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ABSTRACT: Soil microorganisms are influenced by climate change. However, the effect 
of climate change on soil cultivable bacteria are unclear. In this study, the composition 
and diversity of the soil cultivable bacterial community were explored by a dilution–plate 
method, PCR, and 16S rRNA sequencing in a desert steppe of northern China after 
repeated NH4NO3 amendments and precipitation manipulation for seven years. The 
experimental treatments were as follows: control (CK), N addition (+N), N addition 
plus water addition (+N+W), and N addition plus water reduction (+N-W). Among the 
treatment groups, 11 genera and 17 bacterial species were isolated. Nitrogen addition 
and precipitation manipulation significantly increased the number of cultivable bacteria in 
the 0.00-0.30 m layer compared to CK. Compared to +N treatment, the +N+W and +N–W 
treatments had no significant impact on the number of cultivable bacteria. Compared to 
the CK community, bacterial communities exposed to the other three treatments did not 
show shifts in the relative abundance of dominant genera and other cultivable bacteria, 
except for Pontibacter and Staphylococcus. The treatments +N+W and +N-W significantly 
modified the relative abundance of Pontibacter and Staphylococcus compared to the +N 
treatment. Available potassium and phosphorus, and moisture content contributed to 
the change in the composition of the cultivable bacterial community (p>0.05). Nitrogen 
addition and precipitation manipulation significantly decreased species richness in the 
0.00-0.02 m layer, but they did not affect evenness and the Shannon-Wiener Index in the 
0.00-0.30 m layer. This study provides insights into how the composition and diversity 
of the bacterial community is affected by climate change scenarios. 

Keywords: soil microorganisms, climate change, 16S rRNA.

Division – Soil Processes and Properties  |  Commission – Soil Biology

https://orcid.org/0000-0002-4179-7189


Meiqing et al. Effects of simulated nitrogen deposition and precipitation manipulation...

2Rev Bras Cienc Solo 2019;43:e0180031

INTRODUCTION
Due to increased fossil fuel combustion and excessive application of fertilizer, reactive 
nitrogen (N) deposition has nearly quintupled over the last century (IPCC, 2014). 
In China, atmospheric N deposition has increased by 8 kg ha-1 N since the 1980s 
(Liu et al., 2013). Meanwhile, changes in precipitation patterns have been observed 
in terrestrial ecosystems, with increasing precipitation in arid regions of central Asia 
(IPCC, 2007). 

Climate changes affecting atmospheric N deposition and precipitation patterns have 
resulted in broad awareness of profound effects on ecosystem functioning and structure 
in grasslands, thus potentially affecting the biogeochemical cycle on a regional to global 
scale (Ladwig et al., 2012; Liu et al., 2013). Soil microorganisms are recognized as key 
players in sustaining ecosystem functions and services. Long˗term N deposition has 
various effects on microbial community structure and diversity (Balser, 2001; Frey et al., 
2004; Zeng et al., 2016; Yuan et al., 2016), life–history traits via changes in pH and 
Al3+ content in soil (Vitousek et al., 1997), nutrient mineralization, nitrogen availability 
(Balser, 2001; Aber and Magill, 2004; Compton et al., 2004), soil enzymatic activities 
(Frey et al., 2004; Hu et al., 2013), and microbial biomass and activities (Boxman et al., 
1998; Aber and Magill, 2004; Gerdol et al., 2006). In addition, seasonal variations in 
microbial abundance and biomass were confirmed by Chen et al. (2010). The effects of 
N deposition on microorganisms have been context dependent, and biomass responses 
vary across experiments (Allen and Schlesinger, 2004; Compton et al., 2004; Frey et al., 
2004), and they might be determined by the ecosystem.

Simultaneous changes in precipitation and soil hydrology have multiple effects, including 
changes in plant physiology and growth (Xu et al., 2010), plant community composition, 
diversity, and yield (Knapp et al., 2002; Suttle et al., 2007). Previous studies suggested 
that changes in precipitation can influence soil microbial community composition 
(Lindberg et al., 2002; Williams and Rice, 2007; Hawkes et al., 2011), increase the 
relative abundances of soil fungi and gram-negative bacteria (Bell et al., 2010), and 
result in greater fungi/bacteria ratios (Williams and Rice, 2007). However, some studies 
indicated water addition had no impacts on microbial community composition and on 
fungal to bacterial phospholipid fatty acid ratio (PLFA) (Bi et al., 2012; Sun et al., 2014; 
Huang et al., 2015).

Water and nitrogen are two coupling factors, as well as primary limiting factors, in semiarid 
grassland ecosystems (Hooper and Johnson, 1999; Niu et al., 2009). Both water and N 
addition increased soil inorganic N availability, but had no impact on soil organic C, total 
C, and N storage (Lü et al., 2011; Wang et al., 2015). Soil dehydrogenase and acid and 
alkaline phosphomonoesterase enzyme activities decreased with N addition; however, 
water addition alone caused these enzyme activities to increase (Wang et al., 2014). 
It has been well documented that net primary production (Niu et al., 2009; Lü et al., 
2012) and microbial C utilization potentials (Bi et al., 2012) tend to be enhanced when 
water and N availability are sufficient. Bi et al. (2012) reported the interactive effects of 
water and N addition on gram negative/gram positive bacteria and the ratio of fungal to 
bacterial PLFA in a semiarid steppe. In addition, the response of microbial communities 
to precipitation changes and N deposition may depend on the inter-annual variation of 
the climate (Sun et al., 2014), variation in inter-annual precipitation (Sun et al., 2017), 
and vegetation type (Khalili et al., 2016).

Previous studies suggested above-ground plant communities were sensitive to climate 
change and N deposition in grasslands of northern China (Bai et al., 2010; Yang et al., 
2011). Therefore, it is necessary to evaluate how the soil microbial community and its 
diversity are affected by precipitation changes and N deposition to predict grassland 
ecosystem responses to global changes.
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Desert steppe is the desert/grassland biome transition zone, which makes up 10.7 % of 
the grasslands in the Inner Mongolia Autonomous Region in China (Liao and Jia, 1996). 
The fragile desert steppe is more sensitive to climatic changes and human disturbances 
(like overgrazing) than other grassland patterns (Li, 1990). Soil bacteria play key roles 
in the soil food web and ecosystem carbon and nitrogen cycling. Despite the widely 
acknowledged importance of soil bacteria, how cultivable bacteria respond to long-term 
repeated N addition and precipitation manipulation is not well understood.

To examine how the composition and diversity of the cultivable bacterial community are 
affected by N deposition and precipitation manipulation, we conducted a manipulative 
experiment including water addition (or water reduction) of approximately 30 % annual 
precipitation and N addition in a soil of the Inner Mongolia desert steppe of northern China. 
The present study especially addressed the specific questions of: 1) How the cultivable 
bacterial community and its diversity (based on genera) are affected by N deposition and 
precipitation manipulation? and 2) Which soil factors are responsible for this variation in 
the soil bacterial community composition in the desert steppe of Inner Mongolia?

MATERIALS AND METHODS

Study site

The study was conducted in a desert steppe located in Siziwang Banner near the Grassland 
Ecosystem Research Station (41° 46’ 43.6” N, 111° 53’ 41.7” E; 1,456 m a.s.l.) in Inner 
Mongolia of Northern China. The steppe is in a continental temperate climate. Vegetation is 
dominated by Stipa breviflora Griseb., Artemisia frigida Willd., and Cleistogenes songorica 
Roshev. The 50 years mean annual precipitation is 248 mm, with approximately 70 % of 
the total precipitation occurring from June to September (Lin et al., 2010). Mean annual 
evaporation is 2,947 mm and average annual air temperature is 3.4 °C. The monthly 
mean air temperature was highest from June to August with mean temperatures of 
21.5, 24.0, and 23.5 ℃, respectively, and lowest in January. The soil of the study site is 
categorized as Chestnut soil, a Haplic Calcisols (IUSS Working Group WRB, 2015), with a 
loamy-sand texture. The study site had not been subjected to prior fertilizer application 
or hydrological manipulation.

Experimental design

In this study, the experiments involved a completely randomized block design with 
six treatments: control (CK), N addition (+N), water addition (+W), water reduction 
(–W), N addition plus water addition (+N+W), and N addition plus water reduction 
(+N–W). We arranged plots 6 × 15 m in size and applied a split-plot design with 
N addition as the main plot effect and precipitation manipulation as the subplot 
effect. Each subplot was 3 × 3 m in size. Main plots and subplots were separated by 
2 m walkways and physical isolation, respectively. Nitrogen and precipitation were 
regulated continuously starting in spring 2006. In nitrogen addition plots, NH4NO3 
was applied at an annual rate of 10 (g of N) m-2 yr-1, before the first rain event at 
the end of April or at the beginning of May. Precipitation was manipulated using an 
artificial drought shed (Figure 1). Six 12 × 4 m artificial drought sheds were randomly 
constructed on the 12 main plots, with the top of the shed having a rain shelter with 
100 % transmittance. Each artificial drought shed can eliminate 30 % of natural 
precipitation as a water reduction treatment. The rainfall from the water reduction 
treatment was used to irrigate “water addition” subplots with 30 % addition to natural 
precipitation after each rainfall. Each treatment had six replications, this sampling 
was randomly performed on triplicate replications. Here, CK, +N, +N+W, and +N-W 
treatments were studied; the results of the other two treatments (+W and -W) have 
already been studied (Liu, 2014). 

file:///C:/Users/Tatyana/Desktop/0031/consolidado/javascript:showjdsw('showjd_0','j_0')
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Soil sampling and measurement of soil physicochemical indices

Soil samples were collected on August 10, 2012. In each plot, four cores were randomly 
taken with an auger (0.05 m diameter) from the 0.00-0.30 m layer. Every soil core 
was divided into five layers according to preliminary results (Jia et al., 2017), namely, 
0.00-0.02, 0.02-0.05, 0.05-0.10, 0.10-0.20, and 0.20-0.30 m. Soil samples at the same 
layer from each plot were mixed evenly in a plastic bag to prepare a composite sample. 
Then, each sample was divided into two sub-samples and transported to the lab at 4 ℃; 
one part was used for soil physicochemical measurements, and the other was stored at 
-20 ℃ for soil microbial analysis.

The physical and chemical properties of soil in this study were analysed using standard 
methods (Lu, 2000). Soil pH(H2O) was determined at a ratio of 1:2.5 v/v with a pH meter 
(Sartorius PB–10). Ammonia nitrogen (NH4

+-N) and nitrate nitrogen (NO3
--N ) were extracted 

with KCl 1 mol L-1 from the fresh soil samples and measured using a continuous flow 
analyzer AA3 (SEAL, Germany). Soil moisture was determined by oven drying a 20 g 
subsample of soil at 105 ℃ until constant weight. Soil organic matter was quantified by 
dichromate oxidation. Available P in the soil was extracted with sodium bicarbonate and 
available K, with ammonium acetate, and they were quantified by the molybdenum-blue 

W–CK: Precipitation-control

– W: 30 % precipitation reduction

+ W: 30 % precipitation addition

2 m

INNER MONGOLIA

BEIJING
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6 m

2 m
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Figure 1. Study site and 3-dimensional schematic diagram of experimental treatments.
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colorimetric method and atomic absorption spectrometry (ICE 3500, Thermo Electron 
Corporation, USA), respectively.

Isolation of cultivable bacteria

The total numbers of cultivable bacteria were examined as colony-forming units (CFUs) 
by the dilution-plate method (Xu and Zheng, 1986). One gram of each fresh soil sample 
was well mixed with 99 mL of sterilized water and shaken in an oscillator at 150 rpm for 
20 min, then serially diluted. Triplicate 0.2 mL samples of the diluted suspension were 
spread on 90 mm plates containing the beef extract-peptone medium and cultivated 
at 28 ℃ for 4 days in an artificial climate chamber. The plates that contained between 
30 and 300 bacterial colonies were counted after the cultivation period. Colonies that 
represented treatment groups were picked and identified, and then used for taxonomic 
identification of the bacteria.

Molecular identification and diversity analysis of the cultivable bacteria

Genomic DNA extraction and PCR amplification of 16S rRNA of cultivable 
bacteria

Bacterial genomic DNA was extracted using a SANGON Soil Bacterial Genomic DNA 
Extraction Kit (Sangon Biotech Co., Ltd. China). The 16S rRNA genes were amplified 
from bacterial genomic DNA using bacterial universal primers: the forward primer was 
27F (5’-AGA GTT TGA TCC TGG CTC AG-3’, 20 bp) and the reverse primer was 1492R 
(5’-TAC GGC TAC CTT GTT ACG ACT T-3’, 22 bp). The PCR reaction was conducted on a 
Blue Marlin TC-960F PCR cycler (Switzerland). The PCR was carried out in a 50 μL reaction 
containing 5 μL of Ex buffer (10 ×, including Mg2+), 4 μL of dNTP (2.5 mmol L-1 each), 
2 μL of each primer (10 μmol L-1 each), and 5 U of Tap Ex DNA polymerase. Finally, 1 μL 
of template DNA was combined with double-distilled H2O for a total reaction volume of 
50 μL. We used the following cycling conditions: initial denaturation at 94 ℃ for 5 min; 
30 cycles of denaturation (1 min at 94 ℃), annealing (45 s at 55 ℃), and extension 
(45 s at 72 ℃); and a final extension at 72 ℃ for 10 min. The PCR products were verified 
by electrophoresis in 1.5 % agarose gel.

Nucleotide sequencing of PCR products

The DNA fragments with correct size from cultivable bacteria were commercially (BGI) 
sequenced to obtain 16S rRNA gene sequences. Identification was performed by FASTA 
search of the NCBI database, and phylogenetic analysis involved alignment with type 
strains of the nearest neighbors. Isolates were assigned to a species when sequence 
similarity with the species type strain was at least 97 % (Suzuki et al., 1997).

Analysis of the cultivable bacteria diversity 

For this purpose, community parameters were estimated by means of the Shannon-Wiener 
diversity index (H’), evenness (E), and richness (S) (Liu et al., 2010) according to the 
equations 1, 2, and 3:

Relative abundance = (number of microbes in a genus/total number of microbes in a 
sample) × 100 %:

S = Ni										              Eq. 1

H' = – Σs
i=1 pi In pi								            Eq. 2

E = H' H'
Hmax In s

= 								            Eq. 3
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in which: Ni is the total number of taxa in each treatment group; and Pi is the proportion 
of the number of species i in a sample.

Statistical analysis

All the data were formatted as graphs in Sigmaplot 8.0, Microsoft Excel software, and 
statistics were calculated using SPSS 13.0 with one-way ANOVA followed by least significant 
difference (LSD) multiple-comparison tests of significance. The data were considered 
significant at p<0.05. The relationship between the relative abundance of cultivable 
bacteria and soil factors was analyzed using redundancy analysis (RDA) of the CANOCO 
5.0, in which the relative abundance of cultivable bacteria was used as dependent 
variables, and soil factors in the 0.00-0.30 m soil layer were explanatory variables. 
A Monte Carlo permutation test (999 permutations) was used to test the soil factors 
affecting bacterial community structure.

RESULTS AND DISCUSSION

The effect of N addition and precipitation manipulation on the number of 
cultivable bacteria 

Our results showed that the number of cultivable bacteria in treatment groups ranged from 
37.33 × 104 to 48.94 × 104 CFU·g-1 in the 0.00-0.30 m soil layer (Figure 2), in agreement 
with the results of another study (Kurapova et al., 2012). The quantity of cultivable bacteria 
peaked in the layer of 0.00-0.10 m, and was lowest in the layer of 0.20-0.30 m; this is 
consistent with the results of the study on microbes by Liu (2014) and Jia et al. (2016, 
2017) in the same plot. This phenomenon may strongly be associated with the shallow 
and dense root systems of the above-ground community and the high content of soil 
physical and chemical factors in the 0.00-0.10 m layer, as detailed in Jia et al. (2017).

As shown in Jia et al. (2017), soil pH(H2O) values were appreciably lower in groups +N, 
+N+W, and +N-W, at the 0.00-0.02 m layer, than in the CK treatment group (7.85). 
In contrast, no differences in soil pH were observed among the treatment groups at 
other soil layers. The amount of NH4

+-N was higher in the +N+W treatment group at the 
0.00-0.02 and 0.02-0.05 m layers. Soil nitrate content in the +N-W treatment group was 
significantly higher than that in other treatments in the 0.02-0.05, 0.05-0.10, 0.10-0.20, 
and 0.20-0.30 m layers (uniformed p<0.05). Moisture content was significantly reduced 
by the addition of N plus removal of precipitation (p<0.05). The results revealed that the 
concentrations of soil moisture, organic matter, available K, and available P decreased 
with depth. However, no apparent differences in organic matter and in available P content 
were observed among the treatment groups, and available K was higher in the +N-W 
treatment group than in the others.

Studies have shown that there are no consistent responses to N addition or to changes 
in precipitation for number of bacteria or fungi. Sarathchandra et al. (2001) used two 
fertilizer trials on perennial pasture and showed N treatments had no effect on total 
number of bacteria. An earlier study also suggested that N input hardly affects bacterial 
biomass (Boxman et al., 1998). However, Ma et al. (2016) reported that N addition greatly 
increases soil bacterial counts. Shi et al. (2014) found that nitrogen addition over a period 
of six years increased the total numerical values of the PLFA biomarker of bacteria.

Johnson et al. (1998) discovered that simulated pollutant nitrogen deposition for 7 years 
can significantly increase microbial biomass and activity in N-limited heathland ecosystems, 
but may reduce microbial biomass and microbial activity in P-limited grasslands. Our 
results showed that the number of cultivable bacteria were lower in the +N treatment 
than in the CK in the 0.00-0.20 m layer; it indicated that +N resulted in a decrease in the 
number of cultivable bacteria, especially in the 0.02-0.05 and 0.05-0.10 m layers (p<0.05) 
(Figure 2). Meanwhile, compared to CK, the +N+W treatment also resulted in a significant 
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decrease in the number of cultivable bacteria in the 0.00-0.02 and 0.05-0.10 m layers 
(p<0.05), and the +N-W treatment resulted in a significant decrease in cultivable bacteria 
in the 0.05-0.10 and 0.10-0.20 m layers (p<0.05). Compared to the +N treatment, +N-W 
did not result in changes in cultivable bacteria. Nitrogen and water are limiting factors 
in desert steppe ecosystems (Wang, 2014). Nitrogen availability depended on water 
availability in the soil. Water deficit decreased N availability in our study area. Therefore, 
the +N and +N-W treatments did not impact the number of cultivable bacteria. Compared 
to the +N treatment, the +N+W treatment did not significantly change the number of 
cultivable bacteria at any soil layer (p>0.05), which is consistent with the results of the 
study on microbes in a meadow steppe by Li et al. (2016). Average annual rainfall was 
approximately 248 mm in our experimental zone, and evaporation was about 10 times 
greater than rainfall. Thus, an increase of 30 % in rainfall was too small and too quickly 
evaporated to induce changes in cultivable bacteria, which is consistent with the results 
of soil physicochemical factors in the +N and +N+W treatments. In addition, there is 
keen competition for water and N among above-ground plants and soil microbes over 
the growing season in N- and water-limited environments. These results likely indicate 
limited effects from water and N on cultivable bacteria and plants in experimental plots, 
especially in the 0.00-0.02 and 0.05-0.10 m layers. 

Effects of simulated nitrogen deposition and precipitation manipulation on 
the community structure and diversity of cultivable bacteria

Across treatments, 11 genera and 1 unclassified species (XJ25) were identified, which 
belong to Firmicutes, α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, Bacteroidetes, 
and Actinobacteria (Table 1), thus confirming what was observed in soil bacteria in the 
desert steppe of Inner Mongolia (Wu et al., 2010).

Among the treatment groups, Firmicutes included eight species which belonged to 
four genera (Table 1): five species of Bacillus (XJ2, XJ40, XJ43, XJ44 and XJ45), one 
species of Staphylococcus (XJ21), one species of Trichococcus sp. (XJ19), and one 
species of Paenibacillus (XJ11). The XJ14 and XJ15 were classified into Microvirga of 
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Alphaproteobacteria and Pseudomonas of Gammaproteobacteria, respectively. One 
species (XJ32) is affiliated with Duganella of β-Proteobacteria. Two species (XJ9 and 
XJ5) of Chryseobacterium and one species (XJ13) of Pontibacter were classified as 
Bacteroidetes. Only two species, XJ10 and XJ17, were classified into Clavibacter and 
Streptomyces, respectively, of Actinobacteria, in addition, an unclassified species 
(XJ25) was found. 

Among the species examined, XJ40 and XJ19 were primarily identified as potential novel 
species of the genus, based on 97 % similarity with their closest neighbors.

Pseudomonas, Microvirga, and Bacillus were the dominant genera in each treatment 
group. The relative abundance of Microvirga (29.22, 32.22, 27.1, and 30.45 % in the 
+N, +N+W, +N-W, and CK treatment groups, respectively), Pseudomonas (26.2, 24.89, 
28.64, and 26.58 % in the +N, +N+W, +N-W, and CK treatment groups, respectively) and 
Bacillus (12.59, 18.27, 12, and 19 % in the +N, +N+W, +N-W, and CK treatment groups, 
respectively) were not significantly different among the treatment groups (Table 2). 

The relative abundance of Pontibacter decreased in the +N (0.5 %) and +N+W treatments 
(0.99 %), compared to the CK group (1.85 %). However, the relative abundance of 
Pontibacter increased in the +N–W treatment. We suspect that the effects of nitrogen 
addition – via limitation of bacterial growth and reproduction – may contribute to the 
responses of Pontibacter, whereas more precipitation during N deposition may release 
them from suppression. In contrast, compared to CK, the +N and +N+W treatments 
significantly increased the relative abundance of Staphylococcus (p<0.05). The +N–W 
treatment significantly increased the relative abundance of Pontibacter (p<0.05) and 
decreased the relative abundance of Staphylococcus (p<0.05) compared to the +N 
treatment. We found experimental treatment groups did not significantly change the 
relative abundance of other genera (p<0.05). 

Table 1. Phylogenetic similarity between the cultivable bacteria isolated and their closest type strains

Groups No. of isolates Closest type strain (accession number) Similarity

%

Firmicutes

XJ2 Bacillus sp. CRRI-93_SWAzo (KJ847762) 99

XJ40 Bacillus subtilis strain CYBS-19 (JQ361068) 97

XJ43 Bacillus sp. KT15 (KJ734005) 99

XJ44 Bacillus sp.W30 (KC527674) 99

XJ45 Bacillus sp. JZDN43 (DQ659022) 99

XJ11 Paenibacillus castaneae (JF496373) 99

XJ19 Uncultured Trichococcus sp. QRSYY9 (EU919224) 97

XJ21 Staphylococcus sp. AJAR-J1 (HM103367) 99

Bacteroidetes

XJ5 Chryseobacterium sp. (F022) 99

XJ9 Chryseobacterium sp. S63.04.P.COS.HB.H.Ulcer.D.M 
(JX287786) 100

XJ13 Pontibacter sp. Al-Dhabi-10 (KJ406573) 98

Alphaproteobacteria XJ14 Microvirga aerilata (KF580850) 99

Gammaproteobacteria XJ15 Pseudomonas sp. R-45822 (FR775122) 99

Actinobacteria
XJ10 uncultured Clavibacter sp. (EF554974) 100

XJ17 Streptomyces sampsonii (HQ439407) 98

Betaproteobacteria XJ32 Duganella sp. 7A-619 (KF441649) 98

Unknown XJ25 Unknown Unknown
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Li (2016) indicated that N addition for five consecutive years at the rate of 50 kg ha-1 yr-1 N 
had little effect on soil bacterial community composition in a meadow steppe of Northern 
China. Zeng et al. (2016) reported N addition at rates of 60 kg ha-1 yr-1 N or 120 kg ha-1 yr-1 N 
for six years did not result in a significant response in soil bacterial community composition 
in a typical steppe of northern China. In the present study, nitrogen addition (10 g m-2 yr-1 N), 
precipitation manipulation, and the treatment with their interaction had no notable effect 
on dominant genera and other genera, except for Pontibacter and Staphylococcus in 
the bacterial community. Interactions among plants, microorganisms, and soil play a 
key role in nutrient cycling (Miki et al., 2010). In our study zone, soil fertility was poor 
with low N content (1.27 g kg-1). Moisture and N content are believed to be the limiting 
factors in this region (Wang et al., 2014). The magnitude of N addition, coupled with 
low soil moisture content in our study, may not fulfill all the needs of vegetation and 
microorganisms (Zechmeister-Boltenstern et al., 2011). Plants may have consumed more 
N for growth if precipitation had not been limited. Therefore, considering the influence 
of above-ground vegetation, the response mechanism of N addition and precipitation 
manipulation on the microbial community requires further comprehensive research. 
In addition, further research on the historical strategy of bacterial life and the ecological 
amplitude of Pontibacter and Staphylococcus are needed to gain clearer insights into 
their sensitivity to the addition of N, to changes in precipitation, and to the combination 
between these factors.

Redundancy analysis (RDA) showed that the 1st (RD1) and 2nd (RD2) principal components 
explained 47.7 and 20.1 % of the total variance of bacterial groups, respectively (Figure 3). 
A Monte Carlo permutation test revealed that available potassium was significant in explaining 
the variability of the bacterial community structure among treatments (p<0.05). Available 
potassium (28.5 % of the variability), available phosphorus (16.9 % of the variability), and 
moisture content (15.9 % of the variability) were the main factors influencing the variance 
of the cultivable bacteria community among treatments, followed by NO3

--N content (12.7 % 
of the variability), organic matter (12.5 % of the variability), soil NH4

+-N content (7.68 % 
of the variability), and pH (5.30 %). Nielsen et al. (2010) reported that dissimilarity in 
bacterial communities were positively related to differences in soil pH between habitats. 

Table 2. Composition of the community and relative abundance of cultivable bacteria at the genus 
level in different treatment groups

Bacterial genus
CK +N +N+W +N-W

Relative abundance
%

Bacillus 19.01 ± 1.55 a(1) 12.59 ± 4.44 a 18.27 ± 7.16 a 12.00 ± 1.66 a
Microvirga 30.45 ± 1.11 a 29.22 ± 2.16 a 27.16 ± 4.08 a 32.22 ± 2.26 a
Pseudomonas 26.58 ± 6.07 a 26.20 ± 6.78 a 28.64 ± 6.36 a 24.89 ± 2.48 a
Chryseobacterium 4.79 ± 1.37 a 6.55 ± 1.32 a 8.64 ± 2.30 a 7.56 ± 2.11 a
Pontibacter 1.85 ± 1.17 b 0.50 ± 0.50 b 0.99 ± 0.50 b 6.67 ± 3.08 a
Clavibacter 1.85 ± 1.25 a 2.27 ± 1.18 a 0.74 ± 0.37 a 1.56 ± 0.32 a
Streptomyces 5.56 ± 2.06 a 2.02 ± 0.25 a 1.73 ± 0.93 a 4.22 ± 1.54 a
Staphylococcus 0.00 c 12.34 ± 6.26 a 3.70 ± 2.37 ab 0.00 c
Trichococcus 9.89 ± 5.19 a 0.00 a 7.65 ± 3.86 a 10.67 ± 4.20 a
Paenibacillus 0.00 a 0.50 ± 0.50 a 0.25 ± 0.25 a 0.00 a
Duganella 0.00 a 0.00 a 1.23 ± 0.76 a 0.00 a
XJ25 0.00 a 7.81 ± 7.81 a 0.99 ± 0.48 a 0.22 ± 0.22 a

(1) Different lowercase letters indicate significant differences between treatments in the same soil layer at 
p<0.01; if lowercase letters are different, this indicates a significant difference between treatments in the 
same soil layer at P <0.05.
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Moreover, Griffiths et al. (2011) provided large-scale confirmation of the role of pH in 
structuring bacterial taxa. Yuan et al. (2016) also showed that alterations in soil pH and 
plant composition indirectly affect bacterial community composition. Ramirez et al. (2010) 
suggested responses in microbial respiration to N addition resulted from direct effects of N 
availability. A recent study found the change in bacterial structure was caused by nitrogen 
addition (Zhang and Han, 2012). Our results were inconsistent with the results of the above 
study. Our data supported that the assemblage of the microbial community driven by 
arid climates may adapt to desiccation stress and become less sensitive to precipitation 
changes (Sun et al., 2014; Yao et al., 2017) and low N addition (Sun et al., 2014) in such 
arid steppe conditions. Due to high evaporation and transpiration with little precipitation, 
N availability was limited, and N addition plus precipitation manipulation did not result in 
significant variation in the cultivable bacterial community structure.

Soil microorganisms perform a key function in ecosystem sustainability. Soil microbial 
diversity is a sensitive bioindicator for evaluation of ecosystem stability and for monitoring 
of soil quality in grasslands. Loss of biodiversity is considered a major threat to ecosystem 
services. The +N treatment had a significantly negative impact on the species richness of 
cultivable bacteria compared to CK in the 0.00-0.02 m layer (p<0.01) (Table 3), which is 
consistent with the findings of Zeng et al. (2016) and Ling et al. (2017). Zeng et al. (2016) 
reported ammonium availability directly affects soil bacterial diversity. However, in this 
study, +N did not influence bacterial evenness, contrary to previous studies showing a 
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Figure 3. Redundancy discriminate analysis (RDA) plots of the relative abundance of bacterial 
genera and soil properties. Soil properties included available potassium, available phosphorus, 
moisture content, NO3

--N, organic matter, NH4
+-N, and pH (dashed arrows). Bacterial genera included 

Bacillus, Trichococcus, Paenibacillus, Microvirga, Pseudomonas, Duganella, Chryseobacterium, 
Pontibacter, Staphylococcus, Clavibacter, Streptomyces, and XJ25 (solid arrows, italics). Bacteria 
and soil properties were obtained from the 0.00-0.30 m soil layer. Eigenvalues (0.477 for horizontal 
axis, 0.201 for vertical axis) along the axes indicate the amount of variability explained in the 
relative abundance of bacterial genera.
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decline in bacterial evenness in grassland soils after fertilization (McCaig et al., 2001). 
Additionally, compared to CK, the +N+W and +N-W treatments also had a negative 
impact on species richness in the 0.00-0.02 m soil layer (Table 3). As shown in Jia et al. 
(2017), this finding may be supported by related changes in soil moisture and nitrogen 
content, and the maladjustment of bacteria to a reduction in pH in the 0.00-0.02 m layer. 
Compared to the +N treatment group, the +N+W and +N-W treatment groups had no 
impact on bacterial diversity in the 0.00-0.02 m layer, consistent with previous studies 
showing little impact on bacterial diversity (Li, 2016). Zeng et al. (2016) showed that 
the content of NH4

+-N and NO3
--N negatively correlated with bacterial diversity. In the 

present study, soil NH4
+-N content played an important role in structuring the bacterial 

community. Indeed, compared to N addition, N addition plus precipitation manipulation 
did not cause a change in bacterial diversity, indicating that bacteria may be insensitive 
to precipitation addition or reduction, as Cruz-Martínez et al. (2009) found. Our data 
demonstrated that there may be some kind of bacterial adaption mechanism to limited 
water and N to maintain relative stability in such desert steppe conditions. We did not 
observe significant effects of treatments on microbial diversity at other soil layers, except 
for the 0.00-0.02 m.

CONCLUSIONS
Seven years of simulated nitrogen deposition or the combination of nitrogen deposition 
and precipitation manipulation significantly decreased the number of cultivable soil 
bacteria. Precipitation manipulation based on N addition did not impact the number of 
cultivable soil bacteria. Nitrogen addition and precipitation manipulation modified the 
bacterial communities at the genus level by shifting the relative abundance of the minority 

Table 3. Diversity of cultivable bacteria at each soil layer in different treatment groups

Diversity Index Soil layer CK +N +N+W +N–W
m

Species richness (S)

0.00-0.02 10.0 ± 1.73 A(1) 5.33 ± 1.15 B 5.00 ± 1.00 B 6.00 ± 0.00 B
0.02-0.05 6.67 ± 1.53 a 6.00 ± 0.00 a 7.00 ± 1.00 a 7.33 ± 0.58 a
0.05-0.10 6.33 ± 1.53 a 6.00 ± 2.00 a 6.33 ± 1.53 a 6.67 ± 0.58 a
0.10-0.20 5.67 ± 0.58 a 4.67 ± 0.58 b 5.00 ± 1.00 b 3.67 ± 1.53 b
0.20-0.30 3.33 ± 0.58 a 3.33 ± 1.15 a 3.33 ± 1.15 a 3.67 ± 0.58 a
0.00-0.30 11.00 ± 1.00 a 9.33 ± 0.58 a 11.33 ± 1.15 a 10.00 ± 1.73 a 

Shannon-Weiner
Index (H’)

0.00-0.02 1.67 ± 0.24 a 1.24 ± 0.17 a 1.21 ± 0.38 a 1.53 ± 0.23 a
0.02-0.05 1.56 ± 0.25 a 1.50 ± 0.17 a 1.55 ± 0.17 a 1.68 ± 0.08 a
0.05-0.10 1.02 ± 0.19 a 1.34 ± 0.31 a 1.48 ± 0.13 a 1.46 ± 0.20 a 
0.10-0.20 1.45 ± 0.05 a 1.42 ± 0.14 a 1.34 ± 0.10 a 1.03 ± 0.43 a
0.20-0.30 0.91 ± 0.16 a 0.98 ± 0.30 a 0.91 ± 0.27 a 1.06 ± 0.07 a
0.00-0.30 1.74 ± 0.15 a 1.70 ± 0.14 a 1.81 ± 0.11 a 1.85 ± 0.03 a 

Evenness (E)

0.00-0.02 0.84 ± 0.03 a 0.79 ± 0.19 a 0.75 ± 0.16 a 0.85 ± 0.13 a
0.02-0.05 0.83 ± 0.06 a 0.86 ± 0.09 a 0.80 ± 0.14 a 0.84 ± 0.02 a
0.05-0.10 0.56 ± 0.05 a 0.76 ± 0.06 a 0.81 ± 0.05 a 0.77 ± 0.08 a 
0.10-0.20 0.84 ± 0.02 a 0.92 ± 0.04 a 0.84 ± 0.05 a 0.85 ± 0.14 a
0.20-0.30 0.77 ± 0.03 a 0.86 ± 0.07 a 0.82 ± 0.20 a 0.83 ± 0.06 a
0.00-0.30 0.75 ± 0.05 a 0.77 ± 0.06 a 0.75 ± 0.05 a 0.81 ± 0.04 a

(1) Different uppercase letters indicate significant differences between treatments in the same soil layer at p<0.01; if lowercase letters are different, 
this indicates a significant difference between treatments in the same soil layer at p<0.05.
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genus of bacteria in the 0.00-0.30 m layer and resulted in the loss of species richness 
in the 0.00-0.02 m layer, although the present levels of N addition and precipitation 
manipulation in our study could not significantly alter the bacterial Shannon-Wiener and 
evenness indexes in the 0.00-0.30 m layer. In general, it is necessary to take above-ground 
plants, inter-annual precipitation, increased level of nitrogen addition and precipitation 
manipulation, and the duration of treatments into consideration when we study how the 
composition and diversity of the microbial community in the soil are affected by climate 
change (nitrogen deposition and precipitation manipulation).
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