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Urea fertilization decreases soil bacterial diversity, but improves
microbial biomass, respiration, and N-cycling potential
in a semiarid grassland
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Abstract
In this study, changes in plant diversity and aboveground biomass, soil chemical properties, microbial biomass and respiration,
microbial composition, and microbial N-cycling potential (represented by the abundance of genes involved in N reaction) were
studied after 3 years of urea fertilization (0, 25, 50, and 100 kg N ha−1 year−1) in a semiarid grassland in China. The microbial
composition and N-cycling genes were determined using metagenome sequencing. Urea fertilization significantly decreased soil
bacterial diversity, possibly through its negative effect on plant diversity, whereas it increased fungal diversity, and microbial
biomass and respiration through enhancing aboveground biomass production with increases in the C input into the soil. However,
above the threshold N rate of 50 kg N ha−1 year−1, microbial biomass and respiration decreased probably because of a strong N
inhibitory effect on aboveground biomass. Further, urea fertilization increased the gene abundances of narH, nrfA, nirB, and
napA, which are involved in dissimilatory nitrate reduction, and those of nifH and nifD, involved in N2 fixation, gdh, involved in
organic N decomposition, and glnA, involved in glutamine synthesis and ureC. These findings suggested that urea addition has a
positive effect on N-turnover potential. Burkholderiales and Rhizobiales play an important role in soil N cycling. Changes in
plant community (diversity and biomass) were responsible for the shift in microbial diversity, biomass, and respiration, whereas
alterations in inorganic N levels (exchangeable NH4

+ and NO3
−) potentially affected microbial N cycling. Our results show that

N-mediated environmental stresses can play an important role in microbial diversity and functions, which appear to be mediated
largely by plant–soil interactions.
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Introduction

Atmospheric nitrogen (N) deposition caused by fossil fuel
combustion and by the use of fertilizers has increased three-
to fivefold in the past century (Galloway et al. 2008).
Intensified N deposition has drastic impacts on terrestrial
ecosystems, including soil acidification, loss of biodiversi-
ty, and eutrophication (Lu et al. 2014; Stevens et al. 2004).
The additional N has potentially important impacts on not
only the plant communities, but also the soil microbial
communities. Understanding how these additional N inputs
affect above- and belowground communities is becoming
increasingly important within the context of the global cli-
mate change (Liu and Greaver 2010). Not all ecosystems
respond in the same way to N deposition, especially in
semiarid grassland, where species diversity and composi-
tion usually change relatively rapidly (Zhang et al. 2016).
The effect of N deposition on semiarid grassland is not
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fully known, despite the increasing research on this type of
ecosystem (Lu et al. 2011).

Soil microbes participate in soil biogeochemical processes
and play an essential role in soil carbon (C) and N turnover
(Bardgett et al. 2008; Nannipieri et al. 2018; Duan et al. 2018).
However, the mechanisms underlying soil microbial feedback
in response to N deposition remain unclear. The effect of N
enrichment on microbial activity in grassland soil has been
reported to be positive (Zhang et al. 2014), negative (Zeng
et al. 2016), or neutral (Alster et al. 2013), and is supposed
to be driven by various forces. Because the majority of terres-
trial ecosystems are N-limited (LeBauer and Treseder 2008),
N deposition is expected to enhance aboveground plant
growth and thus, primary productivity (DeMalach 2018;
Harpole et al. 2011). Therefore, plant-mediation hypotheses
predict that N enrichment increases microbial respiration as a
result of increased C input into the soil via plant roots, due to
enhanced photosynthesis (Zang et al. 2017). However, this
effect turns negative when the amount of N added exceeds a
threshold, because excess N reduces the allocation of photo-
synthetic C to the roots (Nakaji et al. 2001). In addition, some
studies attribute changes in microbial activities to alternations
in soil N availability and pH. Ramirez et al. (2010) reported
that decreases in microbial respiration induced by N fertilizer,
regardless of soil type and N form, were mainly a direct result
of the increase in soil N availability, rather than effects caused
by plant community. In contrast, Wang et al. (2018) reported
that decreases in microbial activity caused by N fertilizer were
most likely mediated via its negative effect on soil pH. N
fertilization also causes alterations in soil microbial composi-
tion through altering the plant community and soil properties.
van der Heijden et al. (2008) reported an increase in microbial
diversity because of increased plant diversity, which increased
the diversity of C resources, and Fierer et al. (2007) observed a
decrease in the abundance of oligotrophs resulting from a
decrease in the soil C:N ratio. Overall, the influences of N
enrichment on soil microbial activity and diversity may be
caused by direct effects of N as a nutrient or by indirect chang-
es in soil and plant properties. Exploring the contribution of
each of these factors to the microbial community is needed for
understanding the mechanisms underlying these ecological
responses and feedbacks.

N cycling is one of the most important soil biogeochemical
processes that may constrain plant growth in terrestrial eco-
systems (Nannipieri and Paul 2009). The soil N cycle includes
several processes, mainly driven by soil microorganisms, and
these microbial drivers can bemonitored by detecting process-
related genes (Vitousek et al. 1997). The abundance of genes
involved in N cycling can be used to assess the N-turnover
potential in soils (Nelson et al. 2015). In grassland ecosys-
tems, different responses of N-related genes and the associated
microbes to N fertilization have been reported. High N addi-
tion significantly increased the abundance of the amoB gene

of ammonia-oxidizing bacteria due to the enhanced N sub-
strate, whereas it had no impact on the nirS and nirK abun-
dances in an Alpine grassland soil (Tian et al. 2014). Recent
studies have suggested that N fertilization increased amoB
abundance, but not amoA abundance in temperate grassland
soils (Shen et al. 2011), whereas it decreased nifH, nirS, and
nosZ abundances due to suppression of acidification and salt
toxicity (Ning et al. 2015). Increases in the abundances of
nirK- and nirS-type denitrifiers occurred in soils following N
addition (Jung et al. 2011). In general, N-cycling genes re-
spond to N addition, and changes in N-cycling potential in-
duced by N fertilizer are inconsistent and likely site-
dependent.

This study aimed to determine how N enrichment affects
soil microbial diversity and N-cycling potential. To this end,
we measured plant diversity and aboveground biomass, soil
chemical properties, and microbial biomass, respiration, com-
position, and genes involved in N reactions in a semiarid
grassland in China that had received 3 years of urea fertilizer.
Soil microbial composition and the abundances of N-cycling
genes were determined using shotgun metagenome sequenc-
ing. We hypothesized that (i) urea fertilization would reduce
soil bacterial and fungal diversity, and increase microbial bio-
mass and respiration below a certain threshold N rate, above
which microbial biomass and respiration would decrease be-
cause of the inhibitory effect of excess N on plants; (ii) urea
fertilization would increase the N-cycling potential owing to
the increase in soil N availability; and (iii) changes in plant
community and inorganic N levels caused by N enrichment
would be responsible for the variations in soil microbial com-
munity and N-cycling potential.

Materials and methods

Site description and experimental design

This study was conducted at the Dunshan field-experimental
site at the Ansai Water and Soil Conservation Research
Station (36° 51′ 30″ N, 109° 19′ 23″ E) on the northern
Loess Plateau of China. The climate in this region is semiarid,
with a mean annual precipitation of 500mm. Themean annual
temperature is 8.8 °C, with a minimum of 6.2 °C in January
and a maximum of 37.5 °C in August. The soil, derived from
wind-blown deposits, is classified as a Huangmian soil
(Calcaric Cambisol in the FAO classification).

An N fertilization experiment was established in a grass-
land dominated by the grass species Bothriochloa ischaemum,
Stipa przewalskyi, Stipa grandis, and Leymus secalinus. Four
N treatments, with three replicated plots per treatment, were
established in 2014: 0 (N0), 25 (N25), 50 (N50), and 100
(N100) kg N ha−1 year (y)−1. Each plot was 3 × 2 m in size
and plots were separated by 1-m walkways. Urea was
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dissolved in deionized water, and the amounts of added N
were in line with the global N-deposition rates for grassland
reported by Bobbink et al. (2010). Urea fertilizer was applied
in three split applications at the beginning of June, July, and
August.

Sampling and soil chemical analysis

Plant and soil samples were collected in September 2017. Soil
samples were collected from the top 20 cm of the soil profile
using an auger (5 cm in diameter and 20 cm long) after the
litter layer was removed. Six soil cores were collected at ran-
domly selected locations in each plot and were pooled. Roots,
litter, and stones were removed, and the pooled samples were
sieved through a 2-mmmesh. The sieved samples were divid-
ed into three subsamples. One was immediately frozen at −
80 °C for DNA analysis, another was stored at 4 °C for the
measurement of microbial biomass, and the third was air-dried
for physicochemical analyses. Soil pH was determined by an
automatic titrator (Metrohm 702, Switzerland) in suspensions
of 1:2.5 soil/water.

The percentage cover of each plant species was estimated
visually in each plot (Table S1). Species richness was defined
as the number of different species. The Shannon–Wiener in-
dex (H = –ΣPilnPi) was used to estimate the diversity of the
plant communities, where Pi is the ratio of the number of
individuals of each species to the total number of individuals
of all species. Aboveground vegetation was sampled by clip-
ping individuals of all plant species at the soil surface, and was
dried at 60 °C for 36 h for biomass determination. The soil
organic C (OC) content was determined using the Walkley–
Black method (Nelson and Sommers 1982), total N (TN) con-
tent was determined using the Kjeldahl method (Bremner and
Mulvaney 1982), and available P (AP) content was measured
by the Olsen method (Olsen and Sommers 1982). The ex-
changeable NH4

+-N and NO3
−-N contents were determined

after extraction with 2 M KCl for 18 h by colorimetry on an
Alpkem Autoanalyzer (OI Analytics, College Station, TX,
USA).

Microbial biomass and respiration

Microbial biomass C (MBC) and N (MBN) were determined
using a chloroform-fumigation extractionmethod (Vance et al.
1987). Briefly, 25 g of the oven-dry equivalent of field-moist
soil was fumigated with CHCl3 at 25.8 °C for 24 h. The soil
was added to 100 ml of 0.5 M potassium sulfate and shaken at
200 rpm for 1 h, and then filtered after fumigant removal.
Another 25 g of non-fumigated soil was simultaneously ex-
tracted. The OC and TN contents of the extracts were deter-
mined using a Liqui TOCII analyzer (Elementar
Analysensystem, Hanau, Germany). MBC and MBN concen-
trations were corrected for unrecovered biomass using

extraction efficiency factors of 0.45 and 0.54, respectively
(Beck et al. 1997; Brooks et al. 1985).

Soil respiration was measured using the method of Zhong
et al. (2015). Briefly, 1 kg of fresh top soil collected as de-
scribed above was transferred into pre-weighed PVC con-
tainers (20 cm diameter and 10 cm length) that were fitted
with filter paper on the bottom. All samples were adjusted to
50% water-holding capacity and incubated at 25 °C, and the
soil moisture was held constant throughout the incubation.
Soil respiration (SR) was measured every 2 days over a 60-
day incubation period using an LI-8100A soil respiration an-
alyzer (Li-Cor Biosciences, Lincoln, NE USA).

DNA extraction, library construction,
and metagenome sequencing

DNAwas extracted from the 0.5 g homogenized soil samples
using a Power Soil DNA kit (MoBiol Laboratories, Solana
Beach, CA, USA), according to the manufacturer’s instruc-
tion. DNA concentration and purity (A260/A280) were deter-
mined using a TBS-380 fluorometer (TurnerBioSystems, CA,
USA) and a NanoDrop ND-1000 spectrophotometer
(NanoDrop,Wilmington, DE, USA), respectively. DNA qual-
ity was evaluated by 2% agarose gel electrophoresis. A total of
12 soil samples (three replicates for each N treatment) were
DNA extracted for metagenomic sequencing.

The DNA was sheared into fragments of approximately
300 bp using an M220 Focused-ultrasonicator (Covaris,
Woburn, MA, USA). Then, a paired-end library was con-
structed using a TruSeqTM DNA Sample Prep Kit
(Illumina, San Diego, CA, USA). Adapters containing the full
complement of the sequencing primer hybridization sites were
ligated to the blunt end of the fragments. Paired-end sequenc-
ing was conducted on an Illumina X-Ten PE150 at
Hengchuang Bio-Pharm Technology (Shenzhen, China) ac-
cording to the manufacturer’s instructions (www.illumina.
com). The metagenome sequences have been deposited in
the NCBI database under accession number SRP149201.

Sequence quality control and genome
assembly

Sequence quality control involved the removal of sequencing
adapters, and quality and length filtering (Vestergaard et al.
2017). The 3′- and 5′-adaptors were trimmed using SeqPrep
(https://github.com/jstjohn/SeqPrep). Reads with a minimum
quality score 20 and a minimum length of 50 bp were
maintained for analysis. In total, 128.5 GB of clean reads
were obtained. The clean reads were assembled using
MEGAHIT (https://github.com/voutcn/megahit). Contigs
longer than 300 bp were selected as the final assembly result
and were used for gene prediction and annotation.
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Gene prediction, taxonomy, and functional
assignment

The open reading frames (ORFs) of contigs and annotations in
each sample were predicted with MetaGene Annotator
(Noguchi et al. 2006). Predicted ORFs longer than 200 bp were
translated into amino acid sequences via NCBI ORF finder (Li
and Durbin 2009). All predicted genes with a 95% sequence
identity (90% coverage) were clustered using CD-HIT (Fu
et al. 2012) (http://www.bioinformatics.org/cd-hit/), the
longest sequences from each cluster were selected as
representative sequences to a construct non-redundant gene
catalog. Clean reads were mapped to the representative se-
quences with 95% identity using SOAPaligner (Li et al.
2008) (http://soap.genomics.org.cn/), and gene abundances in
each sample were evaluated. Representative sequences of the
non-redundant gene catalog were aligned to the NCBI NR
database with an e-value cutoff of 1e−5 using BLASTP
(Version 2.2.28+, http://blast.ncbi.nlm.nih.gov/Blast.cgi) for
taxonomic annotations. Bacterial and fungal richness were
estimated by the number of observed species, and diversity
was estimated by the Shannon–Wiener index (H = –ΣPilnPi).
KEGG annotation was conducted using BLASTP (Version 2.2.
28+) against the Kyoto Encyclopedia of Genes and Genomes
database (http://www.genome.jp/keeg/), using an e-value cutoff
of 1e−5. Functional annotation of genes was conducted in
KOBAS 2.0 (Kanehisa et al. 2016) (KEGG Orthology Based
Annotation System). The total number of sequences was nor-
malized to 1 million per sample for further analysis.

Data analysis

One-way analysis of variance (ANOVA) followed by a post
hoc test for multiple comparisons was used to evaluate differ-
ences between the four treatments and these differences were
significant for P < 0.05. Principal coordinate analysis (PCoA)
was used to assess differences in plant compositions and mi-
crobial communities under the various N treatments based on
Bray–Curtis distances, and significance was tested by analysis
of similarity (ANOSIM). Partial least squares path modeling
(PLS-PM) (Kou et al. 2017; Sanchez 2013) was used to gain a
mechanistic understanding of how soil and plant properties
mediated alterations in microbial biomass, respiration, and
composition under N enrichment conditions. PLS-PM is a
data analysis approach for studying observed variables that
can be summarized by the use of a latent variable and assumes
that linear relationships exist between latent variables
(Sanchez 2013). The latent variables in our PLS-PM analysis
included bacterial composition, fungal composition, and N-
cycling genes. Each latent variable included manifest vari-
ables, for example, bacterial composition included the relative
abundances of the microbial taxa, and N-cycling genes includ-
ed the abundances of N-cycling genes that changed

significantly under N addition. The first principal components
(PC1) of principal component analysis (PCA) (Fig. S1) for the
composition of bacterial and fungal communities and N-
cycling genes were used in the PLS-PM. Each variable has a
relative contribution degree shown in arrow in path diagram.
Path coefficients (representing the direction and strength of
the linear relationships between latent variables) and ex-
plained variability (R2) are estimated in models. Models with
different structures are evaluated using the goodness of fit
(GOF) statistic, a measure of their overall predictive power,
and a GOF > 0.7 is an acceptable value for a PLS partial model
(Sanchez 2013). The models were constructed using the func-
tion “inner plot” in the R package (plspm). Pearson correlation
coefficients were used to test relationships between individual
properties, including plants, soils, microbial community, and
N-cycling genes. ANOVA, PCoA, PCA, and Pearson’s corre-
lation were conducted with the vegan package in R (version
3.0.2; http://www.r-project.org/).

Results

Plant and soil properties under N fertilization

Three-year urea fertilization significantly improved the above-
ground biomass, whereas it lowered plant diversity (Table 1).
Specifically, aboveground biomass and soil OC increased
with the rate of N addition, peaked at N50, and then decreased.
Plant richness and diversity decreased with increasing levels
of N addition. Soil TN, exchangeable NH4

+-N and NO3
−-N

contents increased with increasing levels of N addition,
whereas pH showed an opposite trend and ranged from 8.46
to 7.02. AP had no response to N additions. The N100 treat-
ment resulted in the lowest C:N ratio.

Microbial activity and diversity under N fertilization

Three-year urea fertilization significantly enhanced microbial
biomass, respiration, and fungal richness and diversity, where-
as it lowered bacterial richness and diversity (Table 2).
Specifically, MBC and MBN, microbial respiration, and fun-
gal richness and diversity increased with the amount of N
added, reaching the highest values at N50, and then decreased.
Bacterial richness and diversity decreased with increasing
levels of N addition. Urea fertilization strongly affected mi-
crobial composition. As shown in Fig. 1, Proteobacteria was
the most abundant bacterial phylum across the treatments,
accounting for 40.2% of all taxa on average, followed by
Firmicutes (10.6%), Acidobacteria (10.9%), and
Actinobacteria (8.8%) (Fig. 1a). Acidobacteria and
Alphaproteobacteria increased with the amount of N added
(Fig. 1b), whereas Actinobacteria exhibited an opposite trend.
Interestingly, bacterial taxa belonging to the same group did
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not always respond in a similar manner. For example,
Acidimicrobiia, with relatively low abundance, and other bac-
terial taxa within the phylum Actinobacteria responded oppo-
sitely to fertilization.

Ascomycota was the dominant fungal phylum (49.8%),
followed by Basidiomycota (12.7%), Glomeromycota
(1.8%), and Zygomycota (1.6%) (Fig. 2a). The relative abun-
dance of Ascomycota increased, whereas the abundance of
Glomeromycota decreased with increasing levels of N addi-
tion. Taxonomical shifts were significant in the classes
Sordariomycetes and Glomeromycota (Fig. 2b). PCoA
(Fig. 3) and ANOSIM (Table S2) clearly indicated large shifts
in the bacterial and fungal community compositions with in-
creasing levels of N addition, and changes in bacterial and
fungal community composition were similar to those in the
plant community.

Effects of N fertilization on microbial N processes
and related gene families

In total, 9 pathways and 33 gene families involved in N reac-
tion were investigated in this study (Table 3). The illustration

of the genes investigated in N cycling is shown in Fig. 4, and
detailed functional descriptions are presented in Table S3.
Overall, urea addition increased the gene abundances of
amoA and amoB involved in nitrification, narH, nrfA, nirB,
and napA involved in dissimilatory nitrate reduction, nifH and
nifD involved in N2 fixation, gdhA and gdh2 involved in or-
ganic N decomposition, glnA involved in glutamine synthesis,
and ureC involved in urea hydrolysis. In contrast, the gene
abundances of nirS and nirK involved in denitrification and
hzsA involved in anammox decreased with N added.

At the taxonomical level (Fig. 5), nearly all microbial N
genes belonged to Burkholderiales and Rhizobiales. Organic
N decomposition was taxonomically the most diverse process,
with only five orders with abundances > 3%, but 520 species
in total. N-cycling processes were driven by different micro-
bial species (Table S4), including Methyloversatilis
discipulorum and Nitrospira moscoviensis accounting for ni-
trification, Chthoniobacter flavus for denitrification,
Candidatus Solibacter for dissimilatory nitrate reduction,
Chthoniobacter flavus for anammox, and Burkholderiales
bacterium for N2 fixation. Interestingly, the ammonia-
oxidizers participating in nitrification were dominated by

Table 2 Effect of urea
fertilization on soil microbial
activities

Property N0 N25 N50 N100 P*

Microbial biomass C
(mg kg−1)

146.5 ± 12.2c 210.0 ± 16.7b 261.8 ± 17.9a 216.4 ± 15.0b < 0.001

Microbial biomass N
(mg kg−1)

42.3 ± 6.5c 58.5 ± 3.5b 84.5 ± 7.3a 58.0 ± 2.1b < 0.001

Respiration (μmol m−2 s−1) 0.28 ± 0.03c 0.52 ± 0.1b 0.74 ± 0.06a 0.44 ± 0.09b < 0.001

Bacterial richness 2233 ± 118a 1969 ± 85b 1810 ± 35c 1771 ± 59c < 0.001

Bacterial diversity 6.28 ± 0.35a 5.98 ± 0.13a 5.29 ± 0.1b 4.85 ± 0.19c 0.0001

Fungal richness 161.3 ± 11.9c 180.3 ± 10.7bc 223.7 ± 12.5a 199.0 ± 13.9b 0.002

Fungal diversity 3.23 ± 0.24c 3.75 ± 0.2b 4.41 ± 0.33a 3.5 ± 0.23bc 0.003

Results are reported as means ± SEs (n = 3). Different letters within a row indicate significant differences between
the treatments by Fisher’s least significant difference post hoc test (P < 0.05). *P values are based on ANOVA

Table 1 Effect of urea
fertilization on plant and soil
properties

Property N0 N25 N50 N100 P*

Plant richness 13.67 ± 1.15a 10.33 ± 1.15b 9 ± 1.73bc 7.33 ± 0.58c 0.001

Plant diversity 2.18 ± 0.14a 1.84 ± 0.17b 1.31 ± 0.04c 1.09 ± 0.12c < 0.001

Aboveground biomass
(g m−2)

233.5 ± 22.8c 272.7 ± 29.2bc 404.7 ± 42.9a 329.9 ± 31.0b 0.001

Organic C (g kg−1) 5.06 ± 0.34b 5.3 ± 0.45b 6.18 ± 0.15a 5.57 ± 0.18b 0.011

Total N (g kg−1) 0.47 ± 0.02d 0.65 ± 0.03c 0.71 ± 0.03b 0.78 ± 0.03a < 0.001

Available P (mg kg−1) 4.66 ± 0.15a 4.45 ± 0.27a 4.47 ± 0.43a 5.00 ± 0.05a 0.443

Exchangeable NH4
+-N

(mg kg−1)
10.29 ± 0.84d 13.11 ± 1.36c 18.46 ± 1.4b 22.03 ± 1.32a < 0.001

NO3
−-N (mg kg−1) 4.34 ± 1.65d 9.11 ± 1.02c 12.28 ± 1.92b 16.31 ± 1.63a < 0.001

C:N ratio 10.84 ± 0.37a 8.23 ± 1.05bc 8.7 ± 0.2b 7.12 ± 0.44c < 0.001

pH 8.46 ± 0.05a 8.22 ± 0.12b 7.83 ± 0.15c 7.02 ± 0.13d < 0.001

Results are reported as means ± SEs (n = 3). Different letters within a row indicate significant differences between
the treatments by Fisher’s least significant difference post hoc test (P < 0.05). *P values are based on ANOVA
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Nitrosospirales and Nitrososphaerales (Fig. S2). The relative
abundance of Nitrosospirales increased, whereas that of
Nitrososphaerales decreased, with increasing amount of N
added.

Dependence of microbial communities and N-cycling
genes on environmental variables

PLS-PM was implemented to reveal possible pathways
influencing the microbial community and N-cycling genes
following N addition (Fig. 6, Table S5). This analysis provid-
ed the best fit to our data according to the respective indices of
model fit (GOF = 0.73), and the model accounted for 96% of
the variation in pH, 88% and 91% in NO3

−-N and exchange-
able NH4

+-N, 95% and 82% in plant diversity and above-
ground biomass, and 97%, 77%, and 88% in bacterial com-
position, fungal composition, and N-cycling genes, respec-
tively. Overall, N addition significantly affected the composi-
tions both plant and microbial communities due to increased

NO3
−-N and exchangeable NH4

+-N and decreased pH.
Although a significant difference occurred in soil pH among
N treatments and its changes explained variations of bacterial
composition and N-cycling genes, it was not taken into ac-
count in the evaluation of the relationships among the soil and
microbial communities because of the narrow variation (8.46–
7.02). The decrease in plant diversity led to a reduction in
bacterial diversity. In addition, alterations in the plant commu-
nity resulted in concomitant shifts in bacterial and fungal com-
munity compositions (Fig. 3). Increases in inorganic N con-
tents weremainly responsible for altering the N-cycling genes.
Other variables were not of great significance on their own,
but clearly improved the model when incorporated together.
Correlations between each of the microbial properties and
environmental factors further identified the effects of urea-
induced changes in plant and soil properties on microbial
community (Table S6). For example, bacterial diversity was
positively correlated with plant diversity. MBC and MBN and
microbial respiration were positively correlated with OC and
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aboveground biomass. Exchangeable NH4
+-N and NO3

−-N
contents were positively correlated with the abundances of
Acidobacteria , Alphaproteobacteria , Bacteroidete ,
Nitrosospira, and amoA, amoB, narH, nrfA, nirB, napA,
nifD, gdh, ureC, and glnA, where they were negatively corre-
lated with Actinobacteria and Nitrososphaera abundances.

Discussion

Effect of urea fertilizer on microbial diversity

As expected, urea fertilization decreased bacterial diversity,
which was consistent with a previous study on grassland
reporting a decrease in microbial diversity following N enrich-
ment (Zeng et al. 2016). The decline in bacterial diversity may
be related to the decrease in plant diversity due to the expan-
sion of nitrophilous species and competitive exclusion by in-
creased N availability (Bobbink et al. 2010; Hong et al. 2017).
In our study, graminaceae and compositae species in the upper
layer of the community, such as Artemisia capillaris and
Phragmites australis, expanded significantly with increasing
N amount, whereas species in the lower layer of the commu-
nity, such asPotentilla bifurca andOxytropis bicolor, declined

or even disappeared (Table S1). This shift caused a shading
effect of the upper-layer grasses on the lower-layer grasses,
resulting in the loss of some species with weak light compet-
itiveness and thus, reduced aboveground species diversity
(DeMalach et al. 2016; Lamb et al. 2009). The positive corre-
lation between plant and bacterial diversity indicated that they
may be affected jointly by N enrichment (Table S6) and sup-
ported the theory that plant diversity enhances the diversity of
soil microbes by increasing the range of food resources avail-
able (van der Heijden et al. 2008). Urea addition decreased
soil pH by 0.24–1.4 units, a decrease in magnitude similar to
findings by Chen et al. (2018) in a nearby region of the semi-
arid grassland evaluated in this study. The limited response of
pH to N addition might be associated with the high buffering
capacity of calcareous soil to pH reduction (Yang et al. 2011)
and the dry soil conditions.

In contrast to the decrease in plant diversity with increasing
levels of N addition, fungal diversity significantly increased
with modest N enrichment, but decreased under excess N.
This qualitative divergence between plant and fungal diversity
along the N addition gradient resulted in the lack of an asso-
ciation between them. Our result contradicted the strong
plant–fungal richness relationship observed in a previous
study (Yang et al. 2017), but was in agreement with a report
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by Chen et al. (2018), who found no significant relationship
between plant diversity and fungal diversity in semiarid grass-
land. The uncoupling of plant and fungal diversity following
N enrichment indicated that the close association between
plant and fungal diversity does not persist in soils under N-
enriched conditions. In addition, we found a positive associa-
tion between fungal diversity and OC content. We observed
that while N addition decreased plant diversity, it increased
plant productivity, which would have resulted in increases in

C pools available to the soil fungi, thus favoring fungal rich-
ness (Whittaker 2006). The positive effect of N fertilization on
fungal diversity contrasted with studies that found negative
(Zhou et al. 2016) or neutral (Leff et al. 2015) impacts of N
addition on grassland fungal diversity, but was consistent with
the results of a study carried out in N-deficient soils (Chen
et al. 2018). Our results highlight the N-limited nature of the
semiarid grassland ecosystem, and that responses of fungal
diversity to N enrichment can be ecosystem-specific. In

Table 3 Normalized reads of the gene families involved in N-cycling pathways in the treatments

N pathway KO Gene N0 N25 N50 N100 P*

Nitrification K10944 amoA 182.3 ± 12.4c 194.5 ± 7.4bc 215.8 ± 7.6b 260.1 ± 17.3a < 0.001

K10945 amoB 111.6 ± 12.1c 159.1 ± 3.7b 166.9 ± 16.9ab 187.1 ± 7.5a < 0.001

K10946 amoC 4.0 ± 2.1 5.0 ± 1.0 1.7 ± 0.3 1.7 ± 0.7 0.103

K10535 hao 9.7 ± 1.8 7.3 ± 1.9 5.0 ± 2.1 12.3 ± 4.8 0.483

K00370 nxrA 269.3 ± 25.7 214.0 ± 22.6 316.3 ± 48.3 199.0 ± 8.5 0.374

K00371 nxrB 107.7 ± 13.0 85.0 ± 4.4 93.0 ± 9.5 80.0 ± 11.6 0.128

Denitrification K00374 narI 39.0 ± 12.7 14.0 ± 0.0 23.0 ± 4.5 22.0 ± 4.7 0.355

K02567 napA 63.1 ± 2.6c 103.3 ± 6.88b 116.4 ± 11.4b 211.5 ± 10.5a < 0.01

K02568 napB 57.7 ± 20.3 30.0 ± 10.0 31.0 ± 6.4 26.7 ± 4.3 0.143

K15864 nirS 7.7 ± 1.7a 5.0 ± 0.6a 2.3 ± 1.2b 1.0 ± 0.6b 0.018

K00368 nirK 571.0 ± 9.9a 400.3 ± 18.4b 364.0 ± 18.6c 311.4 ± 9.1d < 0.01

K04561 norB 62.7 ± 17.9 70.3 ± 9.5 103.7 ± 41.8 73.7 ± 22.4 0.699

K02305 norC 21.0 ± 3.0 19.0 ± 5.5 4.0 ± 0.0 14.0 ± 6.2 0.273

K00376 nosZ 71.0 ± 21.7 59.7 ± 1.2 78.7 ± 11.6 59.7 ± 10.7 0.702

Assimilatory nitrate reduction K00360 nasB 11.3 ± 0.9c 12.7 ± 3.0bc 17.3 ± 3.5ab 22.3 ± 4.7a 0.046

K00372 K02575 nasA 2169 ± 109 1911 ± 102 2095 ± 63 2209 ± 125 0.445

K00367 narB 144.7 ± 17.1 113.3 ± 13.8 111.3 ± 18.9 119.7 ± 18.2 0.431

K00366 nirA 252.0 ± 15.6 192.0 ± 9.6 217.0 ± 8.1 243.7 ± 11.6 0.750

Dissimilatory nitrate reduction K00374 narI 39.0 ± 12.7 14.0 ± 0.0 23.0 ± 4.5 22.0 ± 4.7 0.355

K02567 napA 63.13 ± 2.6c 103.3 ± 6.88b 116.37 ± 11.37b 211.5 ± 10.51a < 0.01

K02568 napB 57.7 ± 20.3 30.0 ± 10.0 31.0 ± 6.4 26.7 ± 4.3 0.143

K00362 nirB 1394 ± 71b 1446 ± 65b 1569 ± 32a 1680 ± 52a <0.01

K00363 nirD 248.7 ± 8.7 204.3 ± 15.1 243.0 ± 34.3 265.7 ± 23.3 0.336

K03385 nrfA 69.4 ± 5.9d 182.3 ± 15.6a 98.12 ± 4.8c 130.8 ± 12.1b < 0.001

K15876 nrfH 21.2 ± 2.1d 33.0 ± 2.8c 40.1 ± 1.7b 47.7 ± 3.0a < 0.001

Anammox K15864 nirS 7.7 ± 1.7a 5.0 ± 0.6a 2.3 ± 1.2b 1.0 ± 0.6b 0.018

K00368 nirK 571.0 ± 9.9a 400.3 ± 18.4b 364.0 ± 18.6c 311.4 ± 9.1d < 0.001

K20932 hzsA 132.9 ± 9.2a 124.5 ± 6.5a 71.6 ± 4.0b 41.6 ± 3.2c < 0.001

N2 fixation K02588 nifH 11.8 ± 1.5b 14.6 ± 1.7b 20.8 ± 1.6a 23.2 ± 2.5a < 0.001

K02586 nifD 8.9 ± 0.3c 12.4 ± 0.9b 14.1 ± 2.0b 18.5 ± 1.9a < 0.001

Organic N decomposition K00260 gudB 58.7 ± 1.3 58.0 ± 10.1 45.3 ± 11.4 54.3 ± 5.9 0.603

K00261 K00262 gdhA 933 ± 27c 1276 ± 59b 1352 ± 17b 14,578 ± 51a < 0.001

K15371 gdh2 1106 ± 84b 1246 ± 98b 1459 ± 49a 1492 ± 81a < 0.01

K01725 cynS 72.7 ± 3.7 75.0 ± 14.3 94.0 ± 8.1 71.7 ± 3.3 < 0.01

Glutamine synthesis K01915 glnA 3199 ± 36d 3704 ± 33c 3882 ± 74b 4320 ± 146a < 0.001

Urea hydrolysis K01427 ureC 157.7 ± 14.8c 160.9 ± 4.7c 210.0 ± 11.6b 237.1 ± 11.3a < 0.001

Results are reported as means ± SEs (n = 3). Different letters within a row indicate significant differences between the treatments by Fisher’s least
significant difference post hoc test (P < 0.05). Italic type indicates significant changes.*P values are based on ANOVA
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contrast to the significant correlation between pH and bacterial
diversity, the weak relation between pH and fungal diversity
indicated that N fertilization-induced soil acidification has a
greater impact on bacteria than on fungi, which have a wider
pH range for optimal growth (Rousk et al. 2010).

The similar change patterns in the composition of bacterial
and fungal communities and plant communities (Fig. 3) evi-
denced that above- and belowground communities develop in
parallel, confirming the role of plants in determiningmicrobial
community composition. Taxonomic analysis indicated con-
sistent responses of microbial groups to N addition (Fig. 1).
Acidobacteria and Alphaproteobacteria generally increased
in abundance, whereas Actinobacteria decreased with increas-
ing levels of N addition. Shifts in bacterial composition affect-
ed by N addition could be explained by the copiotrophic hy-
po the s i s , i n wh i ch cop io t r oph i c g roups ( e . g . ,
Alphaproteobacteria and Acidobacteria), which have fast
growth rates, are more likely to increase in nutrient-rich con-
ditions, whereas oligotrophic groups (e.g., Actinobacteria),
which are considered K-strategists that have a slower growth
rate, would likely decline (Fierer et al. 2007). However, some
copiotrophic organisms, such as Acidimicrobiia, decreased in
abundance following N addition. This varied response was
also found by Zeng et al. (2016) who reported that N enrich-
ment led to a decrease in the abundance of Acidimicrobiia in
temperate grassland. These results suggested that not bacterial
taxa within the same taxonomic group do not necessarily shift
in a similar manner. Elevated soil N levels select those species
genetically better adapted to a particular niche created by N,
which outcompete less well-adapted species, including oligo-
trophic bacteria. Interestingly, we found an increase in the

relative abundance of Ascomycota and a decrease in that of
Glomeromycota. The phylum Glomeromycota is composed
almost entirely of arbuscular mycorrhizal fungi (Redecker
and Raab 2006), and their decrease can be explained by the
fact they would be less valuable to their hosts and thus, pro-
vided with less plant C, under conditions of increased N avail-
ability (Wei et al. 2013).

Effect of urea fertilization on microbial
biomass and respiration

Three-year urea fertilization addition significantly increased
microbial biomass (including C and N) and respiration. The
declines in these parameters under high N treatment (N100)
were consistent with previous studies in semiarid grasslands
(Li et al. 2015; Zhang et al. 2014). Our study site has been
proved to be N-saturated under high N treatment, with reduc-
tions in aboveground biomass, microbial biomass, and respi-
ration under N100 treatment, indicating that soil available N
has exceeded the requirements of plants and microbes and
competition for N between communities is less likely to occur
(Wang et al. 2018). In semiarid grassland, where aboveground
biomass is naturally limited by N, increases in available N
often promote plant growth and consequently increase the
aboveground C accumulation through enhanced photosynthe-
sis (Zang et al. 2017). Increased C input into the soil through
litter decomposition and root exudates provides substrates for
microorganism and promotes microbial activity; however, this
effect can be reduced or even become negative when the
amount of N added exceeds a threshold value, beyond which
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the allocation of photosynthetic C into the soil is decreased
(Nakaji et al. 2001). This hump-shaped relationship between
N addition and microbial respiration was also observed by Li
et al. (2015), who found that microbial respiration linearly
increased in grassland soil in Inner Mongolia (China) when
the amount of N added increased from 0 to 8 g N m−2 year−1,
and thereafter drastically decreased. Microbial biomass and
respiration positively correlated with OC and aboveground
biomass, suggesting the regulatory effect of N-fertilization-
induced plant changes on microbial activity through driving
C input.

Effect of urea fertilization on N-cycling genes
and associated microbes

The abundances of amoA and amoB increased with increasing
levels of N addition. This finding was consistent with those of
previous grassland studies (Di et al. 2009; Xiang et al. 2017)
reporting that amo responded positively to N addition. The pos-
itive relationship between amoAB abundance and exchangeable
NH4

+-N and NO3
−-N contents suggested that a significant in-

crease in inorganic N might contribute to an increase in the
abundance of microbes harboring amoA and amoB genes.
Ammonia-oxidizing archaea (AOA) and ammonia-oxidizing
bacteria (AOB) are two major groups responsible for converting
ammonia to nitrite (Liang et al. 2013). The dominant ammonia-
oxidizers found in our grassland were Nitrosospira (AOB) and
Nitrososphaera (AOA), which is consistent with other studies
that have shown the dominance of these two ammonia-oxidizing
microbial groups in terrestrial ecosystems (Pratscher et al. 2011;
Zhou et al. 2015). AOA are predominant over AOB in non-
fertilized soil because they prefer infertile conditions (Xiang
et al. 2017). Accordingly, we found a predominance of
Nitrososphaerales in unfertilized soil; however, Nitrosospirales
became dominant over Nitrososphaerales after 3-year urea ad-
dition (Fig. S2). This finding provides clear evidence of contrast-
ing patterns of AOB and AOA growth under different N condi-
tions. Contents of exchangeable NH4

+-N and NO3
−-N positively

correlated with the abundance of Nitrosospirales and negatively
correlated with Nitrososphaerales abundance, suggesting that
Nitrososphaera might be less competitive than Nitrosospirales
in soils with high substrate concentration (Laverman et al. 2001).
Notably, while amoA and amoB were highly abundant, we de-
tected only a few gene copies of hao, which serves as the key
gene in transformingNH2OH toNO2

− in the nitrification process
(Zehr and Kudela 2011). This suggests the potential existence of
yet unknown genes with roles similar to that of hao.

The abundance of nirK, involved denitrification, declined
following urea addition. Based on taxonomic analysis, we
found that most of nirK-harboring denitrifiers were
Rhizobiales, similar to findings in a previous study (Pan
et al. 2018). The reduction of NO3

− to NO2
− can be performed

by microbes harboring either narI, napA, napB, or all three
(Table S3). Only the abundance of napA, encoding
periplasmatic nitrate reductase, was significantly affected by
N addition. The increased abundance of napA following urea
treatment was positively correlated with exchangeable NH4

+-
N and NO3

−-N contents, suggesting that the increased N avail-
ability induced by urea addition possibly contributes to the
growth of microbes harboring napA. Notably, the non-
synergistic effects of urea fertilization on genes involved in
denitrification indicated an inconsistent impact increased N
availability on denitrifier, which should be well considered
in grassland restoration and soil remediation.

Urea fertilization also had a significant effect on the abun-
dance of genes related to NH3 cycling. ureC and gdh,
encoding urease and glutamate dehydrogenase, increased in
abundance as the amount of N added increased. Moreover, the
abundances of gene families involved in dissimilatory nitrate
reduction encoding nitrate reductase and nitrite reductase, in-
cluding napA, nirB, nrfA, and nrfH, were enhanced. ureC,
gdh, napA, nirB, nrfA, and nrfH abundances were significant-
ly correlated with soil exchangeable NH4

+-N content. Both
these findings were consistent with previous findings that
the soil ammonification rate and NH4

+ content were signifi-
cantly increased following N fertilizer addition (Wang et al.
2015). The abundances of genes involved in dissimilatory
reduction increased, but this did not happen for the abundance
of genes involved in assimilatory nitrate reduction, which is
another important process for reducing nitrate to ammonium.
This inconsistency may be attributed to different roles of the
two processes, since dissimilatory nitrate reduction occurs un-
der anaerobic conditions (An and Gardner 2002), whereas the
assimilatory process occurs under aerobic conditions.
Therefore, the increased N availability may have inhibited
the growth of microorganisms with genes involved in the pro-
cess using nitrate as N resource. High N availability can in-
crease their activities due to the available substrate resources
(Mergel et al. 2001). Consistent with the enhanced abundance
of nifH following N fertilization observed by Wang et al.
(2017), we found an increase in nifH with increasing levels
of N addition in grassland. These findings probably suggest a
promotive effect of increased N availability on N-fixing mi-
crobes. The added N per se, as substrate supply, most likely is
a more important factor caused by N addition, for determining
nifH abundance. The abundances of gene families that utilize
NH3 for glutamine synthesis and anammox decreased under N
addition treatment, indicating that microbial communities not
only accelerated NH3 production by stimulating correspond-
ing gene families, but also suppressed gene families that con-
sume NH3.

Burkholderiales and Rhizobialeswere the dominant groups
responsible for the main N processes, especially, nitrification,
nitrate reduction (both assimilatory and dissimilatory), gluta-
mine synthesis, and organic N decomposition, indicating the
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importance of these two taxa in N biogeochemical processes
in semiarid grassland. In contrast, Nelson et al. (2015) and Tu
et al. (2017) found that Actinomycetales was the main func-
tional group participating in N cycling in grassland. This dis-
crepancy could be due to the varied response of microbial
communities to different grassland ecosystems, but also dif-
ferent sampling times. It is worth mentioning that changes in
the abundances of certain gene families and their associated
microbes cannot actually reveal the variation in corresponding
N-cycling pathways, because complex N cycling is a result of
collective actions of numerous genes and microbial groups, as
evidenced by the distinct taxonomic profiles linked to differ-
ent N processes in our study.

Conclusions

Our study showed that microbial diversity and N-cycling po-
tential in a semiarid grassland were altered by N fertilization,
and these effects appeared to be mediated by plant–soil inter-
actions. Three-year urea addition increased microbial biomass
and respiration, fungal diversity, and microbial N-cycling po-
tential, whereas it decreased bacterial diversity. Above the
threshold N fertilization rate of 50 kg N ha−1 year−1, microbial
biomass and respiration decreased because of inhibitory ef-
fects of excess N on aboveground biomass. The changes in
plant community strongly impacted microbial biomass, respi-
ration, and diversity, and changes in inorganic N levels were
mainly responsible for variation in the microbial N-cycling
potential. Our results provide insights into how N enrichment
influences above- and belowground communities.
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