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Although a large number of studies have reported the importance of microbial
communities in terrestrial ecosystems and their response to nitrogen (N) application,
it is not clear in arid alpine wetlands, and the mechanisms involved need to be clarified.
Therefore, the response of the soil microbial community in a swamp meadow to
short-term (1 year) N application (CK: 0, N1: 8, N2: 16 kg·N·hm−2

·a−1) was studied
using 16S/ITS rRNA gene high-throughput sequencing technology. Results showed
that N application had no significant effect on soil microbial community diversity,
but significantly changed soil bacterial community structure. N1 and N2 treatments
significantly reduced the relative abundance of Chloroflexi (18.11 and 32.99% lower
than CK, respectively). N2 treatment significantly reduced the relative abundance of
Nitrospirae (24.94% lower than CK). Meanwhile, N application reduced the potential
function of partial nitrogen (N) and sulfur (S) cycling in bacterial community. For
example, compared with CK, nitrate respiration and nitrogen respiration decreased by
35.78–69.06%, and dark sulfide oxidation decreased by 76.36–94.29%. N application
had little effect on fungal community structure and function. In general, short-
term N application directly affected bacterial community structure and indirectly
affected bacterial community structure and function through available potassium, while
soil organic carbon was an important factor affecting fungal community structure
and function.

Keywords: nitrogen application, swamp meadow, microbial community, bacteria, fungi

INTRODUCTION

Due to the rapid development of industry and agriculture, the amount of N-containing compounds
entering the soil through atmospheric deposition has increased dramatically (Shi et al., 2016; Zhou
et al., 2017), and the deposition rate of atmospheric N caused by human activities has increased by
3–5 times (Galloway et al., 2004). China has become the third-largest N sink in the world (Zhu et al.,
2019). N deposition in the soil breaks the original N cycle and affects the structure and function of
the ecosystem (Peter, 2007; Vitousek et al., 2010). Excessive N input will lead to soil acidification
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(Raza et al., 2020), reduction of plant diversity (Liu et al., 2020a),
and changes in soil microbial community composition (Shi et al.,
2016; Zhou et al., 2017).

The soil microbial community is an important biotic
component of soil and an important driving force of many
soil ecological processes (Wang et al., 2021). Due to the high
sensitivity of soil microbes, the increase in N deposition is bound
to have a significant impact on the soil microbial community;
however, the response to N deposition often differs in different
ecosystems, and the relationship between the soil microbial
community and soil factors is uncertain (Xiao et al., 2020;
He et al., 2021). Therefore, monitoring the response of soil
microorganisms to N application is helpful to evaluate the
changes of ecosystem processes driven by soil microbiota.

At present, a large number of studies have found various
responses of soil microbial community to N application (Wang
C. et al., 2018; Wang H. et al., 2018). N application significantly
altered the soil bacterial community structure of semi-arid and
sub-humid grassland, with significant changes found in seven
phyla of bacteria in 0–10 cm layers (Zeng et al., 2016). Three-year
N application would significantly increase the fungi α-diversity
in semi-arid grassland (Zhang et al., 2018). But another study
on a semi-arid grassland found that 2-year N application
did not affect its soil microbial composition and diversity
(McHugh et al., 2017). In addition, 20-year N application had no
significant effect on the total amount and activity of the bacterial
community in forest topsoil, nor on the composition, diversity,
and richness of the fungal community (Freedman et al., 2015).
As a result, the results vary depending on the ecosystem. N
application has a significant effect on the functional metabolism
of the soil microbial community. N application significantly
affected the metabolic functional potential of bacterial and
fungal communities under the forest soil (Li J. et al., 2021).
N application also promoted many metabolic processes of the
microbial community, especially carbohydrate and amino acid
related metabolic processes and archaea mediated ammonia
oxidation, but N application also reduced N2 fixation and signal
transduction (Li B. et al., 2021).

Moreover, many studies focus on forest and grassland
ecosystems, but few on the alpine wetland ecosystem. Changes
in the soil microbial community structure are related to several
environmental factors, such as soil pH (Zeng et al., 2016),
nutrient availability (Liu et al., 2020a), soil organic carbon (SOC)
(Wang H. et al., 2018), and vegetation types (Li et al., 2020).
At present, most studies consider soil pH as the main driving
force for the change in the soil microbial community (Yuan et al.,
2016; Wu et al., 2019). The response of soil microorganisms to N
application also depends on the background level of atmospheric
N deposition. With an increase in N application, the fungal
diversity increased in soil with low atmospheric N deposition,
whereas it decreased in soil with high atmospheric N deposition
(Moore et al., 2020). Therefore, the factors driving change
in the soil microbial community vary in different ecosystems.
Moreover, research on the characteristics of the soil microbial
community in the alpine wetland ecosystem is important, and
the factors causing soil microbial community change under N
application are not clear.

The alpine wetland is a unique ecosystem formed by land–
water interaction. Compared with other wetland ecosystems, the
alpine wetland ecosystem is more vulnerable and sensitive to
atmospheric changes such as N deposition (Cao et al., 2017).
Bayinbuluk alpine wetland is located at the south foot of Tianshan
Mountain. Tianshan Mountain is the farthest from the ocean
in the world and the largest mountain system in the world’s
arid area. Bayinbuluk alpine wetland is a typical and important
wetland in the arid area of Central Asia. It is a world natural
heritage site and plays an important role in water regulation,
water storage, and maintaining regional water balance (Shao
and Gao, 2018; LiuSui et al., 2019). With a rapid increase
in the N deposition rate, N is bound to affect the structure
and function of the soil microbial community, affecting the
ecosystem nutrient cycle. Therefore, using 16S/ITS rRNA gene
high-throughput sequencing technology to study the effects of
different N concentrations on diversity, structure, and function
of the soil microbial community, block design experiments
were performed in the Bayinbuluk alpine swamp meadow. The
objectives of this study were (1) to explore the effects of N
application on the diversity, structure, and function of soil
microbial community in swamp meadow and (2) to reveal the
driving factors of soil microbial community change in swamp
meadow under the condition of N application.

MATERIALS AND METHODS

Overview of the Study Area
This study was conducted in the Bayinbuluk alpine wetland,
Hejing County, Xinjiang Uygur Autonomous Region, China
(82◦59′–84◦35′E, 42◦40′–43◦00′N) (Figure 1). The study area
is about 770 km2 and at an altitude of 2,300–3,042 m,
belonging to the temperate continental arid climate. The annual
average temperature is −4.6◦C, and the extreme maximum and
minimum temperatures are 28 and −48.1◦C, respectively. The
average annual precipitation is 273 mm, annual evaporation is
1,250 mm, and the average annual relative humidity is 60%. The
swamp meadow soil water content is between 50 and 70%, and
the groundwater level is about 120 cm. The dominant vegetation
is Carex melanantha and Triglochin maritimum (LiuSui et al.,
2019; Chen et al., 2021).

Experimental Design
At the end of the plant growing season in October 2018, using the
block design method, three blocks (9 m × 9 m) were randomly
established in the Bayinbuluk alpine swamp meadow (Figure 2).
The distance between each block is more than 50 m, and a
1-m high steel fence was used to prevent human and animal
interference. In the beginning, each block was set up with three
plots (2 m × 8 m) according to three N application treatments,
and there was a buffer of 1 m in the middle of plots to prevent
the interaction between different treatments. According to the
N deposition (8 kg·N·hm−2

·a−1) of the Bayinbuluk in 2011 (Li
et al., 2012), the N application concentrations in this study were
set at CK (0 kg·N·hm−2

·a−1), N1 (8 kg·N·hm−2
·a−1), and N2

(16 kg·N·hm−2
·a−1), respectively, and three replicates of each
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FIGURE 1 | Geographical location of the study area.

treatment. The required amount of urea was weighed according
to the different N application concentrations and fully dissolved
in distilled water, sprayed evenly on different treatments in each
plot. The same amount of distilled water was sprayed in the
control to eliminate the influence of soil water. In October
2019, soil samples at 0–10 cm depth in each plot were collected
by the five-point sampling method. One soil sample was dried
in the shade and screened to determine soil moisture content,
pH, soil organic carbon (SOC), available nitrogen (N), available
phosphorus (P), available potassium (K), total carbon (C), and
total nitrogen (N). Another soil sample was stored in a cold
storage tube in a liquid N tank (−20◦C) for high-throughput
sequencing analysis of the soil microbial community structure.

Determination of Soil Basic Indices
Soil pH was measured at a water/soil ratio of 2.5:1 using a
pH meter (Mettler Toledo FE28-Standard, Switzerland). The
total SOC content was determined by the H2SO4–K2Cr2O7
external heating method. Available N was determined by the
alkali diffusion method. Soil available P was determined by
spectrophotometry (Shimadzu UV-1780, Japan) (Shao et al.,
2019). Available K was determined by flame photometry (Chen
et al., 2021). Soil moisture content was measured by the drying
method. Soil total C and total N was determined by an elemental
analyzer (Euro EA3000, Italy).

DNA Extraction and Sequencing
Bacterial and fungal DNA was extracted using the PowerSoil
DNA Isolation Kit (MoBio, United States). Common primers

were used to amplify the 338F (5′-ACTCCTAGGGAGCA-3′)
and 806R (5′-GGACTCHVGGGTWTTAT-3′) binding adaptors
and barcode sequences in the V3–V4 region of the bacterial
16S rRNA gene (Christian et al., 2013). Fungal ITS1 primers
were used for ITS1 (5′-CTGTCATTAGGGAGAGAGA-3′), and
ITS2 (5′-GCTGCGTTCTTCATCGATGA-3′) was amplified by
combining an adaptor sequence and a barcode sequence (Kõljalg
et al., 2013). The resulting products were purified, quantified,
and homogenized to form a sequencing library. The constructed
library was first inspected, and the qualified library was sequenced
with Illumina HiSeq 2500 (Illumina, United States). All raw
sequences have been deposited into a NCBI Sequence Read
Archive with the BioProject accession: PRJNA771427.

Bioinformatics Analysis
Overlapping reads of the samples were spliced using FLASH
software (version 1.2.111), and the obtained spliced sequences
were the original tag data. Trimmomatic software (version 0.33)
was used to filter the raw tags obtained by splicing to obtain
high-quality tag data. UCHIME software (version 8.1) was used
to identify and remove chimeric sequences to obtain the final
data. USEARCH software (version 10.0) was used to cluster
tags and obtain operational taxonomic units (OTUs) with 97%
similarity. Tags were based on bacterial 16S sequences from
the SILVA database (Release1322) and fungal ITS sequences
from the UNITE database (Release 8.03). RDP Classifier (version
2.24) was used to classify taxa with a minimum reliability
estimate of 80%. Alpha diversity of the microbial community
was analyzed by Mothur (version v.1.305) using the Chao1 and
ACE richness estimators, and the Shannon–Wiener and Simpson
diversity indices were used to measure microbial diversity.
The FAPROTAX database6 connecting species classification
and function annotation was constructed, and then the OTU
classification table and FAPROTAX database were contacted to
predict the function of the bacterial community (Louca et al.,
2016). Fungal gene sequence information was obtained from
FUNGuild,7 which is associated with fungal function, and was
used to predict fungal community function (Xie et al., 2020).
Species relative abundance in different samples was determined
using STAMP8 with G-test and Fisher inspection methods. The
two sample t-test was used to determine significant differences
with a P-value threshold of 0.05 (Chen et al., 2021).

Data Analysis
R (version 4.0.2) was used to analyze and plot the data,
and analysis of variance and least significant difference test
of the agricolae software package (version 1.3.3) was used to
test significant differences. Ggalluvial software package (version

1http://ccb.jhu.edu/software/FLASH/
2http://www.arb-silva.de
3https://unite.ut.ee/
4http://sourceforge.net/projects/rdp-classifier
5http://www.mothur.org/
6http://www.loucalab.com/archive/FAPROTAX/lib/php/index.php?
7https://github.com/UMNFuN/FUNGuild
8https://beikolab.cs.dal.ca/software/STAMP
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0.11.3) was used to draw the superimposed column diagram of
microbial community relative abundance. We defined the relative
abundance of top 10 phylum level microorganism as dominant
phylum. Linear discriminant analysis (LDA) effect size (LEfSe)
analysis9 was used to estimate the relative abundance of species,
with a logarithmic LDA score threshold of 3.0 (Zhou et al., 2019).
LEfSe analysis was performed to identify significant differences
from phylum to genus level among the three treatment groups
and to determine the most likely characteristics to explain
the differences between the categories (Segata et al., 2011).
A principal coordinate analysis (PCoA) based on bray-Curtis
distance was constructed using a vegan software package (version
2.5.6) to measure microbial community β-diversity, and pairwise
differences were further compared based on Wilcoxon rank-
sum test. The vegan software package (version 2.5.6) was used
to rank microbial and soil properties by redundancy analysis
(RDA) (Leps and Smilauer, 2003). The Monte Carlo permutation
test was used to analyze the significance of soil properties

9http://huttenhower.sph.harvard.edu/lefse/

(permu = 999). The structural equation modeling (SEM) analysis
was performed using SPSS Amos 24 (IBM, United States).
Analysis of microbial metabolic function was performed by
STAMP and plotted with Origin Pro 8. SEM was used to
understand how soil characteristics mediate changes in the soil
microbial community structure and function under the condition
of N application. After all OTU of soil bacteria and fungi
were ranked by principal component analysis (PCA), the first
principal component (PC1) was used in subsequent SEM analysis
(Liu and Zhang, 2019).

RESULTS

Effect of N Application on Soil Chemical
Properties
N application did not significantly affect soil moisture, total C,
total N, soil pH, and available P content (P> 0.05) (Table 1).
Compared with CK, the SOC content after N1 treatment
decreased by 4.19%. N1 and N2 treatments significantly increased

FIGURE 2 | Layout diagram of field block design experiments.

TABLE 1 | Effects of N application on soil chemical properties.

Treatment Moisture (%) Total C
(g·kg−1)

Total N
(g·kg−1)

pH SOC (g·kg−1) Available N
(mg·kg−1)

Available P
(mg·kg−1)

Available K
(mg·kg−1)

CK 54.33 ± 0.58a 86.67 ± 7.14a 7.1 ± 0.83a 8.07 ± 0.08a 70.58 ± 0.30a 78.02 ± 1.96b 77.41 ± 3.69a 326.67 ± 7.64b

N1 54.03 ± 0.45a 89.54 ± 1.53a 7.52 ± 0.91a 8.02 ± 0.01a 67.62 ± 0.20b 92.31 ± 0.43a 79.63 ± 3.72a 330.00 ± 5.00b

N2 54.10 ± 0.85a 85.78 ± 4.81a 7.28 ± 0.01a 8.03 ± 0.05a 72.56 ± 1.22a 94.56 ± 0.20a 78.56 ± 0.74a 367.50 ± 3.54a

The same lowercase letter indicates no significant difference, but the difference is significant at the 0.05 level.

TABLE 2 | Effects of N application on OTU number and diversity index of soil microorganisms.

Microbial species Treatment OTU ACE index Chao1 index Simpson index Shannon index

Bacteria CK 1363.67 ± 32.7a 1572.94 ± 15.19a 1600.89 ± 16.91a 0.0058 ± 0.0009a 5.92 ± 0.10a

N1 1373.33 ± 90.5a 1554.49 ± 122.38a 1578.09 ± 151.89a 0.0055 ± 0.0011a 5.99 ± 0.14a

N2 1410.00 ± 54.4a 1503.50 ± 54.53a 1546.10 ± 72.43a 0.0057 ± 0.0018a 6.11 ± 0.13a

Fungi CK 346.67 ± 2.08a 439.26 ± 48.44a 429.75 ± 20.30a 0.1116 ± 0.1077a 3.35 ± 0.7a

N1 368.33 ± 4.04a 499.30 ± 93.94a 469.48 ± 41.58a 0.1244 ± 0.0491a 3.16 ± 0.30a

N2 373.00 ± 31.00a 454.61 ± 29.03a 471.97 ± 32.06a 0.1365 ± 0.0476a 2.90 ± 0.28a

The same lowercase letter indicates no significant difference, but the difference is significant at the 0.05 level.
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soil available N content by 18.32 and 21.20%, respectively
(P < 0.05). N2 treatment significantly increased the soil available
K content by 12.50% (P < 0.05).

Effects of N Application on Soil Microbial
Community Diversity and Structure
Sequencing all samples, we found that the number of bacterial
OTUs was 1,284–1,401 and the number of fungal OTUs was
342–404 (Table 2). All OTUs were used for subsequent statistical
analysis. In this study, N application did not significantly affect
the number of OTUs and α-diversity indices (i.e., ACE, Chao1,
Simpson, and Shannon–Wiener) of the soil microbial community
(P > 0.05). PCoA analysis based on the Bray-Curtis distance
matrix showed that under the condition of N application,
the bacterial community was more dispersed than the fungal
community (Figures 3A,B). N application on bacterial and fungal

communities β-diversity had no significant effect (P > 0.05)
(Figures 3C,D).

A total of 28 phyla were detected, and the dominant phyla
(10 with the highest relative abundance) were selected to
evaluate changes in soil bacterial community composition
(Figure 9A). The relative abundance of Proteobacteria was
the highest in all samples, and its average relative abundance
was 31.52, 31.00, and 31.02% for CK, N1, and N2 treatments,
respectively, followed by Acidobacteria (13.33, 15.20, 15.38%),
Actinobacteria (12.23, 12.64, 11.76%), Chloroflexi (15.50,
12.68, 10.38%), Gemmatimonadetes (10.95, 12.38, 12.31%),
and Bacteroidetes (8.97, 9.21, 10.80%). The relative abundance
of Firmicutes, Verrucomicrobia, and Planctomycetes was
also low. Among them, the relative abundance of Chloroflexi
decreased significantly with the increase of N application
concentration (P < 0.05). Compared with CK, N1 and N2
significantly decreased by 18.11 and 32.99%, respectively,

FIGURE 3 | Effects of N application on soil microbial community β-diversity. (A) Bacterial community PCoA based on Bray-Curtis dissimilarity. (B) Fungal community
PCoA based on Bray-Curtis dissimilarity. (C) Bacterial community β-diversity differences. (D) Fungal community β-diversity differences.
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while N2 significantly decreased the relative abundance of
Nitrospirae by 24.94% (P < 0.05). A total of 8 fungal phyla
were detected (Figure 9B), of which most were unclassified, the
relative abundance for 66.51–81.04%. The relative abundance
of Ascomycetes was the highest (24.64, 17.88, 26.26%). The
relative abundance of other phyla, including Mortierellomycata,
Glomeromycota, and Basidiomycota, was low.

LEfSe showed that 39 bacterial communities and 1 fungal
community were significantly different; there were 24 biomarkers
in CK, 11 biomarkers in N1, and 4 biomarkers in N2 (Figure 4A).
The CK treatment group mainly included Chloroflexi (phylum),
Anaerolineae (class), SBR1031 (order), A4b (family), and
uncultured_bacterium_f_A4b (genus), among which the most
abundant was Chloroflexi (phylum). In fungi, the relative

abundance of unclassified fungi was high (66.51–81.04%)
(Figure 4B), and there was no significant difference after N
treatment. Only one fungal biomarker from Didymosphaeriaceae
(family) was found after N2 treatment.

Effects of N Application on Bacterial
Functional Metabolism and Fungal
Nutritional Patterns
Through FAPROTAX functional annotation, bacterial
communities showed 54 functions (Figure 5A). It contains
many functions related to N and S cycling. The relative
abundance of the 54 functions chemoheterotrophy (27.94–
33.24%), aerobic chemoheterotrophy (18.55–23.27%), and

FIGURE 4 | LEfSe analysis of soil microbial community structure after N application (phylum–genus level). (A) Bacterial LEfSe (LDA = 3.0). (B) Fungal LEfSe
(LDA = 3.0).
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FIGURE 5 | Prediction of soil bacterial function after N application and its correlation with soil factors. (A) Prediction of soil bacterial function. The same lowercase
letter indicates no significant difference, but the difference is significant at the 0.05 level. (B) Correlation between bacterial function and soil factors. *P < 0.05,
**P < 0.01, ***P < 0.001. Bacteria function with significant differences are highlighted in bold italics.

fermentation (9.13–10.13%) were higher. Through divergence
analysis, it was found that 22 of the 54 functions showed
significant differences under N application treatment (P < 0.05).
It is worth noting that most of the 22 different functions
are related to the N and S cycling. In the N metabolism,
N application significantly reduced nitrate respiration and
nitrogen respiration (compared with CK, it decreased by 35.78–
69.06%) (P < 0.05). N2 treatment significantly reduces aerobic
nitrite oxidation and nitrate reductio (compared with CK, it
decreased by 42.27 and 23.55%, respectively) (P < 0.05). The
denitrification, nitrate denitrification, nitrite denitrification,
nitrite respiration, and nitrous oxide denitrification of N2
treatment were significantly higher than those of N1 treatment
(P < 0.05). In the S cycle, N application significantly reduced
dark sulfide oxidation (compared with CK, it decreased by 76.36–
94.29%) (P < 0.05). N2 treatment significantly reduced dark
oxidation of sulfur compounds, respiration of sulfur compounds,
sulfate respiration, and sulfur respiration (compared with CK,
it decreased 89.18, 91.31, 87.30, and 92.37%, respectively)
(P < 0.05). From the correlation analysis (Figure 5B), it
can be seen that soil available K is significantly correlated

with most bacterial community functions, followed by SOC
(P < 0.05).

Saprotrophs dominated the fungal community, accounting
for 54.92–66.06% in the three treatments (Figure 6A). The
proportion of pathotrophs, saprotrophs, and symbiotrophs
corresponded to 15.65, 65.18, and 15.48% after CK treatment;
20.61, 61.01, and 15.20% after N1 treatment; and 59, 79.23, and
5.34% after N2 treatment. The results showed that N application
significantly affected the main trophic patterns of fungi.
Compared with CK, N2 treatment significantly increased the
proportion of saprotrophs by 21.56% and significantly reduced
the proportion of symbiotrophs by 65.50% (P < 0.05). Based on
the FUNGuild trophic modes (Figure 6B), the main fungal guilds
in the swamp meadow soil were undefined saprotroph (48.98–
73.82%), plant pathogen (5.19–19.58%), arbuscular mycorrhizal
fungi (4.31–18.93%), animal pathogen (4.45–9.30%), endophyte
(4.94–5.09%), and wood saprotroph (2.06–4.92%). The rest
accounted for a small proportion (<1%), such as plant
saprotroph, soil saprotroph, dung saprotroph, epiphyte, and
mycoparasite. N application had no significant effect on the main
fungal guilds (P > 0.05). According to the correlation analysis
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FIGURE 6 | Changes in soil fungi according to main trophic modes and guild categories (FUNGuild) after N application. (A) Changes in fungi according to trophic
mode. The same lowercase letter indicates no significant difference, but the difference is significant at the 0.05 level. (B) Main fungal guilds. Colors indicate different
fungal types, and circle sizes indicate their relative abundance. (C) Correlation between fungal function and soil factors. *P < 0.05.

(Figure 6C), the correlation between soil factors and main fungal
guilds is small; only AK and Fungal Parasite, and pH and Plant
Parasite are significantly correlated (P < 0.05).

Relationship Between Microbial
Community Structure and Soil Properties
The effect of soil factors on the microbiota level was
determined by RDA (Figure 7). Overall, the two dimensions
(RDA1 and RDA2) explained 74.76% of the changes of soil
bacterial community (Figure 7A). According to RDA and
correlation analysis (Figures 7A,B), soil available K has a
significant negative correlation with Chloroflexi and Nitrospirae,
available N also has a significant negative correlation with
Chloroflexi, SOC and moisture have a significant positive
correlation with Firmicutes, and moisture has a significant
positive correlation with Proteobacteria (P < 0.05). The two
dimensions (RDA1 and RDA2) explained 81.56% of the change
of soil fungal community (Figure 7C). According to RDA and
correlation analysis (Figures 7C,D), available K was significantly
positively correlated with Rozellomycota, available N was
significantly negatively correlated with Blastocladiomycota, and
pH was significantly positively correlated with Ascomycota
and Mortierellomycota. Total C was significantly negatively
correlated with Basidiomycota (P < 0.05). Monte Carlo
permutation test showed that the soil bacterial community
structure was controlled by soil available K and moisture

(P < 0.01), while the soil fungal community structure was not
significantly affected by soil factors (Table 3) (P > 0.05).

SEM describes the direct and indirect effects of N application
and soil factors on microbial communities (χ2 = 11.81, P = 0.298)
(Figure 8). The model explained 68% of the changes in available
K, 72% of the changes in bacterial community structure, 65% of
the changes in bacterial community function, 59% of the changes
in fungal community structure, and 61% of the changes in fungal
community function. N application had no significant direct
effect on soil SOC and moisture (P > 0.05). It has a significant
positive effect on available K and has a significant negative effect
on bacterial community structure and a significant positive effect
on bacterial community function through available K (P < 0.05).
Soil moisture also had a significant positive effect on bacterial
community structure (P < 0.05). SOC had a significant positive
effect on fungal community structure and a significant negative
effect on fungal community function (P < 0.05).

DISCUSSION

N application will have a profound impact on soil nutrient
cycling mediated by the soil microbial community. Therefore,
it is of great significance to comprehensively study the
changes and influencing factors of soil microbial community
structure and function under the condition of N application
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FIGURE 7 | Effects of soil chemical properties on structure and function of soil microbial community after N application. (A) Redundancy analysis of bacterial
community structure and soil properties. Red arrows indicate soil bacteria, and black arrows indicate soil chemical properties (length = level). (B) Correlation
between bacterial community (phylum) and soil chemical properties. *P < 0.05, **P < 0.01. (C) Redundancy analysis of fungal community structure and soil
properties. Red arrows indicate soil fungi, and black arrows indicate soil chemical properties (length = level). (D) Correlation between fungal community (phylum) and
soil chemical properties. *P < 0.05, **P < 0.01.

(Allison and Martiny, 2008; Zhu et al., 2020). Overall, in this
study, short-term N application had no significant effect
on soil microbial community diversity, but directly affected
the bacterial community structure and indirectly affected the
bacterial community structure and function through available K.
SOC is an important factor affecting the structure and function
of fungal community.

In this study, short-term N application to swamp meadow soil
did not significantly affect soil microbial community α-diversity
and β-diversity (P > 0.05) (Figure 3). This is consistent with the
previous studies on forest soil and grassland (Freedman et al.,
2015; McHugh et al., 2017). But N application will also reduce
microbial diversity (Wang C. et al., 2018). This is different from
the results of this study. First, this may be because the alpine

wetland in this study is different from other ecosystems in that
soil microorganisms have different sensitivity to exogenous N
input (Ramirez et al., 2010). In addition, 2 years of N application
had no significant effect on soil microbial community diversity
(McHugh et al., 2017). But 10 years of N application reduced
soil bacterial diversity in subtropical forests (Wu et al., 2019).
Therefore, in this study, N application had no significant effect
on soil microbial community diversity may be due to the short-
time of nitrogen application. Second, when N application level
was low (less than 160 kg·N·hm−2

·a−1), N application had no
significant effect on soil bacterial diversity in semi-arid grassland
(Liu et al., 2020a). In this study, the N application level was
also within this range, so a small amount of N application
had no significant effect on the diversity of the soil microbial
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TABLE 3 | Monte Carlo permutation test of soil factors on microbial community structure.

Indication Bacteria Fungi

RDA1 RDA2 r2 P RDA1 RDA2 r2 P

Moisture −0.949 −0.315 0.634 0.041 −0.646 −0.763 0.394 0.214

TC 0.863 0.504 0.019 0.943 −0.519 −0.855 0.056 0.864

TN 0.998 −0.056 0.080 0.804 0.109 0.994 0.028 0.864

pH −0.458 −0.889 0.437 0.181 0.957 −0.289 0.106 0.753

SOC −0.944 0.331 0.337 0.278 0.924 −0.381 0.012 0.967

AN −0.041 −0.999 0.405 0.223 0.678 0.735 0.139 0.680

AP 0.999 −0.005 0.205 0.502 −0.498 0.868 0.096 0.745

AK 0.348 −0.938 0.854 0.005 0.737 0.675 0.407 0.188

RDA1 indicates the cosine value of the angle between soil factor and ordination axis, and RDA2 indicates the correlation between soil factor and ordination axis. r2 is the
determination coefficient of soil factors in species distribution. The smaller r2, the smaller the influence of soil factors on species distribution. P is the significance test of
correlation. Bold values indicates P < 0.05.

FIGURE 8 | Structural equation model of N application on the soil microbial system reveals the relationship between SOC, moisture, available K, and microbial
community structure and function. Width of the arrow head indicates the strength of the relationship. Blue arrows indicate a significant positive relationship, and gray
arrows indicate a significant negative relationship (P < 0.05). Non-significant paths have been deleted. Percentages close to variables refer to the variance
accounted for by the model (R2). *P < 0.05, **P < 0.01, ***P < 0.001.

community. This may be attributed to the greater plasticity,
higher population density, and greater transmission capacity of
microbial communities (Shade et al., 2012; Liu et al., 2020a).
Third, in this study, N application has no significant effect on soil
pH, which can also be used to explain why there is no significant
difference in microbial community diversity (Table 1). A large
number of studies showed that soil pH is the most important
factor to predict the change of microbial community diversity.
Some studies have found that if the soil pH value increases,
the α-diversity of the microbial community increased; if the soil
pH value is reduced, the α-diversity was be reduced; if there
is no effect on soil pH, the α-diversity was not be changed
(Zhou et al., 2020).

In this study, Proteobacteria, Acidobacteria, Actinobacteria,
Chloroflexi, Gemmatimonadetes, and Bacteroidetes were the
main bacterial communities under the swamp meadow soil

(Figure 9A), which is consistent with that found in other wetland
ecosystems (Xiong et al., 2014; Li et al., 2016; Xie et al., 2020).
It can participate in energy metabolism and plays a key role in
nutrient cycling and the ecological environment (Huhe et al.,
2017; Eichorst et al., 2018; Fang et al., 2018). It is worth noting
that the relative abundance of Gemmatimonadetes in the present
study reached 10.95–12.38%, which is higher than that reported
in previous studies (Gu et al., 2018; Shao et al., 2019; Zhou
et al., 2019; Wang et al., 2020). Gemmatimonadetes are widely
distributed in various ecosystems. Although Gemmatimonadetes
are not dominant in nature, they still play a key ecological
function because of their metabolic and physiological diversity;
their relative abundance is negatively correlated with soil
moisture and they grow in dry soils (DeBruyn et al., 2014).
This study was conducted in the alpine wetland in the arid
region of Central Asia. When samples were collected, the
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FIGURE 9 | Changes in soil microbial community structure after N application. (A) Changes in the top 10 bacteria at the phylum level. (B) Changes in fungi at the
phylum level. Phylum level with significant differences are highlighted in bold italics.

soil moisture content was about 54.15%, lower than that of
other wetland ecosystems, thereby improving the survival of
Gemmatimonadetes.

The change of soil microbial community composition is
usually related to the change of ecosystem environment, such
as N application. Most studies found that N application has
significant impact on soil microbial community structure (Shi
et al., 2016; Zhou et al., 2017). LEfSe analysis also confirmed
this point. N application significantly changed the soil bacterial
community structure, but had little effect on the fungal
community structure (Figure 4). On the one hand, this may be
due to their different life strategies (Sessitsch et al., 2001). On
the other hand, this is due to the difference in the number of
bacteria and fungi, which is also confirmed by the difference in
the number of OTU of bacteria and fungi in this study (Table 2).
Previous studies have shown that bacteria are more susceptible to
environmental influences than fungi (de Vries et al., 2018; Yang
and Wu, 2020).

N application reduced the relative abundance of soil
Actinobacteria and Nitrospirae (Wang C. et al., 2018). The
change of Nitrospirae in this study is consistent with this. At
the same time, Chloroflex, Anaerolineae, SBR1031, and A4b also
decreased significantly with the N application, which is consistent
with previous studies (Zeng et al., 2016; Liu et al., 2020a). These
changes can be explained by the co-trophic hypothesis, in which
the fast-growing co-trophic flora is more likely to increase under
nutrient-rich conditions, while the oligotrophic flora increases,
and the slow-growing flora (such as Chloroflexi) may decrease
(Fierer et al., 2007). Chloroflexi are microorganisms that can
produce energy through photosynthesis with CO2 as a C source,
but the bacteria of this phylum have various nutritional modes,
perform both aerobic and anaerobic respiration, and participate

in the C and N cycles, as well as other elemental cycles, such as the
S cycle (Lv et al., 2014). This is also confirmed by changes in the
functional metabolism of the bacteria in this study. N application
significantly reduced N and S cycling-related functions of
bacterial communities (Figure 5A). The relative abundance
of functional groups related to nitrate reduction decreased
significantly in N treatment (Liu et al., 2020b). Environmental
factors are important factors affecting the function of the
microbial community. The change of gene relative abundance
related to the C and N cycle is related to soil nutrient availability
(Yan et al., 2020). This study found a close relationship between
soil available K content and bacterial function (Figure 5B).
SEM also confirmed that the loss of these functions under
N application may be due to the increase of soil available K
content (Figure 8). In fungi, N2 significantly increased the
relative abundance of Didymosphaeriaceae, which is consistent
with previous studies (Zeng et al., 2016). Other studies have found
that Didymosphaeriaceae comprise saprotrophs, endophytes, or
pathogens associated with various plant substrates, such as woody
plant debris and rotten leaves, and herbivore feces (Ariyawansa
et al., 2014; Tennakoon et al., 2016).

The change of soil microbial community structure under N
application may subsequently affect the soil elements cycle and
threaten the stability of the ecosystem (Tilman et al., 2006; Sun
et al., 2021). The change of soil microbial community structure
can also be explained by the change of soil factors. In this study,
the soil bacterial community structure was mainly limited by the
soil available K content (Figure 7A). This finding is consistent
with previous studies (Kang et al., 2021). In alpine forest soil,
the soil microbial community diversity and structure are related
to the soil available K content (Wang et al., 2020). In the desert
steppe region, soil available K has a significant effect on the
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soil bacterial community structure (Jia et al., 2019). Similar to
being an essential element for plants, soil K is equally important
for the soil microbial community. In this study, N2 treatment
significantly promoted the soil available K content (Table 1).
N application may increase the decomposition of litter and
supplement the soil available K content (Song et al., 2011). At
the same time, it also provided nutrition for bacteria in soil and
may stimulate potassium-solubilizing bacteria, thus catalyzing
the conversion of insoluble or mineral K into the soluble form
in the soil. Various types of bacteria have been reported to
have the ability to release K, such as Bacillus mucilaginosus and
Bacillus edaphicus (Richards and Bates, 1989; Lin et al., 2002).
In this study, the relative abundance of Bacillus was 1.23% on
average, but N application had no significant effect on its relative
abundance (Figure 3). This may be because N application may
stimulate the activity of K-solubilizing bacteria, but does not
increase the relative abundance.

N application significantly changed the soil bacteria and fungi
community structure, and significantly changed the soil bacterial
community composition and function through soil available
K. At the same time, SOC also had an impact on the soil
fungal community. As an explanatory variable, soil available K
is related to bacterial community or functional structure, which
highlights the importance of environmental factors in shaping
microbial community structure and function. This study plays
an important role in understanding how soil properties drive
microbial community changes after N application. However,
the alpine wetland ecosystem in the arid region of Central
Asia is complex, and changeable environmental factors affect
the soil microbial community. Therefore, long-term and more
detailed research is needed to understand the driving forces
and mechanisms of the soil microbial community diversity and
structure in the alpine wetland ecosystem under the condition
of N application.

CONCLUSION

In conclusion, our results showed that short-term (1 year) N
application to the swamp meadow in the arid region of Central
Asia did not significantly change soil microbial community
diversity but changed its composition and functional metabolism.
Under the condition of N application, soil available K was the

most important driving force for the change in the soil bacterial
community structure. Against the background of the increasing
atmospheric N deposition rate, we illustrate the importance of
soil available K to the microbial community. Because the alpine
wetland ecosystem in the arid region of Central Asia is vulnerable
to climate change and environmental disturbance, the short-term
effects of N application to swamp meadow soil are uncertain.
Therefore, more attention on the long-term effects on the soil
microbial community after N application is required in future
research. This study can provide scientific references for climate
change adaptation and management of global alpine wetlands.
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