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Abstract: The soil nitrogen (N) cycle is an essential role of the biogeochemical cycle. Bacteria play an
irreplaceable part in the soil N cycle, but the impact of different N gradients on bacterial communities
remains unclear. The purpose of this research was to explore the bacterial abundance, community
composition, and diversity under different N application rates in a water-limited area. We investi-
gated the bacterial abundance, diversity, community composition, and structure under five different
N gradients (0, 90, 150, 210, and 270 kg ha=1) using real-time quantitative PCR and high-throughput
sequencing, and then explored bacterial functional groups with FAPROTAX. N application signifi-
cantly affected bacterial abundance and community composition. Bacterial diversity was enhanced
at low N application rates and reduced at higher N application rates. Principal coordinate analysis
showed that bacterial community structure was separated into two groups between low N applica-
tion rates and high N application rates; these differences in bacterial community structure may be
driven by available nitrogen (AN). The results of FAPROTAX revealed that N application promoted
the functions of Aerobic_nitrite_oxidation, Nitrate_reduction, and Aerobic_ammonia_oxidation, but
inhibited the Nitrogen_fixation function of the bacterial community. The high N network caused
the reduction of network structure stability. Our results revealed that N fertilizer driven bacterial
community structure and soil nutrients were the main influential factors in the variation of bacterial
community structure. We suggest that the optimal N application rate in this study may be approxi-
mately 150 kg ha=!, based on the variations of soil properties and bacterial community structure in
semi-arid areas.

Keywords: bacterial community; Illumina MiSeq sequencing; nitrogen fertilization; soil properties

1. Introduction

Nitrogen (N) is an essential nutrient element for plant growth. The annual N input
into agricultural systems accounts for about 25% of global N use, of which about 100 Tg
of N fertilizer per year enters the N cycle in agricultural ecosystems [1,2]. Several studies
have reported that increasing N absorption can increase maize yield, which has led to
excessive N application in agricultural ecosystems [3]. The N rates applied by farmers in
North China are much higher than the N absorption rates of crops. In some areas, the N
application rates for farmers exceed 100% of N required by crops [4]. Vitousek et al. [5]
confirmed that the N surplus of wheat-maize rotation systems in North China was as
high as 227 kg ha~!. Similarly, Ju et al. [6] showed that decreasing the N application rates
of wheat-maize rotation systems in North China from 588 kg ha~! to 286 kg ha~! had
no remarkable influence on the crop yield. Tilman et al. [7] predicted that the global N
application rates would reach 250 Mt year ! by 2050, equivalent to an increase of 40% based
on 178 Mt year ! in 2010. China has the most considerable N application rates in the world,
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which account for 38% of N application rates globally [8]. In addition, superabundant
chemical fertilizer application caused a variety of environmental concerns, for instance,
greenhouse gas emissions, water eutrophication, and soil acidification [9-11].

Bacteria are important and diverse soil microbe that play an irreplaceable role in
regulating soil ecosystem functions, such as nutrient cycles, organic matter decomposition,
greenhouse gas production, and environmental pollutant purification, as well as the four
main processes of the N cycle in agricultural ecosystems, namely, N fixation, nitrification,
denitrification, and ammoniation [12,13]. The impact of fertilization on microbial com-
munity structure has been under recent debate. Bowles et al. [14] reported that organic
fertilizers alter microbial community composition. Furthermore, Sun et al. [15] revealed
that the addition of either pig or cow manure could maintain bacterial diversity to levels
similar to those in the non-fertilized control. Finally, Chaudhry et al. [16] showed that the
addition of livestock manures enhanced bacterial diversity. These studies focused on the
effects of diverse fertilization regimes on microbial community structure in agricultural
ecosystem. Conversely, the relatively large number of studies examining different N gradi-
ents have focused on the diversity and production of aboveground plants [17,18], whereas
the available literature regarding the effects of N application on the belowground bacterial
community structure and functional groups is limited.

In this study, we applied qPCR and high-throughput sequencing to examine bacterial
abundance and community structure variation under different N gradients (N0, N90, N150,
N210, and N270). We hypothesize that N fertilizer gradients drive bacterial community
variation. The aims of this paper are (1) to investigate the bacterial abundance, community
composition, and diversity under different N application rates, (2) to identify the main
factors influencing soil bacterial community variation and the mechanisms of bacterial
diversity loss, and (3) to identify the optimal N fertilizer application rate of maize in
water-limited areas.

2. Materials and Methods
2.1. Study Site Description and Soil Sample Collection

The experimental site was located in Minle Village (45°26' N, 125°88’ E), Jilin Province,
Northeast China. The region has a continental monsoon climate, which is with hot and
rainy summers and cold and dry winters. The mean annual precipitation is around 400 mm,
with around 70% occurring from May to September. There are around 2867 h average yearly
sunshine hours, the frost-free period is 135-140 days, and the mean annual temperature is
5.6 °C. The soil at the experimental area is chernozem sandy loam. The field experiment
was established in 2017, after which the site was subjected to monoculture maize, with
maize straw returned for mulched fertigation. Maize was planted in May and harvested in
early October each year. The plot size of each treatment was 40 m? with three replications
and was arranged in a randomized complete block design. After the experimental set-up,
crop type, planting density, fertilizer application amount, crop straw management, and
mulched fertigation were consistent.

The study examined five treatments in which N fertilizer was applied at levels of
0,90, 150, 210, and 270 kg ha—! (NO, N1, N2, N3, and N4, respectively). The five N rate
treatments were applied at five maize growth stages every year as follows: before sowing
(30%), eighth leaf stage (30%), twelfth leaf stage (20%), flowering stage (10%), and milk
stage (10%). All treatments received 90 kg P,Os ha~! and 90 kg K,O ha~!. The N, P,
and K fertilizers were applied as urea, calcium superphosphate, and potassium sulfate,
respectively. Soil samples were collected on 24 July 2019, at the flowering stage with three
field replicates. The soil type is aeolian sandy soil. Five samples were collected from the
soils of tillage layers (0-20 cm) in randomly selected positions and pooled together to form
a soil sample. The soil samples were placed into separate sterile bags and transported to the
laboratory in an icebox. Remove plant roots, residues and gravel from the samples, then
pass them through a 2 mm soil sieve to homogenize them completely. The soil samples
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from which DNA was extracted were stored at —80 °C, and the remaining soils were
air-dried at room temperature to determine soil chemical properties.

2.2. Soil Chemical Properties Measurements

Soil organic carbon (OC) was measured with an elemental analyzer (VarioEL III;
Elementar, Hanau, Germany). Soil pH and soil electrical conductivity (EC) were measured
with a pH meter in a soil water suspension (1:2.5 w/v). Soil ammonium nitrogen (NH4*-N)
and nitrate nitrogen (NO3; ~-N) were measured with a continuous flow analyzer (AA3; Seal,
Germany). Soil available nitrogen (AN) content was analyzed by quantifying the alkali-
hydrolyzable N in a Conway diffusion unit with Devarda’s alloy in the outer chamber and
boric acid-indicator solution in the inner chamber.

2.3. Soil DNA Extraction and Quantitative Real-Time PCR (Q-PCR)

Microbial DNA was extracted from 0.5 g of fresh soil samples using a PowerSoil
DNA Isolation Kit (MoBio, Carlsbad, CA, USA) according to the kit instructions. A figure
of 1% agarose gel electrophoresis occurred to detect DNA quality. DNA concentration
was determined using a Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA). Q-PCR
was used to quantify the bacterial 165 rRNA gene copy number of all samples in an ABI
7500 Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA), and the primers
were set to F515 (5'-GTG CCA GCM GCC GCG G-3') and R907 (5'-CCG TCA ATT CMT
TTR AGT TT-3) [19]. The PCR reactions contained AceQ® SYBR Green qPCR Master Mix
(2X) 15 uL, Mg?* (25 mM) 2 uL, 10 uM forward and reverse primer each 0.5 pL, template
DNA 2.0 uL, and double-distilled H,O 10.0 pL in triplicate. The PCR reaction procedure
was carried out for 3 min for denaturation at 95 °C, 30 cycles of 30 s at 94 °C, annealing
at 60 °C for 30 s, and extension at 72 °C for 30 s. The PCR products were extracted from
a 2% agarose gel, purified by the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA), and quantified using QuantiFluor_ST (Promega, WI, USA) as the
kit instructions.

2.4. llumina MiSeq Sequencing

The V4-V5 region of 165 rRNA was amplified by PCR with the primer set F515/R907
in a thermocycling PCR system (GeneAmp 9700; Applied Biosystems) [19]. The PCR
reactions were carried out using the following plan: denaturation at 95 °C for 5 min,
27 cycles for 30 s at 95 °C, annealing at 55 °C for 30 s, extension at 72 °C for 45 s, and the last
extension at 72 °C for 10 min, followed by 10 °C until user stopped. The PCR reactions were
performed with a 20-pL mixture in three replicates, and the mixture contained 5 x FastPfu
Buffer 4 pL, 2.5 mM dNTPs2 pL, each primer (5 pM) 0.8 pL, FastPfu Polymerase 0.4 pL, and
template DNA10 ng. The PCR products purification (AxyPrep PCR Clean-up Kit; Axygen
Biosciences) before performing agarose gel electrophoresis. QuantiFluor-ST (Promega) was
used to detect the concentration of the purified amplified products and sequencing was
performed on the [llumina MiSeq platform of Shanghai Biozeron Biological Technology Co.
Ltd. (Shanghai, China).

2.5. Processing of Sequencing Data

The raw 165 rRNA gene sequencing reads were subjected to demultiplexed, traumatic
quality filtering and merged by FLASH according to the following criteria: (i) Truncated the
200-bp reads at any site receiving point with an average quality score of less than 20 with
more than 50-bp sliding window, and truncated reads less than 50 bp were removed;
reads containing equivocal characters were also removed; (ii) According to overlapping
sequences, only overlapping sequences larger than 10 bp were spliced. The maximum
mismatch rate in the overlapping area was 0.2; the reading that could not be assembled
were removed; (iii) The samples were differentiated in the light of the barcode and primers,
and the sequence direction was standard using precise barcode matching; there are two
nucleotide mismatches in primer matching. Used UPARSE (version 10, http:/ /drive5
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.com/uparse/ (accessed on 27 December 2019)) to cluster operational taxonomic units
(OTUs) with a similarity cutoff rate of 97% [20], identified and removed chimeric sequences.
For the 16S rRNA database, Silva (release 132, http://www.arb-silva.de (accessed on
27 December 2019)) were used to classify and analyze each OTU representative sequence
with a confidence threshold of 0.8 [21]. All sequences have been stored in GenBank, and
accession number was SRP278325.

2.6. Statistical Analysis

Soil properties and bacterial abundance were evaluated by one-way ANOVA using
SPSS version 20 software (IBM Corp., Armonk, NY, USA). A pheatmap package was
used for heat map analysis in the R environment (version 3.5.0) [22], and Student’s ¢-test
used to estimate differences in bacterial composition between two groups with 95% confi-
dence intervals in STAMP (http://kiwi.cs.dal.ca/Software/STAMP (accessed on 18 March
2020)) [23]. Principal coordinate analysis (PCoA) was used to examine beta-diversity,
which was based on the Bray—Curtis distance. Linear discriminant analysis (LDA) effect
size (LEfSe) was used to identify which taxa were likely responsible for differences be-
tween each treatment [24]. The LEfSe algorithm was used to draw a cladogram on the
Huttenhower Galaxy web (http:/ /huttenhower.sph.harvard.edu/galaxy/ (accessed on 26
March 2020)). The LDA was considered to be an important contributor, with an LDA score
> 2.0. The relationship of soil properties with bacterial community was demonstrated
by Pearson correlation in the Performance Analytics package with R software (version
3.5.0) [22]. Co-occurrence network visualization was performed in Gephi software (0.9.2)
with the robust Spearman correlations coefficient p > 0.7 and p < 0.05. The Functional
Annotation of Prokaryotic Taxa database (FAPROTAX) was used to predict bacterial func-
tional groups [25]. Canonical correspondence analysis (CCA) was performed in the vegan
package with R software (version 3.5.0) [22].

3. Results
3.1. Soil Chemical Properties

Remarkable differences in soil chemical properties were observed at different N
gradients (Table 1). Compared to the no N control (NO) and low N application rates (N1
and N2), the EC, NO;™-N and AN content significantly increased at high N application
rates (N3 and N4). By contrast, compared with NO, the soil OC content and pH significantly
decreased at high N application rates (N4).

3.2. Soil Bacterial Abundance and Bacterial Community Composition

The bacterial abundance of different N gradients ranged from 2.78 x 107 to 3.10 x 108
copies g~ ! soil (Figure 1). Compared to NO, there was noticeable elevation in bacterial
abundance under N1, N2, and N3.

A total of 731,222 quality sequences were obtained from 15 soil samples, and 41,102-
44,348 sequences were obtained per sample (Table S1). Following taxonomic assignment,
the sequences were assigned to 24 bacterial phyla, and the top ten phyla were screened out
(Figure 2). The dominant bacterial phyla were Actinobacteria, Proteobacteria, Acidobac-
teria, and Chloroflexi, accounting for 82.73-85.09% of the total sequences. The relative
abundance of seven phyla was significantly altered under different N gradients (Table S2).
The relative abundances of Gemmatimonadetes and Nitrospirae dramatically improved in
N2 compared to NO. The relative abundances of Bacteroidetes and Deinococcus-Thermus
decreased in N3 compared to NO, but Firmicutes increased in N3. The relative abundance
of Proteobacteria decreased in N4 compared to NO, whereas Gemmatimonadetes and
Firmicutes increased in N4.
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Table 1. Soil physicochemical properties under different N gradients.
ocC NH4*-N NO;--N AN
T H E
reatment (mg kg—1) P C (mg kg1) (mg kg-1) (mg kg1)
NO? 12.56 + 1.27a® 6.96 & 0.09a 0.05 + 0.03b 0.34 + 0.07b 3.38 +0.27d 92.65 4 1.55¢
N1 13.84 £ 0.20a 6.86 & 0.26ba 0.08 = 0.02b 0.59 & 0.09a 4.36 £0.11d 93.47 £ 0.76¢
N2 14.10 £ 0.32a 6.71 & 0.11ba 0.06 + 0.03b 0.71 £ 0.15a 7.38 £ 0.53¢ 94.01 + 1.31c
N3 13.86 £ 0.74a 6.69 £ 0.31ba 0.18 + 0.02a 0.75 £ 0.03a 9.82 +1.82b 107.70 £ 6.56b
N4 10.39 £ 1.15b 6.52 + 0.30b 0.14 + 0.03a 0.77 £ 0.13a 12.38 £ 1.94a 114.86 + 3.23a

2 NO, N1, N2, N3, and N4 represent N fertilizer was used at a level of 0, 90, 150, 210, and 270 kg ha1, respectively. b Different letters within
the same column indicate significant difference between treatments tested by one-way ANOVA (p < 0.05). Values are the means + SE (n =
3). OC: soil organic carbon, EC: soil electrical conductivity, NH4*-N: soil ammonium nitrogen, NO3 ~-N: soil nitrate nitrogen, AN: soil
available nitrogen.

-1

16S rRNA gene copy numbersx10" g dry soil

7

NO N1 N2 N3 N4

Figure 1. Bacterial abundance detected by real-time PCR across different N gradients. Vertical bars
are the standard errors of means. Diverse lowercase letters illustrated significant differences of
bacterial abundance among treatments by one—way ANOVA (p < 0.05). NO, N1, N2, N3, and N4
represent N fertilizer was used at a level of 0, 90, 150, 210, and 270 kg ha~1, respectively.
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Figure 2. Relative abundances of dominant bacterial phyla under different N gradients. N0, N1, N2,
N3, and N4 represent N fertilizer being used at a level of 0, 90, 150, 210, and 270 kg ha=1, respectively.

Figure 3 showed a heatmap displaying the top 20 dominant genera. Nocardioides,
Gaiella, Pseudarthrobacter, and Lysobacter were the dominant genera in the five N application
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gradients. N application also affected variation at the genus level. For instance, the
relative abundance of Pseudarthrobacter in NO was higher than that in N2 and N3, and
the relative abundance of Gemmatimonas in NO was prominently lower than that in N2
and N4. Interestingly, less abundant genera exhibited significant changes between the NO
control and N application conditions. In addition to unclassified and norank, 14, 12, 22, and
35 genera were affected, with significant differences in NO compared to N1, N2, N3, and
N4, respectively (Figure S1). The genera that displayed noticeable differences in relative
abundance varied among the different N application gradients; 11, 8, 11, and 22 genera
increased significantly in N1, N2, N3, and N4, respectively, relative to NO. In N1, the relative
abundance of Dyadobacter, Singulisphaera, Craurococcus, Nitrolancea, and Promicromonospora
markedly increased, with a greater increment in relative abundance than in NO. The relative
abundances of Mizugakiibacter, Nitrospira, Brevibacillus, and Rhodanobacter in N2 were higher
than those in NO. The relative abundances of Dyella, Skermanella, Aneurinibacillus, and
Craurococcus in N3 were markedly enhanced compared with NO. Halomonas, Enterobacter,
Microlunatus, Pseudonocardia, Skermanella, and Nitrolancea in N4 displayed dramatically
enhanced abundances compared with NO.

4
Nocardioides
Gaiella 3
Pseudarthrobacter

2
l Lysobacter

Bradyrhizobium 1

Solirubrobacter
Blastococcus
Ramlibacter l -1

Nitrospira

Rubrobacter

Mesorhizobium
Gemmatimonas
Microvirga

Allork A P
Neor Parar

Streptomyces
Rhodoplanes
Acidibacter
Nordella
Steroidobacter

Agromyces

IN

FFEEERREEREE
_|lei IN‘UII—"NI I-—le’i—t

T PN
£ PN

I

I

w

Figure 3. The heatmap analysis of the relative abundance of the dominant bacterial genera under
different N gradients. NO, N1, N2, N3, and N4 represent N fertilizer being used at a level of 0, 90, 150,
210, and 270 kg ha~, respectively.

3.3. Soil Bacterial Community Diversity

As the N application rates increased, the Shannon index first increased in N1 and N2
and then declined sharply in N3 and N4 (Figure 4). Diversity calculated using the Chao
index showed the same trend as the Shannon index, both calculations being statistically
similar (Figure 4).
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Shannon index of OTU level
6.86
|
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Figure 4. Shannon index and Chao index of bacterial communities under different N gradients. NO, N1, N2, N3, and N4
represent N fertilizer being used at a level of 0, 90, 150, 210, and 270 kg ha™?, respectively.

PCoA based on the OTUs confirmed that the bacterial community structures were
distinct between low N application rates (NO, N1, and N2) and high N application rates
(N3 and N4). The first and second principal coordinates explained 62.86 and 10.81% of
the total variance in bacterial community structures, respectively (Figure 5a). N3 and
N4 were grouped together, which were obviously separated from NO, N1, and N2 on
PCoAl, indicating that the N application rate was the primary determinant of bacterial
community structure (Table S3). To gain more insight, we calculated the weighted Unifrac
dissimilarity among different N application rates (N1, N2, N3, and N4) (Figure 5b), which
revealed that the dissimilarity between the NO and N application treatments (N1, N2,
N3, and N4) increased with higher N application rates. LEfSe analysis identified the
predominant taxa with differences of bacterial composition in the five N application
gradients (Figure 6, Table S4). At the genus level, NO was differentially enriched with
Stenotrophobacter, N1 was differentially enriched with Comamonas, N2 was differentially
enriched with Gemmatimonas, N3 was differentially enriched with Bacillus, and N4 was
differentially enriched with Pirellula.

b >
T 004 @ N Tz = £z T
9 m * NL =S i Ep= - :
S N2 Ed Eo T :
= E z = |
%00 @ WH O * N3 z2) 3o
= [ ) TS o S
< A & p - £ 51
o A £ 38 H b=
< -0.04 E S - = 52
Q % ? o : e | ,
-4 s I:j TS 4 =
A s e H H =< Q
-0.08 r T r S E . i - oz —
0.08  -0.04  0.00  0.04 s S| - E=E -
AT
PCoAl (62'86%) NO v]s N1 NO v]s N2 NO v]s N3 NO w:s N4 ﬁ\\%$$\~%$ﬁ\\‘sim~ $.1;15$ .,flsg&

Figure 5. Principal coordinate analysis (PCoA) plots of bacterial communities based on OTUs under different N gradients
(a). Weighted—Unifrac dissimilarity of the bacterial communities among different N gradients (NO, N1, N2, N3, and N4) (b).
NO, N1, N2, N3, and N4 represent N fertilizer being used at a level of 0, 90, 150, 210, and 270 kg ha~ 1, respectively.



Sustainability 2021, 13, 11967 8 of 14

EEEN N0 EEE N1 EEN N2 EEE N3 BN N4

a @ NO b

= N4

illacear
illales
1

W z: Verrucomicrobiae

w
o
w_
n
IS
o

| U
15 2.0 25
LDA SCORE (log 10)

°
o
o
o
-
o

Figure 6. Linear discriminant analysis Effect Size (LEfSe) for different N gradients at different classification levels (a). The
cladogram consists of phylum, class, order, family, and genus levels in order from inside to outside. Red, green, blue, purple,
and cyan circles indicate taxa enriched in NO, N1, N2, N3, and N4, respectively, while the yellow circles represent the taxa
without significant differences among the different N gradients. Histogram of the linear discriminant analysis (LDA) scores
for differentially abundant genera (b). NO, N1, N2, N3, and N4 represent N fertilizer being used at a level of 0, 90, 150, 210,

and 270 kg ha™t, respectively.

3.4. Relationships between Soil Bacterial Communities and Chemical Properties

The relationship of soil properties with bacterial community was demonstrated by
Pearson correlation (Figure S2). OC was significantly positively correlated with bacterial
abundance. EC, NO3™-N, and AN were significantly positively correlated with PCO1.
Shannon diversity was significantly negatively correlated with PCO1 and PCO2.

The CCA analysis indicated that the bacterial community structures differed under
different N gradients (Figure 7). CCA1l and CCA2 explained 38.75 and 24.53% of the
community structures, respectively. Among the soil properties examined, AN was the
most crucial factor that changed the bacterial community along the CCA1 axis (Figure 7).
In contrast, OC was the most critical factor that changed the bacterial community along

the CCA2 axis.

N4_3

L NN NO3™-N
N2.3 2 AN

N2_1
EC

CCA2 (24.53%)

S =N 7‘.,\“75 -
NI_:
NI pN3 3 N3
T N3 N3 2
NO_2
[
ol
! ) 1 1 1 1
-1 0 1 2 3 4

CCAL (38.75%)

Figure 7. Canonical correspondence analysis (CCA) of bacterial community changes with environ-
mental variables under different N gradients. NO, N1, N2, N3, and N4 represent N fertilizer was
used at a level of 0, 90, 150, 210, and 270 kg ha~1, respectively. OC: soil organic carbon, EC: soil
electrical conductivity, NH4*-N: soil ammonium nitrogen, NO3; ~-N: soil nitrate nitrogen, AN: soil

available nitrogen.
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3.5. Soil Bacteria Functional Groups

The genera with significant differences were classified in the FAPROTAX database and
sorted into eight dominant predicted functional groups related to N cycling (Table 2). The
relative abundance of most functional groups related to N tended to increase after N ap-
plication. N1 exhibited an increasing trend to NO for the relative abundance of predicted
functional groups associated with Aerobic_nitrite_oxidation. The relative abundances of Ni-
trate_reduction and Aerobic_ammonia_oxidation were higher in N2 than in NO. N4 led to an in-
crease in the relative abundance of Aerobic_ammonia_oxidation and Aerobic_nitrite_oxidation
with respect to NO. The relative abundances of Nitrogen_fixation and Nitrate_ammonification
were reduced in N3 and N4.

Table 2. Relative abundance (%) of predicted functional groups in the bacterial community under different N gradients.

Bacterial Functional

Genus No? N1 N2 N3 N4
Group

Nitrate_reduction 16 2144+ 0.11b" 2.33 + 0.07ba 242 +0.12a 2.30 £ 0.11ba 2.14 +£0.12b
Ureolysis 9 2.02 + 0.02a 2.03 £ 0.06a 2.01 +0.13a 1.92 + 0.21a 2.01 £0.10a
Nitrate_respiration 6 1.81 4 0.25ba 1.67 +0.12b 2.08 + 0.06a 1.97 4+ 0.21ba 1.86 4 0.25ba
Nitrate_denitrification 3 0.26 + 0.04ba 0.34 £0.11a 0.35 + 0.08a 0.22 + 0.01b 0.21 £+ 0.03b
Nitrogen_fixation 2 0.56 + 0.12a 0.33 + 0.04b 0.50 + 0.04a 0.31 + 0.03b 0.29 + 0.04b
Nitrate_ammonification 2 0.56 + 0.12a 0.33 4+ 0.04b 0.50 4 0.04a 0.31 4+ 0.03b 0.29 + 0.04b
Aerobic_ammonia_oxidation 1 0.93 £+ 0.07b 1.12 + 0.09ba 1.40 4+ 0.13a 1.20 + 0.24ba 1.35 4+ 0.26a
Aerobic_nitrite_oxidation 1 0.02 4+ 0.00c 0.04 + 0.01b 0.03 4+ 0.01c 0.03 + 0.01cb 0.05 4+ 0.01a

2 NO, N1, N2, N3, and N4 represent N fertilizer being used at a level of 0, 90, 150, 210, and 270 kg ha~l, respectively. b Different letters within
the same column indicate significant difference between treatments tested by one-way ANOVA (p < 0.05). Values are the means + SE (n = 3).

3.6. Bacterial Co-Occurrence Networks

The co-occurrence network analysis based on OTUs levels revealed the interaction
of soil bacterial communities under different N gradients (Figure 8). The N application
significantly changed the bacterial network structure. The low N and high N were regarded
as two wholes, to construct a low N network and high N network. The co-occurrence
network of low N and high N application rates consisted of 684 and 349 edges, respectively.
The number of nodes and connections in low N network was significantly higher than that
in high N network, and the proportion of positively correlated connections between nodes
in low N network was higher than that in high N network.

Acidobacteria W p__Nirospirae B p_ Acidobacteria W p_ Nitrospirae
Hop_| W p_ Actincbacteria B p__Protecbacteria
Chloroflexi p_Rokubacteria p_Chiorofiexi p_Rokubacteria

P_J
P_/
P_f
mop_

WL M p_Gemmatimonadetes Il p_ Lateschbacteria

Figure 8. Bacterial co-occurrence networks of different N gradients from OTUs. A connection
represented a strong (Spearman’s correlation coefficient p > 0.7) and significant (p < 0.05) correlation.
The node colors in the network represent different major phyla, the node size represents its relative
abundance, the connection thickness of the edge represents the value of Spearman’s correlation
coefficients, a red line indicates a negative correlation between two individual nodes, and a green
line indicates a positive correlation.
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4. Discussion
4.1. Variation in Soil Physicochemical Properties under Different N Gradients

In this present study, different N gradients resulted in changes in soil properties (Table 1).
Application of N often causes soil acidification [26]. Similar results were observed in this study,
where the pH value significantly decreased under high N application rates. This acidification
may be due to the NH4* generated by the hydrolysis of urea entering the soil, and a large
amount of H* is produced through nitrification, which leads to a drop in soil pH [27]. AN,
NH,*-N and NO; ~-N significantly increased under high N application rates. Similar to previous
reports, fertilizer application was demonstrated to promote the accumulation of soil nutrients,
for example, NH,;*-N and NO3; ~-N [17].

4.2. Shifts in Bacterial Abundance and Community Composition in Response to Different
N Gradients

Our results suggested that N application substantially enhanced bacterial abundance
compared to the NO (Figure 1). One study also suggested that N application could sig-
nificantly increase the bacterial abundance in pasture soils, especially of saprophytic
microorganisms [28]. N provides energy and nutrition for the growth and reproduction
of microorganisms, and dramatically promotes the growth of some indigenous soil mi-
croorganisms [29]. However, Zhou et al. [30] showed that different N application rates
significantly reduced bacterial abundance in intensively cultivated black soil. Soil micro-
bial community structure and abundance were prominently correlated with soil pH [31].
The decrease in soil pH caused by N application may directly lead to a significant reduction
in bacterial abundance.

In this study, N application caused changes in bacterial community composition at
the phylum and genus levels. The relative abundances of Proteobacteria and Bacteroidetes
decreased in N4 and N3 compared with NO (Figure 2). Zeng et al. [32] also reported
that N addition led to a remarkable shift in bacterial community composition, of which
the relative abundance of Alphaproteobacteria and Bacteroidetes decreased following N
enrichment. Proteobacteria and Bacteroides are considered to be eutrophic bacteria, which
have high growth rates in carbon-rich environments. High N application rates were not
conducive to the accumulation of soil nutrients, inhibiting the reproduction of eutrophic
bacteria [33]. The bacterial community composition was significantly affected by pH. Soil
acidification reduced the relative abundance of Proteobacteria and Bacteroidetes [34]. This
study showed that the relative abundances of Gemmatimonadetes noticeable increased in
N2 and N4 compared with NO (Figure 2). These results were similar to those generated
in a previous study, in which the soil bacterial community composition was shown to
shift following N application with an increase in the relative abundance of Gemmatimon-
adetes [35]. Gemmatimonadetes may be necessary in the decomposition of recalcitrant
C compounds [36]. Nocardioides, which belongs to the phylum Actinobacteria, was the
dominant genus in the five N application gradients (Figure 3). Nocardioides is associated
with the Nitrate_reduction function. Zhou et al. [37] also found that Nocardioides was the
dominant genus of wheat and soybean in black soil, and that N application increased
the relative abundance of Nocardioides. In this study, N application reduced the relative
abundance of Pseudarthrobacter and enhanced the relative abundance of Gemmatimonas
(Figure 3). Pseudarthrobacter, which belongs to the phylum Actinobacteria, is capable of
mineralizing several substituted phenols, and of metabolizing phenol as its sole energy
source under both mesophilic and psychrophilic conditions [38]. Gemmatimonas, which
belongs to the phylum Gemmatimonadetes, decomposes fiber and plays a crucial role in
soil carbon sequestration [39].

4.3. Effects of Different N Gradients on Bacterial Diversity

In this study, high N application rates (N3 and N4) significantly decreased soil bac-
terial community diversity compared to low N application rates (N1 and N2) (Figure 4).
We had similar results to those of Zhou et al. [30], who demonstrated that excessive N
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application could lead to decreased bacterial community diversity. Fierer et al. [33] also
discovered that N enrichment prompted a conspicuous reduction in bacterial community
diversity in farmland. Acidification caused by long-term N application inhibited some
of the species that are sensitive to acidic conditions, which consequently reduced species
diversity. However, the accumulation of N in the soil on account of long-term N appli-
cation led to the rapid growth and reproduction of nitrogenous microorganisms; their
rapid growth competitively inhibited some species sensitive to nutrients [40,41]. This is in
contrast with the findings of Ramirez et al. [42], who proposed that although N application
affected bacterial community composition in grassland and agricultural fields, it had less
of an effect on bacterial community diversity. This suggests that the effect of N application
on bacterial diversity may be location dependent.

In the natural environment, species cannot exist alone, but form a complex ecological
network with other species [43]. Analyzing the ecological network structure can not only
reveal the complex relationship between species, but also characterize the stability of ecolog-
ical network structure [44]. This study found that the connection between nodes in the low
N network was closer, and high N network significantly simplified the bacterial network
structure (Figure 8). The high N network caused the reduction of the bacterial network
structure stability may be the key to the reduced bacterial community diversity, which may
have adverse effects on maintaining the health and stability of soil microbial ecosystem.

4.4. The Main Factors Affecting Bacterial Community Structure Variation

The correlation analysis between bacterial community structure and environmental
factors indicated that bacterial communities within different N application rates were
affected by different environmental factors. AN was likely the primary driver of shifting
bacterial communities due to the various N application rates (Figure 7). Our results declared
that the effect of N application on bacterial community structure might be indirectly
driven by changes in soil characteristics, this was related to the results of Zhong et al. [45]
consistent, who indicated that long-term N application could alter soil physicochemical
properties and eventually bring about variations in soil microbial community structure.
Many studies have reported that bacterial community structure is affected by different
factors. Zul et al. [46] suggested that both abiotic and biotic factors determined the microbial
community structure. Wessén et al. [47] manifested that variation in bacterial abundance
under different fertilization systems were mainly caused by soil pH. Zeng et al. [32] revealed
that the variation in bacterial community composition was caused by changes in soil pH.
By contrast, Ramirez et al. [48] claimed microbial respiration responded consistently to
N application, no matter what soil type and N form, manifesting that the reaction was
directly caused by N availability, as opposed to indirect effects by such as soil pH.

4.5. Effect of N Fertilizer on Soil Functional Bacteria

In this study, we obtained eight dominant predicted functional groups related to N
cycling using FAPROTAX. N application exhibited an increasing trend for the relative
abundance of predicted functional groups associated with Aerobic_nitrite_oxidation, Ni-
trate_reduction, and Aerobic_ammonia_oxidation, but a decreasing trend for the relative
abundance of Nitrogen_fixation (Table 2). This suggests that N application promoted Aero-
bic_nitrite_oxidation, Nitrate_reduction, and Aerobic_ammonia_oxidation pathways, but
inhibited Nitrogen_fixation function in the bacterial community. N application markedly
increased the relative abundances of Dyadobacter, Craurococcus, Promicromonospora, Bre-
vibacillus, Rhodanobacter, Dyella, Skermanella, Aneurinibacillus, Microlunatus, and Pseudonocar-
dia associated with Nitrate_reduction [49], and Mizugakiibacter, Nitrospira, and Halomonas
associated with Nitrate_respiration [50].

5. Conclusions

Our results showed that the impacts of diverse N application rates on soil properties
varied significantly, and contributed to increases in soil nutrient levels. N application had
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a noteworthy effect on bacterial abundance and community composition. N application
rates increased bacterial abundance, but reduced the relative abundance of eutrophic
bacteria such as Proteobacteria and Bacteroidetes. Low N application rates caused an
increase in bacterial diversity, which declined under high N application rates. The vari-
ations in bacterial community structure were clearly distinguished between the low and
high N application rates, which were mainly driven by AN. The results of FAPROTAX
revealed that N application promoted the Aerobic_nitrite_oxidation, Nitrate_reduction,
Aerobic_ammonia_oxidation functional groups, but inhibited the Nitrogen_fixation func-
tion of the bacterial community. These findings provide new insight into how N application
rates could be regulated to reduce N loss. The high N network caused the reduction of
network structure stability and not suitable for stability of soil microbial ecosystem. We
speculate that the optimal N application rate in this study may be approximately 150 kg
ha~! (N2) based on the differences in soil properties and bacterial community structure.
The complex interactions among N, soil, and microorganisms should be considered in
future studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/5u132111967 /51, Table S1. Illumina MiSeq sequenced bacterial data (at 97% sequence similarity)
based on the 165 rRNA gene. Table S2. Relative abundance (%) at bacterial phyla level under different
N gradients. Table S3. The statistical analysis base on Weighted-Unifrac for distance of bacterial
community beta diversity among different N gradients. Table S4. The statistical analysis and LDA
score of different genera under five N fertilizer levels. Figure S1. The relative abundances of bacterial
genera between different N gradients (N1, N2, N3 and N4) and the control (NO) (at 95% confidence
intervals, Student’s t-test, equal variance). NO, N1, N2, N3, and N4 represent N fertilizer was used at
alevel of 0, 90, 150, 210, and 270 kg ha~1, respectively. Figure S2. Correlation coefficients between
soil properties and bacterial community significant correlations (* 0.01 < p < 0.05, ** 0.001 < p < 0.01,
*** p < 0.001). OC: soil organic carbon, EC: soil electrical conductivity, NH;"-N: soil ammonium
nitrogen, NO3; ~-N: soil nitrate nitrogen, AN: soil available nitrogen.
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