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Abstract
Aims Nitrogen (N) deposition is an important component of global change and threatens terrestrial
biodiversity. In past decades, the response of the relationship between plants and soil microbes to N
deposition has attracted considerable attention. Keystone microbial taxa have been proven to provide
nutrients for speci�c plant growth, especially in nutrient-poor desert steppe ecosystems. However, the
effects of N deposition on plant and soil microbial community interactions in desert steppe regions
remain poorly understood.

Methods To investigate these effects, a six-year N-addition �eld experiment was conducted in a Stipa
brevi�ora desert steppe in Inner Mongolia, Northwest China. Four N treatment levels (N0, N1, N2, and N3,
corresponding to 0, 30, 50, and 100 kg N ha-1 yr-1, respectively) were applied to simulate atmospheric N
deposition.

Results The results showed that (1) after the six-year N deposition simulation, the plant aboveground
biomass did not increase, but the plant community structure changed; (2) in desert steppes, the
relationship between microorganism communities and Neopallasia pectinata was strengthened by N
addition, while that between microorganism communities and S. brevi�ora was simpli�ed; and (3) N
deposition indirectly affected the plant biomass in desert grasslands, mainly along key-stone microbial
taxa pathways.

Conclusions Together, these results suggest that N deposition can alter plant community structures by
affecting the relationships between plants and soil microorganisms in desert steppes. These �ndings
contribute to a comprehensive understanding of the effects of atmospheric N deposition on the
ecological health and function of desert steppes.

Introduction
Desert steppes are unique transitional ecotones located between steppe and desert regions in Eurasia
(Chen et al., 2017; Wu et al., 2021). The desert steppe region of Inner Mongolia has a simple community
structure, lacks water resources, and has poor soil nutrients. Therefore, it is considered a fragile
ecosystem, especially under the background of global climate change (Angerer et al., 2008). In recent
years, global climate change has led to an increasing atmospheric nitrogen (N) deposition trend in China
(Liu et al., 2013), and the average amount of N deposited in China was estimated at 20.4 ± 2.6 kg N ha− 1

yr− 1 from 2011–2015 (Yu et al., 2019). N deposition has been considered the third-greatest threat to
global terrestrial biodiversity (Payne et al., 2017). According to previous studies, atmospheric N
deposition negatively affects the plant and soil microbial community diversity in terrestrial ecosystems
(Bobbink et al., 2010; Zhang et al., 2018). Biodiversity is not only inherently precious but also bolsters the
functioning abilities of ecosystems and provides reliable ecosystem services on Earth (Borer et al., 2014;
Hautier et al., 2014; Yang et al., 2019). To maintain biodiversity, there is an urgent need to understand the
responses of biodiversity to long-term N deposition in desert steppe ecosystems (Yang et al., 2019).
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N deposition usually leads to an increase in plant productivity but a decrease in plant diversity. With some
plant species becoming rare, N depositions can even result in species extinctions (Stevens et al., 2004;
Hautier et al., 2009; Yu et al., 2019). N deposition affects plants through many factors, such as nutrient
imbalances and interspeci�c competition (Payne et al., 2017). Additionally, shifts in plant communities
do not occur in isolation, and plant composition changes can in�uence the soil bacterial and fungal
communities through cascade effects (Erisman et al., 2013; Payne et al., 2017). However, soil microbial
communities can also in�uence plant �tness in various ways, such as via the decomposition, nutrient
cycling, and nutrient acquisition processes (Berg and Smalla, 2009; Schlatter et al., 2015). The
interactions between plants and the associated soil microbial communities are so intertwined that they
can be considered as a whole entity that is subjected to environmental changes and selection (Zilber-
Rosenberg and Rosenberg, 2008; Panke-Buisse et al., 2015; Hortal et al., 2017). A previous study showed
that plant productivity is positively correlated with the proportion of keystone microbial taxa (Fan et al.,
2020). Key-stone microbial taxa are highly connected taxa that exert a considerable in�uence on
microbiome structure and functioning, either individually or in a guild, irrespective of their spatial or
temporal abundance (Banerjee et al., 2018). These microbial species often coexist in space and time and
form clusters in microbial ecological networks; these clusters have been proven to provide nutrients for
speci�c plant growth, especially in nutrient-poor desert steppe ecosystems (Delgado-Baquerizo et al.,
2020).

N is an essential element for plant growth, and plants and microbes compete for N in soil. Increased
plant-microbial competition for N can result in decreased soil N availabilities and microbial activities (Hu
et al., 2001; Dunn et al., 2006; Shao et al., 2018). For instance, an N increase can depress the soil
microbial activity by altering the metabolic capabilities of soil bacterial communities (Ramirez et al.,
2012). Additionally, accumulated evidence suggests that N deposition can reduce the microbial biomass
and change the microbial community compositions in diverse ecosystems (Treseder, 2008; Contosta et
al., 2015). Increased N availabilities reduce the fungal biomass via changes in plant-speci�c exudates
and alterations in nutrient competitions between plants and rhizosphere microbes (Bardgett et al., 1999;
Zhang et al., 2018). Many ecological studies have highlighted the importance of plant–soil
microorganism feedbacks and shifts in feedback effects associated with soil microbial community
compositions, as these processes affect the coexistence and community compositions of plants (Bever,
2003; Reynolds et al., 2003; Lau and Lennon, 2011). Although the effects of plant–soil microorganism
interactions on plant ecology have been widely studied, little research has addressed how belowground
microbial communities in�uence plant biomass in nutrient-poor desert steppes (Kardol et al., 2007; Lau
and Lennon, 2011; Hortal et al., 2017; van der Putten, 2017). Additionally, the ways in which N depositions
affect this process are also unknown. In this study, we established a 6-year simulated N deposition
experiment in the desert steppe region of Inner Mongolia, China. The changes that occurred in the
composition and diversity of the plant and soil microbial communities in response to elevated N
deposition were explored. We hypothesized that (i) increased N availability would signi�cantly affect the
plant community composition and biomass at all N input levels and (ii) changes in the plant community
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composition would be comprehensively affected by the keystone soil microorganisms and N deposition
amounts.

Materials And Methods
Field experiment setup

The �eld experiment was established at Siziwang Banner (41°46′43.6″ N, 111°53′41.7″ E, with an
elevation of 1456 m), an arid region in Inner Mongolia, northern China. The average annual precipitation
in this region is 280 mm, with cumulative precipitation falling during the growing season (May to
October) constituting approximately 70% of the total precipitation throughout the whole year. The annual
average temperature in the study region is 3.4°C. The soil at the study site has a sandy loam texture and
is classi�ed as a Haplic Calcisol based on the Food and Agricultural Organization (FAO) soil
classi�cation system of the United Nations. The plant community at the study site is dominated by Stipa
brevi�ora Griseb., Convolvulus ammannii Desr., Kochia prostrata (L.) Schrad. and Cleistogenes songorica
(Roshev.) Ohwi.

The long-term simulated N deposition experiments were established at the desert steppe site in December
2015. Four N-addition treatments were applied: i) the control treatment (N0, no N addition), ii) �rst N
addition treatment (N1, 30 kg N ha− 1 yr− 1), iii) second N addition treatment (N2, 50 kg N ha− 1 yr− 1), and
iv) third N addition treatment (N3, 100 kg N ha− 1 yr− 1). To mirror the natural seasonal N deposition
pattern from May to September, NH4NO3 was mixed with puri�ed water (10.0 L per plot; in the N0
treatment, plots received only puri�ed water) and sprinkled evenly on each plot using a sprayer to
simulate wet deposition. From October of the same year to April of the following year, NH4NO3 was mixed
with soil (1.0 kg sand per plot; in the N0 treatment, plots received only soil) and broadcasted evenly by
hand to simulate dry deposition. These experiments were planned according to a randomized block
design with 4 replicate blocks, each of which was 31 × 31 m in size. The blocks were separated by 1-m
walkways. Four plots were treated with each of the four N-addition levels in each block. Each plot
measured 7 × 7 m, and the plots were separated by 1-m walkways.

Plant species composition and biomass

In August 2021, at the peak of the growing season, we randomly arranged three 0.5 × 0.5-m subplots in
each plot, the edges of which were parallel to but at least 1 m away from the edges of the plot. We
harvested all aboveground plant parts, sorted the plants into species, recorded the species richness and
abundance (number of individuals), dried the plants at 65°C for 48 h and weighed the samples to 0.01 g
to measure the aboveground biomass of each species in each subplot.

Soil microbial communities

Soil samples were collected randomly by taking thirty soil cores (with 1-cm diameters and 10-cm depths);
these cores were then mixed to yield one sample per plot. After roots and stones were removed and the
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soil was gently mixed, each sample was placed into a sterile plastic bag. The samples were immediately
stored on dry ice and transported to the laboratory within 6 hours.

The microbial community genomic DNA was extracted from 0.5 g soil using an E.Z.N.A.® soil DNA Kit
(Omega Bio-Tek, Norcross, GA, U.S.) according to the manufacturer’s instructions. The DNA extract was
then checked on a 1% agarose gel, and the DNA concentration and purity were determined with a
NanoDrop 2000 UV–vis spectrophotometer (Thermo Scienti�c, Wilmington, USA). To determine the soil
bacterial and fungal community composition and diversity, amplicon surveys of the 16S and ITS rRNA
were implemented. The V3-V4 hypervariable regions of the 16S rRNA gene were ampli�ed using the 338F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') primer sets. The ITS1F
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) primers were used
to amplify the ITS1 region of the fungal rRNA. PCR ampli�cation of the 16S and ITS rRNA genes was
performed through the following steps: an initial denaturation at 95°C for 3 min followed by 27
denaturing cycles at 95°C for 30 s each, annealing at 55°C for 30 s and extension at 72°C for 45 s, a
single extension at 72°C for 10 min, and a terminal temperature of 4°C. The PCR mixtures contained 5 × 4
µL of TransStart FastPfu buffer, 2.5 mM dNTPs at 2 µL, 0.8 µL forward primer (5 µM), 0.8 µL reverse
primer (5 µM), 0.4 µL TransStart FastPfu DNA Polymerase, 10 ng template DNA, and �nally up to 20 µL
ddH2O. The PCR tests were performed in triplicate. The PCR product was extracted from a 2% agarose
gel, puri�ed using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according
to the manufacturer’s instructions and quanti�ed using a Quantus™ Fluorometer (Promega, USA).

The puri�ed amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina
MiSeq PE300/NovaSeq PE250 platform (Illumina, San Diego, USA) according to the standard protocols
established by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were deposited
into the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database
(accession number: SRP356315).

The raw 16S and ITS rRNA gene sequencing reads were demultiplexed, quality-�ltered using fastp version
0.20.0 (Chen et al., 2018) and merged using FLASH version 1.2.7 (Magoc and Salzberg, 2011) with the
following criteria: (i) the 300-bp reads were truncated at any site with an average quality score < 20 over a
50-bp sliding window, truncated reads shorter than 50 bp were discarded, and reads containing
ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were
assembled according to their overlapped sequences, the maximum mismatch ratio of the overlapping
region was set to 0.2, and reads that could not be assembled were discarded; (iii) the samples were
distinguished according to the barcode and primers, and the sequence direction was adjusted through
exact barcode matching and 2-nucleotide mismatches in the primer matching process.

Operational taxonomic units (OTUs) with 97% similarity cut-off values (Stackebrandt and Goebel, 1994;
Edgar, 2013) were clustered using UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were
identi�ed and removed. The taxonomy of each OTU representative sequence was analysed using the RDP
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Classi�er version 2.2 (Wang et al., 2007) against the 16S and ITS rRNA databases with a con�dence
threshold of 0.7.

Statistical analysis
Microsoft Excel 2019 and R were used for the statistical data analyses. All �gures were illustrated using
Origin 2021 software. The alpha diversity values of the plant and soil microbial communities were
calculated based on Shannon′s diversity (H′) index according to the following formula: H′ = -ΣPi lnPi

(Shannon et al., 1950). The signi�cant differences among N-addition levels were obtained separately for
the above-ground plant biomass and the relative abundance of correlated microbes using a one-way
analysis of variance (ANOVA) followed by Tukey’s honestly signi�cant difference test (P < 0.05). The beta
diversity values of the plant and soil microbial communities were visualized with nonmetric
multidimensional scaling (NMDS) plots based on the Bray–Curtis similarity matrix.

Correlation network analysis. We performed a network analysis to assess the complexity of the soil
microbial community and identify potential keystone taxa for each plant. To avoid spurious correlations,
we selected the top 150 dominant bacterial genera and 150 dominant fungal genera; these genera
accounted for the top 92.18% of the relative bacterial abundance and 97.77% of the relative fungal
abundance. Spearman’s rank correlation was used to assess the associations between plant and
microbial taxa as well as the associations among S. brevi�ora, Neopallasia pectinata, and keystone
microbial taxa. Moreover, multiple comparison corrections were performed on the Spearman’s rank
correlation results using the false discovery rate correction method (Benjamini and Hochberg, 1995). All
possible pairwise Spearman's rank correlations between the relevant genera were calculated with the
VEGAN, IGRAPH, and HMISC packages. Correlation coe�cients greater than 0.6 with corresponding P
values below 0.05 were considered statistically robust and were included when generating the networks.
The network structures were explored and visualized with Cytoscape 3.8.0.

Structural equation modelling (SEM). The SEM analyses were performed with the “piecewise SEM”
package in R version 4.1.2. SEM was used to investigate the direct and indirect effects of N additions on
the S. brevi�ora biomass, N. petinata biomass, and key stone microbial taxa. The overall �t of the �nal
piecewise SEM results was evaluated using Fisher’s C and P values based on the piecewise SEM package
(Lefcheck, 2016).

Results
Plant community composition, diversity and biomass

The N-addition treatments did not affect the aboveground plant biomass, while the plant community
composition was signi�cantly altered (Figs. 1A and B). The relative abundance of S. brevi�ora gradually
decreased, and this species was replaced by N. petinata. However, the relative abundance of A. scoparia
increased in the N1 treatment. In the N2 and N3 treatments, the relative abundances of N. petinata were
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highest. The N additions did not signi�cantly reduce the Shannon′s index values of the plant communities
(Fig. 1C). The N1 and N2 treatments tended to increase the plant diversity, whereas the N3 treatment did
not signi�cantly decrease the plant diversity. The NMDS plots revealed separations between the plant
community samples collected from the different N-addition treatments (Fig. 1D). The treatments did
affect the composition of the plant communities.

Soil microbial abundances at the phylum and genus levels

The dominant bacterial phyla (relative abundances > 5%) across all soil samples were Actinobacteriota,
Proteobacteria, Acidobacteriota, and Chloro�exi, which together accounted for more than 83.46% of the
total sequences (Fig. 2A). The dominant fungal phyla across all the soils were Ascomycota,
Basidiomycota, and Mortierellomycota, which together accounted for more than 97.26% of the total
sequences (Fig. 2B). The relative abundance of Actinobacteriota gradually increased as the amount of N
added increased. In particular, the relative abundance of Basidiomycota was highest in the N1 treatment,
followed by in the N2, N3, and N0 treatments. This may have been related to the growth of A. scoparia
plants treated under N1.

The dominant bacterial genus (relative abundance > 5%) across all soils was Rubrobacter, which
accounted for more than 13.42% of the total sequences (Fig. 2C). The dominant fungal genera across all
soils were Sarocladium, Knu�a, Marasmius, and Gibberella, which together accounted for more than
30.77% of the total sequences (Fig. 2D). The relative abundance of Rubrobacter was highest in the N2
treatment, followed by in the N1, N0, and N3 treatments. However, the Marasmius abundance was highest
in N1, followed by in N2, N0, and N3.

Soil microbial diversity and community structure

The N additions did not signi�cantly reduce the Shannon′s index values of the bacterial communities (Fig.
3A). The Shannon′s index of bacteria was highest in the N3 treatment, followed by in the N2, N1, and N0
treatments. The NMDS plot revealed clear separations among the bacterial community samples collected
from different N-addition treatments (Fig. 3B). The N additions did not signi�cantly reduce the Shannon
index values of the fungal communities (Fig. 3C). For the fungal communities, the four N-addition
treatments were not clearly separated in the NMDS plot (Fig. 3D).

Plant and soil microbe network

Soil microbial genera were found to be associated with plant species based on the Spearman correlation
results (Fig. 4). Speci�cally, some bacterial taxa (Microvirga, unclassi�ed_f__Beijerinckiaceae,
norank_f__norank_o__Rhizobiales, norank_f__Beijerinckiaceae, Skermanella, and
unclassi�ed_f__Xanthobacteraceae) showed signi�cantly positive correlations with S. brevi�ora, while
Microvirga, unclassi�ed_f__Beijerinckiaceae, norank_f__Beijerinckiaceae, and Skermanella were
negatively correlated with N. petinata. Geminibasidium was positively and signi�cantly correlated with S.
brevi�ora. Some members of the bacterial community (Keissleriella, norank_f__norank_o__Gaiellales, and
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unclassi�ed_f__Nitrosococcaceae) showed signi�cant positive relationships with N. petinata, while
unclassi�ed_f__Nitrosococcaceae was negatively correlated with S. brevi�ora. The fungal community
(Neodidymelliopsis and Phlyctochytrium) showed signi�cant positive correlations with N. petinata, while
Neodidymelliopsis and Phlyctochytrium were negatively correlated with S. brevi�ora. Lecythophora,
Cephaliophora, Oomyces, Mycocalicium, and Dinemasporium were negatively and signi�cantly correlated
with N. petinata. Trematosphaeria was negatively and signi�cantly correlated with A. tenuissimum.
Didymella, Coniochaeta, unclassi�ed_f__Stephanosporaceae, and Rhizophagus were negatively and
signi�cantly correlated with C. ammannii. A. scoparia was positively and signi�cantly correlated with A.
mongolicum. S. brevi�ora was negatively and signi�cantly correlated with N. petinata. Strong correlations
were found among S. brevi�ora, N. petinata, and some microbial taxa.

The network complexity varied considerably between the two studied plants (Fig. 5). For example,
compared to N. petinata, the soil microbial communities originating from S. brevi�ora had lower
complexity and fewer edges. The network structure was most pronounced between N. petinata and the
microbial communities, largely owing to the increased correlations between bacteria and fungi. N.
petinata was many negatively correlated pathways with S. brevi�ora. The microorganisms that were
positively correlated with S. brevi�ora were all members of Proteobacteria. The fungi that were negatively
correlated with N. petinata were all members of Ascomycota.

Effects of N addition on the correlations between plant and soil microbial communities

The experimentally elevated N deposition amounts signi�cantly decreased the positive correlations
between bacterial taxa and S. brevi�ora (P < 0.05, Fig. 6). The relative abundance of the bacterial taxa
that were positively correlated with S. brevi�ora gradually decreased as the N addition amount increased.
However, the relative abundances of the bacterial and fungal taxa that were negatively correlated with S.
brevi�ora gradually decreased as more N was added. N addition signi�cantly decreased the negative
correlations between bacterial taxa and N. petinata (P < 0.05, Fig. 6). The relative abundances of the
bacterial taxa that were negatively correlated with N. petinata gradually decreased as the N addition
amount increased. The fungal taxa that were positively correlated with N. petinata, in contrast to the
bacterial taxa, signi�cantly responded to N addition (P < 0.05, Fig. 6). In particular, the relative
abundances of the microbial taxa that were positively correlated with N. petinata were lowest in the N1
treatment, followed by those in the N2, N0, and N3 treatments.

As the SEM results illustrated, the N-induced changes in S. brevi�ora and N. petinata biomasses in the
studied plant communities were affected by different pathways (Fig. 7). The addition of N directly
impacted the relative abundances of the microbial taxa correlated with S. brevi�ora and N. petinata.
Moreover, N addition had a nonsigni�cant direct effect on the biomasses of the two plant species (P > 
0.05). The positively and negatively correlated microbes had a direct, nonsigni�cant effects on the
biomasses of the two plant species (P > 0.05). Therefore, the effects of N addition on the biomasses of
the two plant species re�ected a combination of direct and indirect effects. However, N addition mainly
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affected the biomasses of both plant species by inhibiting the microbial taxa that were negatively
correlated with the two plant species.

Discussion
Our experimental results showed that the sixth-year N deposition did not induce any signi�cant increase
in the aboveground plant biomass but did change the plant community structure. In contrast to our
hypothesis, the plant aboveground biomass was not signi�cantly affected by the simulated N deposition.
Some results of previous studies have shown that the increase in aboveground net primary production
(ANPP) as N is added stabilizes after approximately 10.5 ~ 12.0 g N m− 2 yr− 1 is added in desert steppe
regions (Bai et al., 2010; Tang et al., 2017). However, the amount of N added in our study did not exceed
this threshold. Therefore, the nonsigni�cant biomass increases observed herein may have been due to
water constraints (Su et al., 2013). This �nding is in line with the theoretical predictions of the multiple
resource colimitation theory (Harpole et al., 2011). The effects of N additions on plant communities
largely depend on the water availability (Delgado-Baquerizo et al., 2013; Ma et al., 2020). Additionally,
water is another limiting factor in desert steppe ecosystems. Thus, in this work, N addition enhanced the
aboveground biomass of the annual N. petinata. In contrast to the strong positive effects of N addition
on the N. petinata biomass, N detrimentally affected the aboveground biomass of the perennial grass S.
brevi�ora. Previous studies have also reported that fast-growing annuals, which are usually abundant
only in the early stages of grassland succession, can almost completely replace perennials in mature
sites (Bai et al., 2010). The rapid growth of annuals is facilitated by their species-speci�c traits, including
their abundant seed production, rapid growth, and tall stature. In contrast, the decline in the abundance of
perennials could be attributable to their conservative resource-use strategies (Bai et al., 2010). Moreover,
another ecological adaptive strategy, the r/K selection theory, might be re�ected in the results; forbs
(which grow faster as r-strategists) increased at the expense of decreased native perennial grasses
(which grow slowly as K‐strategists) (Gadgil and Solbrig, 1972; Ma et al., 2020). In addition to the
mechanisms discussed above, some microbial mechanisms may mediate plant growth in desert steppes.

Soil microorganisms play essential roles in regulating multiple ecosystem services, including plant
productivity and nutrient cycling, in natural terrestrial ecosystems (Fan et al., 2021). The experimental
results obtained under all N addition treatments showed that N addition did not signi�cantly decrease the
soil microbial diversity. Our soil microbial diversity �ndings regarding its responses to N inputs were
consistent with those reported in other desert steppe regions (McHugh et al., 2017; Huang et al., 2021),
indicating that plants may mitigate the detrimental effects of N deposition on soil biodiversity (Shao et
al., 2018). However, in this work, the soil microbial community structure was affected by the different N-
addition amounts. The NMDS analysis depicted that all N-addition treatments signi�cantly affected the
structure of the soil bacterial communities rather than the soil fungal communities. Studies from arid and
semiarid grasslands have shown that drought promotes the destabilizing properties of soil bacteria but
not fungi and thus has a prolonged effect on bacterial communities and their cooccurrence networks via
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changes in the vegetation composition and the resultant reductions in soil moisture (de Vries et al., 2018;
Fan et al., 2020; Wang et al., 2020).

Plants and soil microbes can have direct coevolutionary relationships, and their relationships constitute
important systems (Keymer and Lankau, 2017). In this work, we used correlation networks to identify
keystone taxa in the soil microbial community, and the relative abundances of these keystone taxa
largely determined the plant community composition and biomass after almost six years of different N
treatments. N deposition simpli�ed the relationship network between S. brevi�ora and microorganisms
and decreased the relative abundance of microorganisms that were positively correlated with the S.
brevi�ora biomass. However, the relationships between N. petinata and soil microbial taxa were more
abundant in the network, and the relative abundance of microorganisms that were positively correlated
with the N. petinata biomass increased. Similarly, a recent study indicated that the biodiversity of the
keystone microbiome is essential for supporting plant production (Chen et al., 2020; Fan et al., 2021).
This is because the performance of plants greatly depends on the ability of the soil microbiome to uptake
nutrients and protect the plants against stresses (Bakker et al., 2018). To put it simply, there are a larger
number of these keystone microorganisms in soils with higher nutrient availabilities and higher plant
productivities. We further found that the microorganisms that were positively correlated with the S.
brevi�ora biomass were all members of Alpha-Proteobacteria. Alpha-Proteobacteria have been
considered copiotrophs in previous studies and might play important roles in enzyme activities (Chen et
al., 2020; Zhang et al., 2022). Moreover, the keystone taxa Skermanella and Microvirga are members of
Alpha-Proteobacteria and participated in S. brevi�ora growth via symbiotic N �xation pathways (Li et al.,
2020; Zhang et al., 2022). Our study shows that N deposition reduces the S. brevi�ora biomass and the
relative abundances of these keystone microorganisms, thus leading to an increase in the N. petinata
biomass. We showed that N deposition signi�cantly impacted the relative abundances of Lecythophora,
Oomyces, Mycocalicium, and Dinemasporium, members of Ascomycota in the studied desert steppe. We
further found that the microorganisms that were negatively correlated with the N. petinata biomass were
all members of Ascomycota. This was consistent with previous studies in which oligotrophic
Ascomycetes were usually dominant under drought conditions with limited carbon or nutrient
availabilities (Chen et al., 2017; Wang et al., 2020). Therefore, N deposition reduced the negatively
correlated microorganism abundance and increased the N. petinata biomass. While the addition of N did
not directly affect the S. brevi�ora or N. petinata biomasses, it did directly (and signi�cantly) affect the
soil microbial community, which then subsequently affected the S. brevi�ora and N. petinata biomasses.
The SEM results showed that N addition and the related microorganisms explained more than 60% of the
variance in the S. brevi�ora and N. petinata biomasses but did not directly affect the S. brevi�ora or N.
petinata biomasses. Therefore, N deposition indirectly affects plant biomasses in desert grasslands
mainly through pathways associated with keystone microbial taxa. Among these pathways, the inhibition
or promotion of negatively correlated microorganisms represent the main factor. These �ndings support
our hypothesis that changes in plant community composition are comprehensively affected by keystone
microbial taxa and N deposition.
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Conclusion
Overall, following the six-year simulated N deposition experiment, the plant aboveground biomass did not
increase, but the plant community structure was altered. At the same time, the N-addition treatments did
not signi�cantly decrease the soil microbial diversity, whereas the treatments did change the soil
microbial community structure. N deposition indirectly affected the plant biomass in the studied desert
grassland, mainly through pathways associated with keystone microbial taxa, among which the
inhibition or promotion negatively correlated microorganisms was the main factor. Together, these results
suggest that N deposition alters the keystone taxa of soil microorganisms and indirectly affects the plant
aboveground biomass in desert steppes.
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Figure 1

Changes of above-ground biomass(A), community composition(B), alpha (Shannon′s index(C)) and beta
diversity (NMDS(D)) of plants. Lowercase letters indicate that there are signi�cant differences among the
treatments(P<0.05). Data are shown as mean ± SE. The following is the same.
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Figure 2

Relative abundance of soil bacterial (A) and fungal (B) communities at the phylum level, and soil
bacterial (C) and fungal (D) communities at the genus level
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Figure 3

Alpha (Shannon′s index(A)) and beta diversity (NMDS(B)) of the bacterial communities. Alpha (Shannon′s
index(C)) and beta diversity (NMDS(D)) of the fungal communities. Dissimilarities between communities
were calculated by Bray–Curtis distance based on the relative abundance of the genus.



Page 20/22

Figure 4

Correlation network visualization of the interaction strengths. Spearman’s rank correlations of the relative
abundances of all species between two groups were calculated. Line colour and width are proportional to
the interaction strength, as indicated in the legend in the �gure. The size of the circles is proportional to
the number of species/taxa in that group. The following is the same.

Figure 5
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Effects of N-addition on S.brevi�ora, N.petinata and soil microbial networks. The proportion of
correlations >0.6 was divided by the total number of possible interactions to obtain the interaction
strength between two groups of species.

Figure 6

Relative abundance of correlated microbes at the genus level. Within each graph, different capital-case
and lower-case letters indicate a signi�cant (P<0.05) difference under different treatments according to
Duncan test. Vertical bars represent standard errors. pos: positive correlation; neg: negative correlation.
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Figure 7

Structural equation modeling analysis of the N-addition effects (via direct and indirect effects of plants
and microbes) on positive correlation microbial, negative correlation microbial, and plant. The results of
model �tting: Fisher's C = 15.848, P= 0.198, 12 degrees of freedom. The green and black arrows indicate
signi�cant positive and negative effects (P<0.05). The dotted line is not signi�cant (P>0.05). Values
associated with arrows represent standardized path coe�cients. Arrow width is proportional to the
strength of path coe�cients. R2 values associated with response variables indicate the proportion of
variation explained by relationships with other variables.


