 Tg N yr-1,
respectively. The levels are predicted to reach 750 ppm CO2 and 200 Tg N yr-1 by the end of this
century 1-4. The increases in CO2 are projected to contribute to global warming and changes in
precipitation patterns. According to IPCC reports, global mean temperature has increased by
0.76 °C since 1850 and is predicted to increase between 1.5 °C and 3.2 °C in the coming decades 2.
In high-latitude grasslands, precipitation is also expected to increase 5. These four global change
factors (GCFs) or their combinations can strongly influence terrestrial plant community
composition and function 6, 7. The GCFs can also directly and indirectly affect soil biological
communities that regulate soil nutrient availability, resulting in positive or negative feedback 8, 9.
However considerable uncertainty remains about how the complex interactions among elevated
CO2, increased precipitation, warming, and N addition affect soil fungi, especially the ubiquitous
plant symbionts.

Arbuscular mycorrhizal fungi (AMF) are root symbionts that play important roles in plant
species distribution, community diversity, and productivity and therefore in the functioning of
ecosystems worldwide 10. They form mutualistic associations with the roots of almost all plant
species in grasslands, The AMF supply nutrients (e.g., N and phosphorus) and improve plant
resistance to drought stress in exchange for plant-assimilated carbon compounds 11. Because of
their essential roles, it is particularly important to predict how AMF communities will respond to
future changes in the global climate. Increasing CO2 concentrations can theoretically stimulate
plant growth and provide more photosynthesis products to AMF, consequentially modifying the
AMF community structure. However, in N-limited grasslands, such stimulation is rarely achieved
because of the low availability of soil N 12. Although N deposition increases the N influx to
grasslands, precipitation changes and warming can increase or decrease soil N availability. In
addition, N addition can alter plant community composition and diversity 13. The resulting shifts in
plant community composition may reduce the negative effects of N addition on the structure and
function of AMF communities. Other studies show that warming increases mycorrhizal
colonization 14 and AMF diversity 15, and changes the abundance of Glomeraceae and
Gigasporaceae 16. The GCFs always occur simultaneously and therefore their interactive effects
may affect ecological communities and processes. Although many studies examine how AMF
communities respond to atmospheric CO2 enrichment 17, 18, N deposition 18, warming 15, and
increased precipitation 19, very few have simultaneously experimentally explored the interactive
consequences of these four GCFs on the AMF communities.

Arbuscular mycorrhizal fungi provide nutrients, water, and trace minerals to host plants in
exchange for photosynthesis products. Therefore, many studies highlight the importance of plant
community types and changes in plant communities in affecting the response of mycorrhizal fungi
to climate changes 17, 18. Additionally, studies report that abiotic environmental factors, such as soil
temperature, moisture, and physiochemical properties, can explain the differences in AMF
communities between sites 20, 21. These observations indicate that habitat filtering is a driver of
AMF community assembly. Apart from the above deterministic processes (homogeneous and
variable selection), stochastic processes (ecological drift, homogenizing dispersal, and dispersal
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limitation) may also shape AMF community assembly under future global climate change.
Arbuscular mycorrhizal fungi are found in every plant habitat. They generally do not produce
fruiting bodies but release spores from belowground hyphae. Thus, the dispersal of AMF is likely
relatively limited 22, although it may depend on soil disturbance and spore size. However, whether
global changes can further limit dispersal of AMF and thereby influence plant growth and
production remains unknown. According to current ecological theory, ecological deterministic and
stochastic processes play important roles in community assembly and dynamics 23. Elucidating the
assembly processes of AMF communities under global change at a local scale can help to predict
responses of those communities to shifts in climate. Therefore, understanding the degree to which
dispersal processes shape AMF communities is important practically in predicting the effects of
global changes (e.g., N deposition) and is important theoretically in predicting the fungal
symbionts as well as the ability of AMF communities to adapt to local environmental changes.

Previous observations at the study site revealed that CO2 enrichment did not alter the primary
productivity of the plant community but changed its composition 24. In addition, warming,
increased precipitation, and N addition significantly increased gross ecosystem productivity 24,
with an interaction effect of warming and precipitation 25. Increased precipitation and N addition
but not warming altered the composition of AMF community, via the indirect effects on plant
community composition 26, 27. Therefore, N addition and increased precipitation likely had greater
effects on AMF communities than warming and CO2 enrichment. To further examine the effects of
the GCFs on the AMF community, the following questions were addressed in this study: (i) what
GCF most affects the AMF community; (ii) do interactions among GCFs affect the AMF
community; and (iii) what processes dominate the assembly of the AMF community and its
response to GCFs? The following hypotheses were proposed: (i) N addition would mostly
decrease AMF biomass and significantly change AMF community structure, (ii) the combination
of N and CO2 would cause the most increases and changes in the AMF community, and (iii)
dispersal limitation would play a dominant role in shaping AMF community, and variable
selection would drive community response to global changes. To address the questions and test the
hypotheses, the composition and the soil AMF community was examined in a four-factor GCF
experiment conducted in open-top chambers in a semiarid grassland in China.

Materials and methods

Site description and sampling

The experimental site was in semi-arid, temperate steppe in Duolun County (42°02' N, 116°16' E,
1,324 m a.s.l.), Inner Mongolia, China. The Global Change Impacts Experimental Platform
(GCIEP)24, was established in May 2011 in order to manipulate four GCFs each at two levels:
ambient atmospheric CO2 concentration (aCO2) and elevated CO2 by 200 ppm (eCO2); ambient
precipitation (aP) and 30% above aP (eP); ambient N deposition (aN) and aN plus 10 g of N
m-2 yr-1 (eN); and ambient temperature (aT) and elevated temperature (eT) by nighttime (18:00 to
06:00, local time) warming. A full factorial design was used for CO2, P, and T with eight treatment
combinations and three replications of each treatment. Twenty-four 4 m × 4 m plots were set up
and arranged in six rows and four columns, with a 4-m buffer zone between any two adjacent plots.
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In addition, a split-plot design was used to manipulate the two levels of N deposition, in which
each of the 24 plots was divided into two subplots, one with N addition and the other without.
Therefore, the GCIEP included sixteen treatment combinations in total, including: aCO2aPaTaN,
aCO2aPaTeN, aCO2aPeTaN, aCO2aPeTeN, aCO2ePaTaN, aCO2ePaTeN, aCO2ePeTaN,
aCO2ePeTeN, eCO2aPaTaN, eCO2aPaTeN, eCO2aPeTaN, eCO2aPeTeN, eCO2ePaTaN,
eCO2ePaTeN, eCO2ePeTaN, and eCO2ePeTeN.

To manipulate CO2 concentration, 24 octagon, open-top chambers (OTCs; 4 m between any
two parallel sides, 2 m in height, and 13.2 m2 of ground area enclosed) were constructed using
steel frames and optical glass in the 24 4 m × 4 m plots. In addition, to estimate the effect of OTC
on air and soil microclimates, three additional OTCs with only the steel frames were built as
ambient OTCs. In each eCO2 plot, pure CO2 was introduced into the OTC to achieve a diurnal
CO2 enrichment of 200 ppm over ambient air from June to September of each year. The
enrichment was controlled by an Li-820 CO2 test system (LiCor, Lincoln, NE, USA) and an
automatic control system (Luzhai Co., Beijing, China). Increased precipitation was applied with
an automatic sprinkler system during each natural rain event from June to September of each year
to avoid changing rainfall frequency. The application of NH4NO3 in mid-June (5 g N m-2 yr-1) and
mid-July (5 g N m-2 yr-1) of each year mimicked N addition. All 27 OTCs were divided into two
subplots, one with N addition and the other without. All the nighttime-warmed plots were heated
continuously by 136 W m-2 of infrared radiation from mid-March to mid-November of each year,
using 1.65 m (length) × 0.15 m (width) MSR-2420 infrared radiators (Kalglo Electronics Inc.,
Bethlehem, PA, USA) suspended 2.75 m above the ground.

In mid-August 2017, three soil cores (diameter 3.8 cm, depth 20 cm) were randomly
collected from each subplot and mixed in a sterile bag. The corer was washed with tap and
filter-sterilized water and re-sterilized by alcohol lamp between samples. The soil samples were
immediately transported in an ice bucket to a nearby field station laboratory. The samples were
sieved through a sterilized 2-mm mesh sieve to remove plant roots and rhizomes and any stones or
other debris. The 54 samples were stored in a freezer at －80°C.

DNA extraction, PCR amplification and high-throughput

sequencing

Total DNA was extracted from three 500-mg subsamples from each soil sample using an
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Inc. Norcross, GA, USA) according to the
manufacturer’s instructions. DNA extracts were quantified using a NanoDrop NC2000
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and then diluted to 20 ng/μL
before polymerase chain reaction (PCR) amplification. All PCRs were performed in an Applied
Biosystems 2720 Thermal Cycler (ABI, Foster City, CA, USA). PCR amplification was performed
using the AMF-specific primer pair AMV4.5NF (5'-AAGCTCGTAGTTGAATTTCG-3') and
AMDGR (5'-CCCAACTATCCCTATTAATCAT-3') 28. PCR reactions were performed in a reaction
volume of 25 μL that contained 5 μL of 5 × reaction buffer, 5 μL of 5 × GC buffer, 2 μL of dNTP
(2.5 mM), 1 μL of forward primer (10 μM), 1 μL of reverse primer (10 μM), 2 μL of DNA
template, 8.75 μL of ddH2O and 0.25 μL of Q5® High-Fidelity DNA Polymerase. Before
amplification, DNA samples were denatured at 98 °C for 2 min. Next, 30 cycles were run,
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consisting of 15 s at 98 °C, 30 s at 55 °C and 30 s at 72 °C, followed by a final elongation of 5
min at 72 °C. After separation of PCR products by gel electrophoresis, amplicons within the
appropriate size range were cut from the agarose gel (75510-019, Invitrogen, Paisley, UK), and
purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA).
Purified PCR products were quantified using a Quant-iT PicoGreen® dsDNA Assay Kit
(Invitrogen, Paisley, UK) and an FLX800T Microplate reader (BioTek, Winooski, USA).
Amplicon libraries were prepared using a TruSeq Nano DNA LT Library Prep Kit (Illumina, San
Diego, CA, USA). Paired-end (2 × 300 bases) sequencing was performed on an Illumina MiSeq
platform using MiSeq Reagent Kit V3 (600 cycles) at Shanghai Personal Biotechnology Co., Ltd.
(Shanghai, China).

Real-time fluorescence quantitative PCR

The effects of elevated CO2, warming, N addition, and increased precipitation on soil fungal
and AMF biomass (internal transcribed spacer (ITS) gene copies) were determined using
quantitative real-time PCR (qPCR) on a StepOnePlus™ System (ABI, CA, USA) with AceQ®
qPCR SYBR® Green Master Mix (Q112-02, Vazyme). The primers ITS1F
(5'-TCCGTAGGTGAACCTGCGG-3') and 5.8S (5'-CGCTGCGTTCTTCATCG-3') were used for
overall fungal ITS gene amplification, and the primers AMV4.5NF and AMDGR were used for
AMF biomarker measurement. Each reaction contained 10 µL of 2 × SYBR real-time PCR
premixture and 0.4 µL of each PCR primer (10 µM). Thermocycler conditions included an initial
denaturation step at 95 °C for 5 min, and then 40 cycles were performed: 95 °C for 15 s, 60 °C for
30 s, and 72 °C for 30 s. Standard curves were generated with plasmid vectors containing PCR
products, and the products were linearized by PCR amplification with the primers followed by
purification as previously described. For each qPCR assay, no-template control, standard, and
sample reactions were performed in three replications, and a dissociation curve was generated at
the end of each run to check product specificity. The fluorescence of SYBR Green was measured
at the end of each extension step, and this fluorescence was normalized to that of the ROX
reference dye. The efficiency of the overall fungi qPCR assay was 75.52% and that of the AMF
qPCR assay was 105.07%, and R2 values for standard curves were between 0.985 and 0.989 for
both genes. The biomarker-based estimate was converted to copy number of each gene in each
reaction and normalized to the dry mass of soil dried weight from which DNA was extracted. The
biomarker of non-AMF was estimated by the difference between overall fungal and AMF
biomass.

Bioinformatics

The raw DNA sequencing data were processed using a combination of QIIME v 1.9.1 29,
USEARCH 30, and UPARSE 31. First, the ambiguous bases and the homopolymers with more than
eight bases were removed to ensure the quality of sequencing data. The remaining sequences were
subjected to demultiplexing according to the barcode and index for each sample. Reads were
paired and merged with 20-bp minimum overlap and 20% mismatch using USEARCH. Then,
UCLUST was used to cluster operational taxonomic units (OTUs) at 97% identity 30. The
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taxonomic identity of the representative sequence of each OTU was assigned by comparison with
the specific repository for the sequences of Glomeromycota in the MaarjAM database 32. Last, the
OTU table was rarefied to 7,000 reads per sample for downstream diversity and network analyses.

Data analysis and statistics

First, multivariate analyses of variance (MANOVAs) with a split-plot design were conducted
to assess the main and interactive effects of CO2, N, warming, and precipitation on overall soil
fungal ITS gene, AMF biomarker gene, and non-AMF biomarker gene copies. Before analysis, the
data were checked for normality (shapiro.test function in R) and homogeneity of variances
(Levene’s test).

Chao1 and Simpson’s indices were used to measure richness and evenness, respectively, of
AM fungal communities and were calculated using the R-package vegan 33. Richness and Faith’s
phylogenetic diversity (PD) index were used to describe the compositional diversity of AMF
communities and were calculated using the R-packages vegan 33 and Picante 34. Shannon and
Allen (ChaoPD) indices were used to assess the structural diversity of AMF communities on the
basis of relative abundance of OTUs and phylogenetic lineages, respectively, and were calculated
using the diversity and ChaoPD functions of the R-package vegan and entropart, respectively. The
main and interactive effects of CO2, N, warming, and precipitation on these four indices were
assessed by MANOVAs. Additionally, the four indices were used to assess the dissimilarity of
AMF communities under the four GCFs and their interactions. Sorensen and phyloSor
dissimilarity indices were used to measure taxonomic and phylogenetic compositional
dissimilarity, respectively, among AMF communities, and Shannon and Allen indices were used to
determine the taxonomic and phylogenetic structural dissimilarity, respectively, among AMF
communities. These four indices were calculated using the R-package betapart 35.

To compare the AMF community composition among the four main factors and the sixteen
treatments, Venn diagrams were generated using the R-package UpSetR and VennDiagram. To
identify taxa that were specific to one type of GCF treatment, the differentially abundant taxa were
determined by linear discriminant analysis effect size (LEfSe) via the Galaxy server
(http://huttenhower.sph.harvard.edu/galaxy/).

To examine differences in AMF communities between ambient and elevated levels of CO2

concentration, N addition, warming, and precipitation, first, principal coordinate analysis (PCoA)
was performed using Bray-Curtis and Jaccard distances with the ordinate function in the R-
package vegan. Next, whether soil AMF communities differed in main and interactive effects of
the four GCFs was explicitly tested with four-way PERMANOVA (999 permutations) using the
adonis function in the R-package vegan. To assess whether the four GCFs and their interactions
influenced the phylogenetic structure of soil AMF communities, a four-way PERMANOVA (999
permutations) was conducted based on weighted and unweighted UniFrac distances using the
distance function of the phyloseq package and the adonis function of the vegan package in R.

To evaluate the processes that contributed to the assembly of AMF communities under the
four GCFs, the β-nearest taxon index (βNTI) was used to quantify the phylogenetic turnover
between communities. This ecological community modeling framework was developed to assess
the relative contributions of stochastic and deterministic processes to the assembly of microbial
communities 36, 37. The βNTI was estimated by comparing the observed β-mean nearest taxon
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distance (βMNTD) with the mean of a null distribution of βMNTD (999 randomizations), and by
normalizing its standard deviation using “comdistnt” in the R-package picante (Stegen et al., 2012,
2015). The relative extent to which AMF community assembly was governed by deterministic
processes (homogeneous or variable selections) was determined by evaluating the percentage of
all pairwise βNTI values that fell below −2 or above +2, respectively 36. By contrast, when -2 <
βNTI < +2, stochastic processes played an important role. Furthermore, to identify the relative
contributions of stochastic processes (homogenizing dispersal, dispersal limitation, and ecological
drift), the outcome of the βNTI analyses was combined with a second null model, Raup-Crick
(RCbray) which is based on a Bray-Curtis metric adapted to account for species’ relative
abundances 36. The relative contribution of dispersal limitation was defined by the percentage of
pairwise values that met the conditions -2 < βNTI < 2 and RCbray > 0.95. The relative contribution
of homogenizing dispersal was estimated by the percentage of pairwise values that met the
conditions -2 < βNTI < 2, and RCbray < -0.95. Last, the undominated process (i.e., ecological drift)
governing AMF community composition assembly was estimated by the percentage of pairwise
values that met the conditions -2 < βNTI < +2 and -0.95 < RCbray < +0.95.

The microbial-association network between pairs of AMF OTUs for each GCF across 24
subplots was constructed using abundant OTUs that were in at least nine samples. The SParse
InversE Covariance Estimation for Ecological Association Inference (SPIEC-EASI) framework 38,
a statistical method that is robust to all issues of compositional data encountered in microbiota
analysis, was used to infer the microbial ecological networks in OTU data sets. Network topology
features were characterized by average stability of sparsity, index of the selected lambda from the
provided lambda path (INDLLP), penalty parameter from the provided lambda path (PPPL),
average nearest neighbor degree (ANND), average path length, betweenness centrality,
closeness centrality, degree assortativity, clustering coefficiency, degree centralization, density,
transitivity, number of vertice, number of edges, modularity, diameter, number of clusters, and
mean distance with the R-package igraph. Topological roles of interconnecting AMF OTUs in the
same and different modules were calculated according to 39. To identify the topological properties
of each node within an AMF co-occurrence network, each network was separated into modules by
comparing the differences between the topological indices of empirical and random networks with
the parameters of within-module connectivity (Zi) and among-module connectivity (Pi) using the
R- packages bipartite and microbiomeSeq.

Availability of data and materials

Data sets of AMF biomarker sequences are archived at the National Center for Biotechnology
Information Sequence Read Archive (https://www.ncbi.nlm.nih.gov/) under BioProject ID
PRJNA701203.

Results

The main effects of CO2, N, T, and P did not significantly affect the biomass of total soil,
AMF, or saprophytic fungi in this study (Table 1). Only a marginally significant interaction effect
of the four GCFs on total fungal biomass was observed (p < 0.1), and there was no significant
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interaction effect on AMF biomass. Nitrogen deposition only decreased AMF biomass when the
system was under combined eCO2 and eT (two tail T-test, p < 0.01, Fig. S1). Nitrogen addition
also reduced total fungal biomass under aCO2 and aT, independent of precipitation, which showed
a contrasting effect under eCO2 (Fig. S1). Under eN, a marginally significant increase in
saprophytic and total fungal biomass was observed under eCO2 and eT as well as under their
interaction, whereas these two factors had no additive effect on the biomass of either fungal group
(Fig. 1).

Paraglomus and Glomus were the dominant genera in this study (Fig. 2 and Fig. S2). The
relative abundance of Paraglomus under N addition was commonly higher than that under aN
across treatments, whereas the relative abundance of Glomus decreased, especially under the
combination of warming and eCO2 (Fig. 2 and Fig. S2). Ninety-eight OTUs were shared across
the sixteen treatments (Fig. S3).

There were some main effects of P, T and N on Faith’s diversity (PD) and ChaoPD, as well as
some effects of the three-way interaction among CO2, T and N on Chao1, richness, and
phylogenetic diversity. The ChaoPD of the AMF community increased under eN (p < 0.05) (Fig.
3a) but decreased under eP (p < 0.05) and eT (p < 0.1) (Fig. 3b, f). Warming decreased Chao1
diversity and richness (p < 0.05; Fig. 3c, d) and also Faith’s PD (p < 0.01; Fig. 3e) in addition to
significantly increasing phylogenetic clustering alone and combined with CO2, N, and P (Figure
S2). Under eCO2, N addition increased richness and Chao1 diversity but only under aT (Fig. 4a, b
and 4g, h); while under eN, eCO2 increased Chao1 and Faith’s PD diversity but only under aT (Fig.
4c, d and 4e, f).

Principal coordinate analyses revealed significant separation in AMF community
composition (based on Bray-Curtis, Jaccard, and UniFrac, and weighted UniFrac distances)
between the aN and eN treatments (Fig. 5, Table 2). Arbuscular mycorrhizal fungal community
composition was not significantly different between aCO2 and eCO2, or between aP and eP, but
was between aT and eT for the case based on unweighted Unifrac distance (Table 2). The
interaction between P and T based on unweighted UniFrac distance significantly affected AMF
community composition. In addition, some marginally significant interaction effects between
warming and N addition affected AMF community composition (Table 2, Fig. S4).

The LEfSe revealed that the OTUs classified within the genera Diversispora, Scutellospora,
and Claroideoglomus were more abundant under aT (Fig. 6). Two OTUs within the genera
Glomus and Septoglomus were identified as indicators of the N addition across all samples,
whereas only one OTU within Paraglomus was identified as an indicator of ambient soil N.

Edges were predominantly composed of strong positive associations in the eCO2, eN and eP
networks, in contrast to those in the eT network, and the dominant, identifiable OTUs belonged to
the genus Glomus (Fig. S5). Elevated CO2, eN, and eP increased the closeness centrality of
networks, whereas eT decreased the closeness centrality, number of vertice, and number of edges
(Table 3). Many AMF OTUs in this study were connectors, with only a few were peripherals
(specialists) found in the eCO2 and aCO2 co-occurrence networks (Fig. 7, Fig. S5 and S6). As
examples, several peripheral OTUs of the genus Glomus were observed that were not found in the
eCO2 network (Fig. 7a), whereas an OTU of the genus Archaeospora was peripheral (Fig. 7b).

The median value of the βNTI had an absolute value of <+2 under the main factor treatments,
and many βNTI values were greater than +2 (Fig. 8a). Most βNTI values fell within the range of
-2 to +2 across the sixteen combination treatments (Fig. 8b). Homogeneous selection and
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homogenizing dispersal had almost no influence on the AMF community assembly in this study
site. Elevated CO2 and warming treatment decreased the phylogenetic turnover of AMF
communities, whereas warming increased the turnover (Fig. S7). Furthermore, the β-NTI values
were always lower in eN combinations with other factors than in aN combinations. The percentage
contribution of variable selection decreased with eCO2, eN and warming, but increased with eP
(Fig. 8c). Decreases in the contribution of dispersal limitation occurred with eCO2, warming, and
eP, but increases occurred with eN. Elevated N influenced the community assembly of AMF when
averaged across the four treatment combinations with eCO2, eT, and with aP, respectively (Fig. 8c
and d).

Discussions

CO2 enrichment positively affected the saprophytic fungal community
In a previous study at this four-factor OTC experimental facility, eCO2 did not affect net

ecosystem productivity 24. The lack of response in net ecosystem productivity to CO2 enrichment
was attributed to increases in soil respiration offsetting ecosystem C uptake. Therefore, eCO2

could have increased soil total fungal and AMF biomass, indicating critical roles for fungal
communities in the carbon-cycling response to CO2 enrichment. Many previous studies
demonstrate that short-term eCO2 increases gross ecosystem productivity 10, 40, which suggests that
more substrate is available for AMF and saprophytic fungi because of increased carbon input to
soil. In this study, CO2 increased total fungal biomass depending on N level and temperature.
Furthermore, the increases were attributed to changes in saprophytic fungi and not in AMF.
Changes in plant community composition are one mechanism that might explain the absence of
responses by AMF biomass to CO2 enrichment and its interaction with other factors in this study.
At the study site, the plant canopy did not respond to eCO2 under any treatment combinations
from 2014 to 2017, whereas forb cover increased by 8.6% with eCO2 24. Notably, an increase in
the forb:grass ratio is associated with increases in saprophytic fungi rather than AMF 41.
Nitrogen addition predominantly influenced the β-diversity of AMF community

Nitrogen addition can significantly affect AMF community composition and, depending on
the ecosystem, can have a negative or no effect on AMF biomass 26, 42. In a two-factor experiment
conducted in the same site as this study, Kim et al. (2015) found N addition significantly
decreased AMF extraradical hyphal biomass, despite warming 26. In this study, N addition
significantly decreased AMF biomass only with eCO2 and warming, although N addition tended to
decrease AMF biomass. Furthermore, the effect of N addition on AMF community composition
was greater than that of eCO2, eP and eT. These results are consistent with the hypothesis in this
study and suggest that N deposition is an important GCF in this semiarid grassland, although its
effects are also dependent on other GCFs. The relative abundance of genus Paraglomus under N
addition was frequently higher than that under aN across treatments, whereas the relative
abundance of Glomus was lower, especially under combined eT and eCO2 (Figure 2 and Figure
S2). Two OTUs within Glomus and Septoglomus were identified as indicators of N addition across
all samples, whereas only one OTU within Paraglomus was identified as an indicator of ambient
N. On the basis of these results, host specificity should be determined to confirm the sensitivity of
these AMF species to active soil N in future studies.

At the study site, the dominant genera Paraglomus and Glomus are rhizophilic AMF.



11

Rhizophilic AMF are likely tolerant of low soil moisture because of the high allocation to
intraradical hyphae and limited investment in extraradical hyphae. Both dominant genera of AMF
responded differently to N addition. N addition had a negative effect on Glomus but a positive
effect on Paraglomus. These observations are consistent with previous findings that the relative
abundance of Glomus is negatively correlated with soil N content and is correlated with
alkaline-neutral soils. By contrast, the occurrence of Paraglomus is correlated with more acidic
soils 42, 43. Other studies also show that N addition mostly reduces the richness and abundance of
the dominant genus Glomus and favors other AMF 44. The difference in response to N addition by
Glomus and Paraglomus might be due to differences in the morphological structure of the
mycorrhizal association with plant roots. Paraglomus does not have vesicles, and the intraradical
hyphae are frequently coiled within and between cortical cells. By contrast, Glomus frequently
contains vesicles and rarely produces coils in its mycorrhizal association. A decrease in vesicles
with high N addition was also observed in a field study 45.
Warming predominantly influenced the phylogenetic diversity of AMF

The alpha diversity of AMF communities was likely to be lower in the warming treatment.
This result is consistent with those of studies in other grasslands 46, 47. By contrary, in a study
conducted at the same site as this study, the alpha diversity of the AMF community increased in
response to four years of warming 26. Some studies also indicate that ecosystem warming may
have positive effects on AMF communities by stimulating more carbon allocation to roots in the
short term, e.g., after one year of warming 14. By contrast, warming always causes nonsignificant
or negative effects on AMF biomass or OTU richness in the long term compared with the ambient
temperature treatment. Moreover, warming-caused drought can reduce the allocation of
photosynthates to the plant rhizosphere in long-term experiments. In addition, in previous studies,
water availability influences aboveground productivity and further affects AMF abundance and
diversity 48. Therefore, these results suggest that the effects of warming on AMF communities are
dependent on the temporal scale. Additionally, because the eT network was less connected with
low closeness centrality and had fewer vertice and edge; it would be slowly affected by
environmental changes. Thus, the implication is that AMF communities can resist even stronger
global changes.

Simultaneously, AMF OTUs were also more phylogenetically clustered, and the communities
showed lower phylogenetic turnover under warming. By contrast, under aT, distantly related
species co-occurred less frequently, and there was high phylogenetic turnover among plots. It is
unlikely that warming directly influenced the phylogenetic diversity of AMF communities because
they commonly have relatively wide temperature tolerance. Several processes should always be
considered when explaining the indirect effects on AMF via their host plants. First, there might be
some type of ecological sorting between aT and eT OTCs related to soil properties. For example,
reductions in soil water availability due to plant transpiration could drive changes in the
abundance and community composition of AMF 49. A second possibility was that plant community
composition changed significantly between aT and eT treatments 24. At the same study site, Yang
et al. (2011) observed that experimental warming markedly decreased grass community coverage
and species richness50. It has been demonstrated that the composition of the AMF community in
the site was associated with the community composition the plant community 51. A third
possibility was that warming prolonged the period of active plant growth and increased plant
productivity, which would increase substrate deposition for AMF. The warming treatment in the

file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.4.0/resultui/html/index.html
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OTCs experiment had certainly improved gross ecosystem productivity 24. Thus, the shifts in
phylogenetic patterns in the present study were likely to be caused by altered host plant carbon
allocation.
Increasing precipitation had a minor effect on the phylogenetic α-diversity of
AMF

Most studies show that increases in precipitation can directly affect AMF biomass by
ameliorating water limitation and can indirectly influence AMF species richness and community
structure by driving changes in the plant community (e.g., 52). In this study, although the
taxonomic structure of AMF communities was not significantly altered by eP, the phylogenetic
alpha diversity (Allen index) was significantly lower and the phylogenetic turnover was
remarkably higher across the eP treatments. Increased precipitation may affect AMF community
assembly by regulating the percentage of AMF root colonization and the assemblage of different
lineages. Increases in water availability can directly influence the growth and distribution of AMF
extraradical mycelia in semiarid grasslands. Alternatively, increased precipitation may also
indirectly affect AMF phylogenetic lineages via changes in plant community composition 53,
coverage 52, diversity 54, and productivity 55. Different plant–AMF symbiotic combinations
respond differently to changes in the soil matric water potential 56, and therefore, changes in plant
communities associated with increased precipitation can potentially feedback to influence the
dynamics of AMF communities and their symbiotic associations. When soil water is abundant,
AMF lineages that are less efficient in supplying water but more demanding of carbon may be
abandoned, with host plants absorbing water via the osmotic potential of root cells. Arbuscular
mycorrhizal fungal lineages also vary in their adaptability to drought and water availability, and
the lineages with better adaptability to a moisture niche are expected to replace those that are
poorly adapted to drought conditions 57. In fact, the ability of some AMF species to colonize plants
increases under high soil moisture 52. Overall, the results suggest that increased precipitation in
semiarid grassland will drive changes in AMF phylogenetic alpha diversity in a future warmer
world with eCO2 and eN.
Interactive effects of warming, N addition, elevated CO2, and increased
precipitation on AMF communities

Because the GCFs elevated CO2, N deposition, warming, and increased precipitation do not
occur in isolation, how the interactions of these factors affect soil fungal communities needs to be
considered. In this study, N was the predominant GCF to affect the α and β-diversity of AMF
communities. Marginally significant interactions between N and CO2 and between N and CO2 and
warming affected saprophytic fungal biomass, but significant interactions did not affect AMF
biomass. Similarly, in a previous study at the same site, significant interaction between CO2 and N
addition and warming did not affect the densities of AMF spores and extraradical hyphae 15. One
mini-review concludes that the interactions of GCFs can lead to non-additive effects 58, whereas
other meta-analysis studies find that synergistic or antagonistic effects are relatively rare 59, 60. In
studies of the interactions between N fertilization and eCO2, eCO2 did not change the
N-fertilization effect on AMF biomass, in some ecosystems 61. For example, Gamper et al. (2004)
reported that N addition and eCO2 interactions are not significant for the parameters of AMF
communities12.

Although four-way interactions were not detected in this study, some three-way interactions
among CO2, temperature, and N affected the Chao1, richness, and phylogenetic diversity of AMF
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communities. Similar interactive effects on grassland net primary production have also been
detected 62. Because few experiments incorporate the interactive effects of the four GCFs on AMF,
it was difficult to link the experimental data in the study with responses worldwide. The ChaoPD
of the AMF community increased with N addition but decreased with eP and eT. Warming
increased Chao1, richness, and Faith’s PD, in addition to significantly increasing phylogenetic
clustering alone and combined with CO2, N, and precipitation. Under eCO2, N addition increased
the richness and Chao1 but only at aT, with no significant interaction at eT. However, when those
two treatments were combined, the effects of N almost disappeared. Because AMF are
functionally diverse 63, a diverse phylogenetic cluster provides varying benefits to a host plant.
Changes in AMF community composition in response to interactions of GCFs may significantly
influence the composition of plant communities and their productivity in semiarid grasslands. For
example, some studies suggest that changes in the composition of AMF communities can cause
positive feedback on plant growth 64, 65. In the grassland ecosystem of this study, the most
abundant AMF groups associated with the dominant plant species varied in their responses to the
GCFs 66. Therefore, models used to predict conditions in future grassland ecosystems must
consider the interactions of GCFs and their effects on both plants and their AMF associations.
Effects of GCFs on assembly of AMF communities

Because the functional traits of AMF are phylogenetically conserved 67, the ecological
processes (i.e., deterministic and stochastic processes) governing AMF community assembly can
be deduced using the null model 36, 37. In this study, variable selection and dispersal limitation
played major roles in shaping AMF communities. In some studies, homogenizing dispersal is the
dominant process in the assembly of microbial communities, whereas in this study, its contribution
to AMF community assembly was minimal. The high dispersal rates associated with
homogenizing dispersal would lead to similar composition in microbial communities within one
site or habitat 68. In this study, weak homogenizing dispersal could explain why only 98 OTUs
were shared across the sixteen treatments. Homogenizing dispersal always strongly homogenizes
soil bacterial communities and results in high similarity in composition. For example, Luan et al.
(2020) found homogenizing dispersal is primarily responsible for the turnover and assembly of
soil bacterial communities69. However, its role in the small-scale spatial assembly of AMF
communities remains uncertain. In this study, the faint signal for homogenizing dispersal was
accompanied by a strong signal for dispersal limitation, indicating very restricted movement of
AMF. These results support the expectation of the study and are consistent with those of other
studies 70, suggesting that dispersal limitation plays important roles in the assembly of AMF
communities. Therefore, a likely explanation for the observed assembly pattern is that the
relatively large AMF spores in the grassland subsoil are frequently unsuitable for passive wind
dispersal. In addition, in the perennial grassland examined in this study, several AMF taxa rarely
sporulate, which would limit dispersal. Such high dispersal limitation may increase the proportion
of maladapted taxa in AMF communities and thereby increase the vulnerability of plant
communities to global changes.

The deterministic processes were weaker in the eCO2 plots than in the aCO2 plots when eCO2

was combined with the other three factors, and variable selection was the primary deterministic
process. Variable selection usually causes biotic community dissimilarity because of differences in
abiotic and biotic environments 71. In this study, the AMF community assembled with lower
turnover in composition under eCO2 than under aCO2 across aN, eN, aT, eT, aP, and eP treatments.
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This result suggested that eCO2 may weakened the shift in environmental factors, both biotic and
abiotic, caused by eN, eT, and eP. A similar weakening was also found with eN and eT but not
with eP. The increase in the variable selection under eP suggested that increased precipitation
could strengthen the effects of eN, eT, and eCO2 on AMF community assembly. These results
partially support the hypothesis that variable selection would play a dominant role in affecting the
response of AMF communities to global changes. A recent study showed that warming by ~3 °C
can increase homogeneous selection because of a positive response by a group of ubiquitous
gram-positive bacteria in a temperate grassland 72. In this study, homogeneous selection for AMF
assemblages also increased under warming. The shift in phylogenetic structure of the AMF
communities in aT and eT treatments was tightly linked to a large decrease in relative abundance
of Diversispora, Scutellospora, and Claroideoglomus. Whereas the percentage of dispersal
limitation decreased under eCO2, eT, and eP, it increased under eN. Given only few of the
abundant AMF OTUs in present study act as specialists. The shift could be dominantly due to the
ecological drift and dispersal limitation, and partly was attributed to variable selection. The
percentage of ecological drift increased under warming and eCO2, suggesting that in the future,
AMF communities in the semiarid grassland might continue to be under a weak homogeneous
selection assembly process, regardless of whether alone or in combination with elevated N and
precipitation. In this study, stochastic processes increased with N addition, which contrasts with
observations of microbial guilds from century-long fertilization plots at Rothamsted Experimental
Station 43. These results and those of Liu et al. (2017) imply that the duration and strength of N
addition play important roles in determining soil microbial communities73. The results of this
study also suggest that the interactions among the four GCFs can alter the processes of AMF
community assembly. Collectively, the results indicated that both stochastic and deterministic
processes determined the responses of AMF assemblages to global changes; however, both
processes were context dependent, implying that be a more complex mechanism likely structures
the AMF communities than simply host plant community composition.

Conclusions

The effects of four GCFs on the composition of AMF communities were examined in an
OTC field experiment in a semiarid grassland in China. Elevated CO2, warming, N addition, and
increased precipitation influenced different aspects of AMF communities. However, the structure
and assembly of AMF communities indicated they could resist global changes, particularly with
respect to the role played by ecological drift. Future efforts should examine the selection factors
that filter the sensitive taxa in plant–fungi symbioses. In particular, identifying the taxa sensitive
to N addition may provide insights and increase understanding of the mechanisms that lead to
variation in AMF community structure.
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Figure 1. Three-way interaction effects of ambient (a) and elevated (e) levels of the global change
factors nitrogen (N), CO2, and temperature (T) on a, b total fungal biomass and c, d saprophytic
fungal biomass (log number of ITS gene copies g-1). The p-values above the lines are from
Tukey’s HSD post-hoc tests.
Fig. 2. Relative abundances (%) of major genera of arbuscular mycorrhizal fungi under the
influence of ambient and elevated levels of the global change factors nitrogen, CO2, temperature,
and precipitation.
Fig. 3. Significant effects of global change factors on arbuscular mycorrhizal communities. (a)
Effect of nitrogen (N) addition on ChaoPD (phylogenetic diversity); (b) effect of elevated
precipitation (P) on ChaoPD; and effect of elevated temperature (T) on (c) Chao1, (d) richness, (e)
Faith’s PD, and (f) ChaoPD. a, ambient level; e, elevated level.
Fig. 4. Three-way interaction effects of global change factors on arbuscular mycorrhizal fungal
communities. a, b Effect of CO2, nitrogen (N), and temperature (T) on richness; effect of N, CO2

and T on c, d the Chao1 index and on e, f the phylogenetic diversity (PD) index; and g, h effect of
CO2, T, and N on the Chao1 index. Ambient (a) and elevated (e) levels.
Fig. 5. Principal coordinate analysis of the effects of nitrogen (N) addition on (a, ambient level; e,
elevated level) on variation in arbuscular mycorrhizal fungal community composition. a
Bray-Curtis distance, b Jaccard distance, c unweighted UniFrac distance, and d weighted UniFrac
distances. P, precipitation; T, temperature.
Fig. 6. Discriminant taxa of arbuscular mycorrhizal fungal (AMF) communities as determined by
LEfSe analysis in a) warming and unwarmed treatment and b) fertilized and unfertilized treatment.
AMF taxa are illustrated according to taxonomic relationships using a cladogram to show the
discriminative patterns in taxonomic lineages. c) and d) AMF taxa listed according to linear
discriminant analysis (LDA) values. Only the AMF lineages that showed significant responses to
eCO2, eN, eP and eT are shown (a, ambient level; e, elevated level; T, temperature; N, nitrogen; P,
precipitation).
Fig. 7. Within-module (Zi) and among-module (Pi) connectivity plots showing the distribution of
arbuscular mycorrhizal fungi (AMF) based on their topological roles under: a) ambient CO2

(aCO2), and b) elevated CO2 (eCO2). Each symbol represents an AMF operational taxonomic unit
(OTU) (or species). Different symbols indicate different genera. The topological roles of OTUs
were determined according to the OTUs interconnecting in the same module (within-module
connectivity) and in different modules (among-module connectivity). The OTUs identity numbers
label the peripherals. The horizontal and vertical dashed lines represent the threshold values of Zi
(2.5) and Pi (0.62), respectively, used to categorize OTUs.
Fig. 8. Ecological null model outputs (βNTI) of arbuscular mycorrhizal fungal (AMF)
communities under a) the eight global change factor (GCF) treatments and under b) sixteen GCF
treatments. In the box-and-whisker plots, the line in the box represents the median, the top and
bottom of the box represent first and third quartiles, respectively, and the whiskers represents the
1.5 interquartile range. c) Contributions of community assembly processes governing AMF
community turnover under the influence of GCFs. Ambient CO2 (aCO2), elevated CO2 (eCO2),
ambient nitrogen (aN), elevated N (eN), ambient temperature (aT), elevated T (eT), ambient
precipitation (aP), elevated P (eP). d) Raup-CrickBray-Curtis results for the AMF communities under
sixteen GCF treatments.
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Table 1. Summary (P-values) of general linear mixed model on the effects of elevated CO2 (CO2), increased

precipitation (P), elevated temperature (T) and enriched nitrogen (N) on AMF biomass (AMF), saprophytic

fungal biomass (SFungi), total fungal biomass (Fungi), and α-diversity including Shannon, Simpson, Chao1,

richness, phylogenetic diversity (PD) and Chao PD index.

Sources of Variation AMF SFungi Fungi Shannon Simpson Chao1 Richness PD ChaoPD

CO2 0.761 0.243 0.243 0.449 0.275 0.620 0.602 0.939 0.828

P 0.274 0.261 0.239 0.719 0.522 0.727 0.722 0.705 0.049

T 0.912 0.773 0.742 0.377 0.579 0.133 0.118 0.035 0.063

N 0.237 0.934 0.980 0.848 0.997 0.254 0.396 0.797 0.001

CO2×P 0.960 0.104 0.112 0.188 0.113 0.661 0.768 0.976 0.942

CO2×T 0.352 0.312 0.289 0.769 0.851 0.798 0.828 0.601 0.326

P×T 0.330 0.539 0.562 0.352 0.532 0.334 0.322 0.093 0.796

CO2×N 0.936 0.096 0.103 0.657 0.324 0.762 0.644 0.274 0.264

P×N 0.409 0.410 0.424 0.265 0.279 0.243 0.375 0.519 0.713

T×N 0.862 0.277 0.292 0.485 0.580 0.188 0.264 0.397 0.835

CO2×P×T 0.366 0.373 0.380 0.941 0.861 0.997 0.880 0.876 0.567

CO2×P×N 0.505 0.405 0.398 0.208 0.319 0.254 0.377 0.167 0.656

CO2×T×N 0.701 0.077 0.087 0.133 0.361 0.014 0.039 0.048 0.966

P×T×N 0.669 0.733 0.771 0.852 0.939 0.916 0.960 0.776 0.441

CO2×P×T×N 0.410 0.090 0.092 0.512 0.758 0.255 0.318 0.718 0.762

Note: The bold numerals highlight the significance at p < 0.1 or p < 0.05 for fungal biomass and α-diversity,

respectively. The α-diversity data were performed log-transformations to meet the linear model assumptions.



Table 2. Results of four-way permutational analysis of variance (PERMANOVA) testing effects of CO2

enrichment, increased precipitation (P), warming (T) and N addition onAMF community.

unweighted

unifrac
weighted unifrac unweighted OTU weighted OTU

Df F P F P F P F P

CO2 1 0.925 0.504 0.751 0.560 1.075 0.327 1.075 0.341

P 1 0.834 0.639 1.226 0.244 1.335 0.110 1.335 0.108

T 1 2.728 0.003 1.501 0.158 1.323 0.133 1.323 0.130

N 1 2.717 0.004 3.728 0.01 5.060 0.001 5.060 0.001

CO2×P 1 0.795 0.732 0.911 0.393 0.829 0.714 0.829 0.708

CO2×T 1 0.679 0.926 0.703 0.641 1.281 0.141 1.281 0.179

P×T 1 2.001 0.011 0.971 0.416 0.941 0.525 0.941 0.504

CO2×N 1 0.851 0.638 0.724 0.601 0.883 0.632 0.883 0.629

P×N 1 0.674 0.952 0.710 0.631 0.868 0.679 0.868 0.654

T×N 1 0.951 0.064 1.035 0.074 1.456 0.057 1.456 0.066

CO2×P×T 1 0.909 0.504 0.700 0.634 0.872 0.637 0.872 0.608

CO2×P×N 1 1.153 0.222 1.277 0.233 0.905 0.597 0.905 0.570

CO2×T×N 1 1.158 0.206 1.182 0.247 1.113 0.278 1.113 0.294

P×T×N 1 0.620 0.975 0.538 0.821 1.096 0.297 1.096 0.298

CO2×P×T×N 1 0.563 0.997 0.343 0.979 0.561 0.988 0.561 0.985

Note: The bold numerals highlight the significance at p < 0.1 or p < 0.05 for AMF community.



Table 3. Network topology features of SPIEC-EASI network for the four treatments.
aCO2 eCO2 aN eN aP eP aT eT

Average stability of sparsity 0.043 0.040 0.041 0.044 0.042 0.041 0.039 0.039

INDLLP 4 4 4 4 4 4 4 4

PPPL 0.466 0.458 0.463 0.455 0.462 0.461 0.461 0.463

ANND 4.647 4.864 4.729 5.092 4.778 5.015 4.757 4.492

Average path lenghth 4.304 4.311 4.308 4.166 4.400 4.287 4.457 4.628

Betweenness centrality 0.046 0.047 0.058 0.040 0.049 0.073 0.067 0.063

Closeness centrality 0.062 0.078 0.077 0.117 0.033 0.130 0.132 0.016

Degree assortativity 0.118 0.273 0.112 0.155 0.166 0.144 0.132 0.149

Degree centralization 0.022 0.027 0.025 0.023 0.025 0.029 0.026 0.033

Density 0.018 0.017 0.017 0.018 0.017 0.018 0.015 0.017

Transitivity 0.079 0.086 0.076 0.082 0.091 0.109 0.078 0.092

Number of vertice 225 255 238 248 242 237 274 225

Number of edge 456 537 484 543 494 509 556 424

Modularity 0.565 0.545 0.563 0.545 0.574 0.583 0.572 0.599

Diameter 9 10 10 10 14 10 10 11

Number of clusters 2 2 2 1 4 1 1 5

Mean distance 6.266 6.277 6.272 4.166 12.198 4.287 4.457 21.873

INDLLP: index of the selected lambda from provided lambda path; PPPL: penalty parameter from provided

lambda path; ANND: Average nearest neighbor degree.



Figure 1. Three-way interaction effects of ambient (a) and
elevated (e) levels of the global change factors nitrogen (N),
CO2, and temperature (T) on a, b total fungal biomass and c, d
saprophytic fungal biomass (log number of ITS gene copies
g-1). The p-values above the lines are from Tukey’s HSD
post-hoc tests.



Fig. 2. Relative abundances (%) of major genera of arbuscular mycorrhizal fungi under
the influence of ambient and elevated levels of the global change factors nitrogen, CO2,
temperature, and precipitation.



Fig. 3. Significant effects of global change factors on arbuscular mycorrhizal
communities. (a) Effect of nitrogen (N) addition on ChaoPD (phylogenetic diversity);
(b) effect of elevated precipitation (P) on ChaoPD; and effect of elevated temperature
(T) on (c) Chao1, (d) richness, (e) Faith’s PD, and (f) ChaoPD. a, ambient level; e,
elevated level.



Fig. 4. Three-way interaction effects of global change factors on arbuscular mycorrhizal fungal
communities. a, b Effect of CO2, nitrogen (N), and temperature (T) on richness; effect of N, CO2

and T on c, d the Chao1 index and on e, f the phylogenetic diversity (PD) index; and g, h effect of
CO2, T, and N on the Chao1 index. Ambient (a) and elevated (e) levels.



Fig. 5. Principal coordinate analysis of the effects of nitrogen (N) addition on (a, ambient level;
e, elevated level) on variation in arbuscular mycorrhizal fungal community composition. a
Bray-Curtis distance, b Jaccard distance, c unweighted UniFrac distance, and d weighted
UniFrac distances. P, precipitation; T, temperature.



Fig. 6. Discriminant taxa of arbuscular mycorrhizal fungal (AMF) communities as determined by
LEfSe analysis in a) warming and unwarmed treatment and b) fertilized and unfertilized treatment.
AMF taxa are illustrated according to taxonomic relationships using a cladogram to show the
discriminative patterns in taxonomic lineages. c) and d) AMF taxa listed according to linear
discriminant analysis (LDA) values. Only the AMF lineages that showed significant responses to
eCO2, eN, eP and eT are shown (a, ambient level; e, elevated level; T, temperature; N, nitrogen; P,
precipitation).



Fig. 7. Within-module (Zi) and among-module (Pi) connectivity plots showing the distribution of
arbuscular mycorrhizal fungi (AMF) based on their topological roles under: a) ambient CO2

(aCO2), and b) elevated CO2 (eCO2). Each symbol represents an AMF operational taxonomic unit
(OTU) (or species). Different symbols indicate different genera. The topological roles of OTUs
were determined according to the OTUs interconnecting in the same module (within-module
connectivity) and in different modules (among-module connectivity). The OTUs identity numbers
label the peripherals. The horizontal and vertical dashed lines represent the threshold values of Zi
(2.5) and Pi (0.62), respectively, used to categorize OTUs.



Fig. 8. Ecological null model outputs (βNTI) of arbuscular mycorrhizal fungal (AMF) communities
under a) the eight global change factor (GCF) treatments and under b) sixteen GCF treatments. In
the box-and-whisker plots, the line in the box represents the median, the top and bottom of the box
represent first and third quartiles, respectively, and the whiskers represents the 1.5 interquartile
range. c) Contributions of community assembly processes governing AMF community turnover
under the influence of GCFs. Ambient CO2 (aCO2), elevated CO2 (eCO2), ambient nitrogen (aN),
elevated N (eN), ambient temperature (aT), elevated T (eT), ambient precipitation (aP), elevated P
(eP). d) Raup-CrickBray-Curtis results for the AMF communities under sixteen GCF treatments.



Fig. S1 Quantitative analysis of soil total fungal (a) and AMF (b)
biomass based on real-time PCR. Error bars represent standard
error (SE) calculated from three independent subplots.



Fig. S2. Relative abundance of AMF communities at genus level.



Fig. S3. Venn diagrams of detected AMF OTUs between ambient (a) and elevated
(e) levels of the global change factors nitrogen (N), CO2, temperature (T), and
precipitation (P). Venn diagram detecting AMF specialist (unique) and generalist
SVs (shared among treatments).



Fig. S4. Effects of nitrogen addition and elevated temperature on arbuscular mycorrhizal fungi
community composition variation results from PCoA of Bray-Curtis distance (a), Jaccard distance
(b), unweighted UniFrac distance (c), and weighted UniFrac distances (d).



Fig. S5. Co-occurring network of AMF communities in soil samples
from the ambient CO2 (aCO2) and elevated CO2 (eCO2), ambient N
(aN) and enriched N deposition (eN), ambient precipitation (aP) and
elevated precipitation (eP), and ambient temperature (aT) and elevated
temperature (eT). Co-occurence network was constructed with
SPIEC-EASI. AMF OTU nodes were colored according to genus
lineage. PE: Positive edge, NE: Negative edge, Positive and negative
interactions indicate that the abundances of the OTUs changed
following the same trend and the opposite trend across different soil
samples, respectively.



Fig. S6. Within (Zi) and among-module (Pi) connectivity plots showing the distribution of AM
fungi based on their topological roles. Each symbol represents an AM fungi OTU (or species).
Different shapes of symbol indicate different genus. The topological roles of OTUs were
determined according to the OTUs interconnecting in the same module (within-module
connectivity) and in the different modules (among-module connectivity). The peripherals are
labeled by OTUs identity numbers. Topological roles of interconnecting AM fungi OTUs in the
same and different modules were calculated according to Olesen et al. (2007). The Horizontal
and vertical dash lines represent the threshold value of Zi (2.5) and Pi (0.62) to categorize
OTUs, respectively.



Fig. S7. Phylogenetic turnover of AMF communities under
ambient CO2 (aCO2) and elevated CO2 (eCO2), ambient N (aN) and
enriched N deposition (eN), ambient precipitation (aP) and elevated
precipitation (eP), and ambient temperature (aT) and elevated
temperature (eT) treatment. Line in the box represents median, the
top and bottom of the box represents first and third quartiles, and
the whisker represents 1.5 interquartile range.Wilcox test was used
to detect the difference between ambient and elevated levels of
GCFs.
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Fig.S8. Nearest related index (NRI)and nearest taxon index (NTI) of AMF community under GCFs treatments. Mean NRI and NTI that are significantly higher than zero, indicating phylogenetic clustering, lower than zero indicating overdispersal or phylogenetic evenness, and values close to zero indicating a phylogenetically random assembly of community. 



Figures

Figure 1

Three-way interaction effects of ambient (a) and elevated (e) levels of the global change factors nitrogen
(N), CO2, and temperature (T) on a, b total fungal biomass and c, d saprophytic fungal biomass (log
number of ITS gene copies g-1). The p-values above the lines are from Tukey’s HSD post-hoc tests.



Figure 2

Relative abundances (%) of major genera of arbuscular mycorrhizal fungi under the in�uence of ambient
and elevated levels of the global change factors nitrogen, CO2, temperature, and precipitation.



Figure 3

Signi�cant effects of global change factors on arbuscular mycorrhizal communities. (a) Effect of
nitrogen (N) addition on ChaoPD (phylogenetic diversity); (b) effect of elevated precipitation (P) on
ChaoPD; and effect of elevated temperature (T) on (c) Chao1, (d) richness, (e) Faith’s PD, and (f) ChaoPD.
a, ambient level; e, elevated level.



Figure 4

Three-way interaction effects of global change factors on arbuscular mycorrhizal fungal communities. a,
b Effect of CO2, nitrogen (N), and temperature (T) on richness; effect of N, CO2 and T on c, d the Chao1
index and on e, f the phylogenetic diversity (PD) index; and g, h effect of CO2, T, and N on the Chao1
index. Ambient (a) and elevated (e) levels.



Figure 5

Principal coordinate analysis of the effects of nitrogen (N) addition on (a, ambient level; e, elevated level)
on variation in arbuscular mycorrhizal fungal community composition. a Bray-Curtis distance, b Jaccard
distance, c unweighted UniFrac distance, and d weighted UniFrac distances. P, precipitation; T,
temperature.



Figure 6

Discriminant taxa of arbuscular mycorrhizal fungal (AMF) communities as determined by LEfSe analysis
in a) warming and unwarmed treatment and b) fertilized and unfertilized treatment. AMF taxa are
illustrated according to taxonomic relationships using a cladogram to show the discriminative patterns in
taxonomic lineages. c) and d) AMF taxa listed according to linear discriminant analysis (LDA) values.
Only the AMF lineages that showed signi�cant responses to eCO2, eN, eP and eT are shown (a, ambient
level; e, elevated level; T, temperature; N, nitrogen; P, precipitation).



Figure 7

Within-module (Zi) and among-module (Pi) connectivity plots showing the distribution of arbuscular
mycorrhizal fungi (AMF) based on their topological roles under: a) ambient CO2 (aCO2), and b) elevated
CO2 (eCO2). Each symbol represents an AMF operational taxonomic unit (OTU) (or species). Different
symbols indicate different genera. The topological roles of OTUs were determined according to the OTUs
interconnecting in the same module (within-module connectivity) and in different modules (among-
module connectivity). The OTUs identity numbers label the peripherals. The horizontal and vertical
dashed lines represent the threshold values of Zi (2.5) and Pi (0.62), respectively, used to categorize
OTUs.



Figure 8

Ecological null model outputs (βNTI) of arbuscular mycorrhizal fungal (AMF) communities under a) the
eight global change factor (GCF) treatments and under b) sixteen GCF treatments. In the box-and-whisker
plots, the line in the box represents the median, the top and bottom of the box represent �rst and third
quartiles, respectively, and the whiskers represents the 1.5 interquartile range. c) Contributions of
community assembly processes governing AMF community turnover under the in�uence of GCFs.
Ambient CO2 (aCO2), elevated CO2 (eCO2), ambient nitrogen (aN), elevated N (eN), ambient temperature
(aT), elevated T (eT), ambient precipitation (aP), elevated P (eP). d) Raup-CrickBray-Curtis results for the
AMF communities under sixteen GCF treatments.
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