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Little has been reported on the effects of long-term fertilization on rhizosphere soil
microbial diversity. Here, we investigated the effects of long-term continuous nitrogen (N)
fertilization on the diversity and composition of soil bacteria using data from a 10-year
field experiment with five N application rates (0, 120, 180, 240, and 360 kg N hm−2).
The results revealed varying degrees of reduction in the numbers of bacterial operational
taxonomic units (OTUs) in response to the different N application rates. The highest
wheat yield and number of proprietary bacterial OTUs were found in the N input of
180 kg N hm−2. In terms of average relative richness, the top seven phyla of soil bacteria
in the rhizosphere of wheat after long-term nitrogen application were Proteobacteria,
Actinobacteria, Acidobacteria, Chloroflexi, Bacteroidetes, Gemmatimonadetes, and
Patescibacteria. Among these, Proteobacteria and Gemmatimonadetes were found
to be unaffected by the nitrogen fertilizer and soil environmental factors (pH, C/N
ratio, and NO3

− concentration), whereas Acidobacteria and Actinobacteria showed
significant positive and negative correlations, respectively, with soil pH. The richness
of Actinobacteria significantly increased in the N180 treatment. Patescibacteria and
Bacteroidetes showed significant positive correlations with soil NO3

− and wheat yield,
and the average relative richness of these two phyla was high under long-term
application of the N180 treatment. These findings indicate that the relative richness of
Patescibacteria and Bacteroidetes can affect wheat yield. In conclusion, the results of
our 10-year field experiments clearly show that long-term N fertilization can significantly
affect most of the dominant soil bacterial species via changing the soil pH. The richness
of Actinobacteria can serve as an indicator of a decreased soil pH caused by long-term
N fertilization.

Keywords: soil bacterial, average relative richness, soil pH, long-term N application, wheat yield

INTRODUCTION

Wheat is an essential commodity grain and strategic grain reserve in China. It plays an extremely
important role in ensuring national food security (Hu et al., 2016). The arable land in China
accounts for approximately 9% of the world’s total, and the crops produced on this land, of which
wheat production contributes 20.30%, feed some 22% of the world’s population (Ma et al., 2013).
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Nitrogen (N) fertilizer, as the basis of the sustained high grain
yields, plays a decisive role in agricultural production (Islam
et al., 2015), with the appropriate application of N fertilizer
contributing to increases in the absorption area and the activity
of crop root systems and promotion of the emergence of
productive tillers.

An optimized N management strategy (application of 128 kg
N hm−2) has been shown to be significantly lower than the
amount typically applied by farmers (325 kg N hm−2) without
any appreciable loss in wheat grain yield (Cui et al., 2008).
However, as the beneficial effects of using N fertilizer in the
field are very obvious, most farmers preferentially apply excessive
amounts with the aim of obtaining higher yields. China’s N
fertilizer consumption has grown by 121.02% from 1980 to 2018
(National bureau of statistics,, 2019). Low N fertilizer inputs can
lead to a reduction in soil fertility, which limits the availability
of adequate nutrients during crop growth and development,
resulting in crop yield losses. However, high N inputs may also
result in lower yields and tend to be conducive to the emergence
and frequency of pests and diseases and, moreover, can have
detrimental environmental effects, such as water eutrophication
(Tesoriero et al., 2009), increased greenhouse gas emissions (Luo
et al., 2016), and increases in soil acidity and salinity (Han
et al., 2017). Thus, appropriate N fertilizer inputs are the key to
balancing high crop yields and environmental compatibility.

The activities of the soil microorganisms can directly enrich
the physical, chemical, and biological properties of soils and
have significant positive effects on the utilization of rhizosphere
nutrient resources by plants (Gasparatos et al., 2011). Bacteria
are the most abundant and diverse group of soil microorganisms
(Jason et al., 2005), and they play vital roles in the decomposition
of organic matter, transformation of nutrients, degradation
of pollutants, maintenance of ecosystem sustainability, and
regulation of soil productivity for plant growth (Koranda et al.,
2013; Oburger et al., 2016).

In turn, the soil ecosystem, via diverse environmental factors
such as illumination intensity as well as the physical and chemical
properties, plays a prominent role in influencing the composition
and activity of soil bacterial communities (Lagomarsino et al.,
2007). Bacterial diversity, which includes the genetic variability
within species and the number and relative richness of the
taxa and functional traits in communities, plays a vital role in
ecosystem functionality. Rhizosphere soil bacterial diversity is
particularly sensitive to environmental changes, such as those
initiated by anthropogenic disturbances, including long-term
nutrient inputs (Ai et al., 2013), and long-term N-free treatments
have revealed a trend toward higher richness and diversity
(Eo and Park, 2016).

The rhizosphere microorganisms have an important influence
on the growth and development of plants, whereas plants have
the ability to change the soil environment by secreting bioactive
molecules into the rhizosphere to regulate the local growth
conditions (Chen et al., 2019). Changes in the composition of
root-related microbiota during plant development are caused
by changes in root exudates (Lennon and Jones, 2011). It was
pointed out that the composition of the wheat rhizosphere
bacteria community was closely related to the organic carbon

released by the roots. In addition, rhizosphere bacteria were
the driving factors for the secretion of organic acids and other
substances by the roots of wheat and played an important role in
the uptake and transformation of nutrients in the roots of wheat
(Haichar et al., 2008).

Long-term fertilizer inputs inevitably have the effect of altering
the soil pH, which is considered to be an important determinant
of bacterial diversity and community structure and also modifies
the effects of fertilizer nitrification. For example, the increased
nitrification of soil promoted by the application of chemical N
fertilizers is related to changes in the community richness and
the structure of ammonia-oxidizing bacteria (Chen et al., 2014).
Inorganic fertilizer in the soil is transformed into nutrients that
can be directly absorbed by crop roots through the metabolic
activities of soil microorganisms. However, excessive fertilization
will ultimately affect the richness of nitrifying bacteria in the soil
(Geisseler and Scow, 2014).

Previous studies have indicated that fertilization changes
the diversity, community structure, and activity of soil
microorganisms (Wei et al., 2018; Chen et al., 2019). The
long-term application of chemical fertilizers can significantly
alter the structure and diversity of bacterial communities (Ge
et al., 2008), and numerous recent studies have used sequencing
technology to examine the effects of fertilization on the diversity
and structural composition of soil microbial communities
(Mchugh and Schwartz, 2015; Sun et al., 2015). However, most
of these studies have tended to focus on the relationship between
the overall change in bacterial communities and the nutrient
uptake of crops, as well as the relationship between soil bacteria
and the ecological environment (Ortiz-Castro et al., 2009; Maron
et al., 2011; Jansson and Hofmockel, 2019). In contrast, there
has been relatively little research conducted on the specific
functional groups of bacteria affected by N fertilization or on
the relationships between wheat yield trend and soil bacterial
dynamics under the long-term application of N fertilizer.

In this study, we established five fertilization treatments,
in which different amounts of N fertilizer were applied to
the soil over 10 consecutive years. Rhizosphere soil bacterial
populations were analyzed using high-throughput sequencing of
16S ribosomal RNA (rRNA) gene amplicons, and we examined
trends in the diversity and richness of wheat rhizosphere
soil bacterial communities relating to the different N fertilizer
levels and assessed their correlations with wheat production.
Furthermore, we elucidated the mechanisms underlying the
optimization of bacterial richness and the relationship between
wheat yield and rhizosphere soil bacteria and also discussed
the relationship between functional bacteria and the soil
environment. We believe that the findings of this study provide
a valuable theoretical basis that will contribute to guiding
fertilization practices.

MATERIALS AND METHODS

Field Experiment and Sample Collection
The experiment was carried out in Yuzhou City, Henan Province,
China (34◦27′ N, 113◦34′ E), with an average annual temperature
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of 13–16◦C and an average annual precipitation of 650 mm. The
soil of the study area was fluvoaquic at pH 7.54, soil organic
matter (SOM) of 20.5 g kg−1, and total nitrogen (TN) of 0.92 g
kg−1. The proposed investigation was arranged in a randomized
complete block with three replications, under five N treatments:
N0 (0 kg N hm−2), N120 (120 kg N hm−2), N180 (180 kg N
hm−2), N240 (240 kg N hm−2), and N360 (360 kg N hm−2). N
(urea) was applied at two intervals. Between them, 50% N was
used as the base fertilizer and 50% N was topdressing at jointing.
Phosphate fertilizer (90 kg P2O5 hm−2), in the form of calcium
superphosphate, and potassium (90 kg K2O hm−2), employing
potassium chloride, were applied as the basal dose. The base
fertilizer (urea) was manured manually before the plowing, and
the topdressing (urea) was applied by artificial band.

The study was commenced in 2009, and subsequently, wheat
rhizosphere soil was collected during the first, fifth, and 10th
harvest years of the field experiment at wheat harvest stage. The
rhizosphere soil samples were used with a root drill, and 10
wheat rhizosphere soil samples were taken from each plot. The
rhizosphere samples in this study were strictly defined as soil
within 2 mm of the root surface (DeAngelis et al., 2009). The
roots were gently shaken to remove any loose clumps of soil, after
which the rhizosphere samples were collected by brushing off the
remaining soil deliberately.

Determination of TN, SOM, pH, NO3
−,

and Yield
Rhizosphere soil was air-dried and sieved at 0.149 mm to
prepare the soil samples for the following analyses. For the
total N (TN) determination, the soil samples were boiled
with concentrated hydrogen peroxide of sulfuric acid and
determined by adopting the Kjeldahl method (Bremner and
Mulvaney, 1982). The Automatic Kjeldahl apparatus (K9840,
Hanon Instruments Co., Ltd., China) was utilized in the test
process. The soil organic carbon (SOC) concentration was
determined by the classical potassium dichromate oxidation–
ferrous sulfate titration method (Shaw, 1959). The Numerical
Show Constant Temperature Oil-bathing (HH-WO-2L-50L,
Shanghai Xuhang Scientific Instrument Co. Ltd., China) is used
in the oxidation process. For TN and SOC, 0.5 g soil sample was
used. Determination of soil nitrate (NO3

−) was done by the KCL
leaching method (Page et al., 1982). For soil NO3

−, 0.5 g fresh soil
sample was weighed, extracted with 0.01 mol L−1 KCl solution,
and analyzed using an automated flow analysis instrument (AA3,
Seal, Germany). The average yield of each plot was calculated by
taking three wheat plots of 1 m2 for each plot and then the wheat
yield of the different treatments was calculated.

DNA Extraction and PCR Amplification
Microbial DNA was extracted from rhizosphere soil samples
using the FastDNA R© SPIN Kit for Soil according to the
manufacturer’s protocols. The FastDNA R© SPIN kit consists
of three parts: (i) cracking; (ii) homogenizing reagent
(reagents can extract genomic DNA with minimal RNA
contamination); and (iii) DNA purification and elution
reagents (program purified DNA with a special silica gel

matrix while eliminating the contaminants and inhibiting
concurrent reactions). The final DNA concentration and
purification were determined by a NanoDrop 2000 UV–Vis
spectrophotometer (Thermo Fisher Scientific, Wilmington,
NC, United States), and DNA quality was checked by 1%
agarose gel electrophoresis. The V3–V4 hypervariable regions
of the bacteria 16S rRNA gene were amplified with primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) (Mori et al., 2014; Nan
et al., 2016) by a thermocycler PCR system (GeneAmp 9700,
ABI, United States). The PCR reactions were conducted using
the following program: 3 min of denaturation at 95◦C, 27 cycles
of 30 s at 95◦C, 30 s for annealing at 55◦C, and 45 s for elongation
at 72◦C, and a final extension at 72◦C for 10 min. PCR reactions
were performed in triplicate 20 µl mixture containing 4 µl of
5× FastPfu buffer, 2 µl of 2.5 mM dNTPs, 0.8 µl of each primer
(5 µM), 0.4 µl of FastPfu polymerase, and 10 ng of template DNA.
The resulting PCR products were extracted from a 2% agarose
gel and further purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, United States) and
quantified using QuantiFluorTM-ST (Promega, United States)
according to the manufacturer’s protocol.

Illumina MiSeq Sequencing
Purified amplicons were pooled in equimolar concentrations
and paired-end sequenced (2 × 300) on an Illumina MiSeq
platform (Illumina, San Diego, United States) according to the
standard protocols by Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China). The raw reads were deposited into the
NCBI sequence read archive (SRA) under the submission ID
SUB7174545. The project can also be accessed in NCBI under
BioProject ID 613763 (accession PRJNA613763).

Processing of Sequencing Data
Raw fastq files were demultiplexed, quality-filtered by
Trimmomatic, and merged by FLASH with the following
criteria: (i) The reads were truncated at any site receiving
an average quality score <20 over a 50 bp sliding window.
(ii) Primers were exactly matched, allowing two nucleotides
mismatching, and reads containing ambiguous bases were
removed. (iii) Sequences with overlaps longer than 10 bp were
merged according to their overlap sequence.

Operational taxonomic units (OTUs) were clustered with a
97% similarity cutoff using UPARSE (version 7.1),1 and chimeric
sequences were identified and removed using UCHIME. The
taxonomy of each 16S rRNA gene sequence was analyzed by the
RDP Classifier algorithm2 against the Silva (SSU123) 16S rRNA
database using a confidence threshold of 70%.

Statistical Analyses
Chao richness and Shannon diversity were generated using
QIIME (Quantitative Insights Into Microbial Ecology)
1.9.1 (Caporaso et al., 2010). To determine the impact of
environmental factors (soil C/N ratio, soil pH, and NO3

−) on

1http://drive5.com/uparse/
2http://rdp.cme.msu.edu/
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the microbial community structure, we performed variance
partitioning of the Bray–Curtis distances of all samples of
rhizosphere soil with distance-based redundancy analysis (db-
RDA). Circos, conducted using Circos-0.67-7,3 was adopted to
assess the correspondence between the samples and species.
Significance was determined by one-way analysis of variance
(ANOVA) with post hoc contrasts by the Student–Newman–
Keuls test. The statistical significance for all tests was set at
P < 0.05. Heat maps were constructed using R v.2.15.2 (R
Foundation for Statistical Computing)4 and the VEGAN package
(version 2.0-7).

RESULTS

Wheat Yield Trends Under Long-Term N
Application
The yield of wheat grown on treatment plots with different N
fertilizers showed a gradually decreasing trend over the 10 years
of the study (Figure 1). During the first 6 years of continuous
nitrogen application, wheat yields under the N180 treatment were
invariably the highest, whereas from years 7 to 10, wheat yields
under the N240 treatment were the highest. Throughout the
treatment period, wheat yields under the N120 treatment tended
to be lower than those in plots treated with N180 and N240.

Responses of the Rhizosphere Soil
Microbial Community to Long-Term N
Application
We found that N fertilizer had a significant effect on the number
of bacterial species (Figure 2). During the first year of treatment,
the number of bacterial OTUs under the N120 treatment was

3http://circos.ca/
4http://www.R-project.org

FIGURE 1 | Effects of continuous application of different amounts of nitrogen
fertilizer on wheat yield.

highest, whereas the N180-treated soil had the highest number
of proprietary bacterial OTUs. Throughout the study period,
we detected no significant changes in the number of bacterial
species under the N0 treatments, whereas after 10 years, the
number of OTUs in the soils treated with N120, N180, N240, and
N360 had decreased by 3.84, 7.42, 3.50, and 2.05%, respectively.
During the first year of N application, the numbers of proprietary
bacterial OTUs in rhizosphere soils treated with N0 and N180
were 303 and 356, respectively. Following 5 and 10 years of
continuous fertilization, the number of proprietary bacterial
OTUs in rhizosphere soil treated with N0 had increased by 52.15
and 22.77%, respectively, whereas the number in soils treated
with N180 had decreased by 25.28 and 21.63%, respectively.

Our determinations of the alpha richness and diversity of
the rhizosphere communities at the phylum level are presented
in Table 1. We detected no significant differences in the Chao
richness indices of these communities in response to long-
time N application, whereas the Shannon diversity indices had
decreased significantly by the 10th year under the N120, N180, and
N240 treatments.

Variations in the Proportion of Dominant
Species Under Long-Time N Application
Variations in the trends of the average relative richness of
the dominant bacterial species among the different treatments
analyzed at the phylum level are shown in Figure 3. During
the first year of application of the N0, N120, N180, N240, and
N360 treatments, we found that the average relative richness
values of Acidobacteria were 27, 24, 22, 19, and 18%, respectively.
After 5 and 10 years of continuous localization, the average
relative richness of Acidobacteria had gradually decreased with
the increase in N fertilizer dosage, although there were no
significant differences among the different treatments in the
10th year. The average relative richness of Actinobacteria,
Bacteroidetes, and Patescibacteria initially showed a gradual
increase with an increase in N fertilizer dosage, however, after 5
years of continuous N application, the richness had subsequently
decreased with an increase in the N fertilizer dosage. The highest
average relative richness of Actinobacteria, Bacteroidetes, and
Patescibacteria was obtained under the N180 treatment.

The average relative richness of Actinobacteria, Bacteroidetes,
and Patescibacteria gradually decreased with a prolongation of
the treatment period (Figure 4), with those of Bacteroidetes and
Patescibacteria decreasing significantly and the decreasing trend
observed for Bacteroidetes reaching an extremely significant level
under continuous treatment with N180. Similarly, in response
to the different treatments, the average relative richness of
Actinobacteria decreased significantly with a prolongation of N
application and reached an extremely significant level under the
N180 and N240 treatments.

Effects of Environmental Characteristics
on Rhizosphere Soil Bacterial
Communities
Among the bacterial phyla, we found that Actinobacteria,
Proteobacteria, Acidobacteria, and Chloroflexi showed a notably
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FIGURE 2 | Rhizosphere soil microbial community responses to different long-term nitrogen fertilizer applications. N0-1, N0-5, and N0-10 represent the first, fifth,
and 10th year of the 0 kg N hm−2 treatment, respectively. A similar notation has been used for the other fertilizer treatments.

TABLE 1 | Alpha richness and diversity of the rhizosphere bacterial communities determined during long-term N application.

Index Year N0 N120 N180 N240 N360

Chao 1 34.94 ± 1.74a 32.88 ± 1.55a 36.13 ± 8.93a 32.75 ± 3.93a 31.88 ± 2.29a

5 32.81 ± 1.57a 31.75 ± 0.96a 31.75 ± 1.32a 31.42 ± 0.79a 35.13 ± 7.98a

10 35.77 ± 8.76a 32.63 ± 0.92a 31.96 ± 2.16a 30.77 ± 3.70a 30.65 ± 1.17a

Shannon 1 2.01 ± 0.04a 2.08 ± 0.03a 2.08 ± 0.02a 2.02 ± 2.02a 2.01 ± 0.09a

5 2.03 ± 0.05a 2.06 ± 0.02a 2.04 ± 0.04a 2.08 ± 2.08a 2.01 ± 0.09a

10 1.96 ± 0.06a 1.96 ± 0.04b 1.96 ± 0.03b 1.93 ± 1.93b 1.96 ± 0.03a

Different lowercase letters after the same column value indicate that the difference between the various treatments under the same crop reached a significant level
(P < 0.05). Chao reflects community richness and Shannon reflects community diversity. Five N treatments: N0 (0 kg N hm−2), N120 (120 kg N hm−2), N180 (180 kg N
hm−2), N240 (240 kg N hm−2), and N360 (360 kg N hm−2).

high relative richness. Soil NO3
−, TN, and pH were used as

the environmental factors of rhizosphere soil for 10 consecutive
years (Table 2). During the first year of N application, we
observed a gradual increase in the dispersion of species among
the rhizosphere soil samples in response to increasing N
applications, coinciding with the significant negative correlations
between N input and the soil C/N ratio and pH and the
significant positive correlations with soil NO3

− (Figure 5A).
Acidobacteria showed a significantly positive correlation with
soil pH, whereas Actinobacteria showed a significantly positive
correlation with soil NO3

−; Patescibacteria showed a positive
correlation with soil NO3

−.
Subsequent to the initial five consecutive years of N

localization, the difference in the dispersion of species between
samples was lowest for soils treated with N180 and N240, whereas
the dispersion of species between the samples treated with high N
fertilization (N360) was higher. However, we were unable to detect
significant correlations with any species within the dispersion
interval of the N360 samples (Figure 5B). During this period, we
found that Actinobacteria, Bacteroidetes, and Patescibacteria were
positively correlated with soil NO3

−, whereas Acidobacteria were
positively correlated with soil pH and soil C/N ratio.

Following 10 consecutive years of N localization, we found
that the dispersion of species between the samples was

lowest and highest in the soils treated with N240 and N360,
respectively, however, there were no significant correlations
between the individual species within the dispersion interval of
the N360 samples (Figure 5C). Proteobacteria showed a positive
correlation with the soil C/N ratio, whereas Chloroflexi and
Actinobacteria showed a significantly positive correlation with
soil NO3

− and Acidobacteria showed a significantly positive
correlation with soil pH.

Throughout the 10 consecutive years of N application
under all N treatments, soil pH invariably showed a negative
correlation with the soil NO3

− concentrations, and there
was a consistent positive correlation between Acidobacteria
and soil pH (Figure 5). Over the 10 years, we detected
no significant effect of the N0 treatment on the rhizosphere
soil microbial communities, whereas the species dispersion
between the samples under long-term N180 and N240 treatments
remained relatively low.

Correlation Between Soil Environmental
Factors and the Dominant Species of
Rhizosphere Soil Bacteria
A correlation heat map generated to examine the relationships
between the bacterial phyla and soil environmental factors
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FIGURE 3 | Proportions of the dominant bacterial phyla in different treatment samples. N0-1, N0-5, and N0-10 represent the first, fifth, and 10th year of the 0 kg N
hm−2 treatment, respectively. A similar notation has been used for the other fertilizer treatments. In the relation diagram between the Circos sample and species, the
small semicircle (left half circle) represents the species composition in the sample. The color of the outer ribbon represents the group from which it comes. The color
of the inner ribbon represents the species, and the length represents the relative richness of the species in the corresponding sample. The large semicircle (right half
circle) indicates the distribution proportion of species in the different samples at the taxonomic level. The color of the outer ribbon represents the species, the color of
the inner ribbon represents the different groups, and the length represents the distribution proportion of the sample in a certain species.

revealed notable variations among the phyla (Figure 6).
Actinobacteria, Nitrospirae, and Entotheonellaeota showed
extremely significant negative correlations with soil pH, whereas
Acidobacteria were significantly positively correlated with soil
pH. Nitrospirae, Firmicutes, and Entotheonellaeota showed
significant positive correlations and Patescibacteria showed an
extremely significant negative correlation with the soil C/N ratio.
Fibrobacteres and Patescibacteria showed extremely significant
positive correlations with soil NO3

−, whereas Planctomycetes,
unclassified_k_norank_d_Bacteria, Acidobacteria, GAL15,
and Latescibacteria showed extremely significant negative
correlations. In contrast, we found Proteobacteria and

Gemmatimonadetes to be unaffected by either the N fertilizer or
the soil environmental factors.

Correlations Among Yield, N Application,
and Dominant Bacterial Species
Our analysis of the relationships between wheat yield and the
rhizosphere soil bacterial species revealed that Fibrobacteres,
Patescibacteria, Bacteroidetes, and FBP showed extremely
significant positive correlations with yield (Figure 7). In addition,
Fibrobacteres and Patescibacteria showed extremely significant
positive correlations with N fertilizer treatment. Firmicutes,
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FIGURE 4 | Correlations between the different long-term nitrogen applications and changes in the dominant phyla of the soil bacteria. N0-1, N0-5, and N0-10
represent the first, fifth, and 10th year of the 0 kg N hm−2 treatment, respectively. A similar notation has been used for the other fertilizer treatments. Y represents
the species names at the taxonomic level, X represents the average relative richness of the species in different groups, and the columns of different colors represent
different groups. On the far right is the P-value: *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001.
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TABLE 2 | Effects of a continuous nitrogen fertilizer supply on rhizosphere soil characteristics.

Treatment pH C/N ratio (%) NO3
− (mg/kg)

1st Year 5th Year 10th Year 1st Year 5th Year 10th Year 1st Year 5th Year 10th Year

N0 7.44a 7.40a 7.31a 5.59a 11.73a 14.08a 11.26d 12.51d 9.89e

N120 7.37a 7.25b 7.06b 5.16a 5.41b 6.84b 29.74c 26.99c 22.06d

N180 7.31a 7.23b 7.17ab 4.20bc 5.98b 5.95bc 32.58bc 30.64c 32.36c

N240 7.27a 7.21b 7.05b 4.06c 4.81b 6.01bc 34.59b 38.99b 40.08b

N360 7.34a 7.24b 7.00b 4.86ab 4.61b 4.54c 40.72a 51.79a 50.19a

Different lowercase letters after the same column value indicate that the difference between the various treatments under the same crop reached a significant level
(P < 0.05). Chao reflects community richness and Shannon reflects community diversity. Five N treatments: N0 (0 kg N hm−2), N120 (120 kg N hm−2), N180 (180 kg N
hm−2), N240 (240 kg N hm−2), N360 (360 kg N hm−2).

Rokubacteria, Entotheonellaeota, Gemmatimonadetes,
and Nitrospirae showed extremely significant negative
correlations with yield. The dominant bacterial species
unclassified_k_norank_d_Bacteria, Acidobacteria, were
significantly negatively correlated with N fertilizer treatment.

DISCUSSION

Trends in Yield Under Different Levels of
Long-Term N Application
Although N fertilization is a key factor in ensuring abundant
crop yields, the widespread and excessive use of N fertilizers
across China, particularly in northern China, has resulted in
considerable negative effects. Long-term excessive N fertilizer
inputs can reduce soil pH, facilitate soil erosion and hardening,
and eventually lead to reductions in crop yields or even crop
failures (Wang et al., 2017). Consistently, we found, in the
present study, that with over 10 years of continuous fertilizer
input, the wheat yields in plots receiving a high amount of N
fertilizer (360 kg N hm−2) were invariably low. Indeed, the
yields obtained with this level of fertilization did not differ
significantly from those obtained with the N0 treatment, and
the wheat yields obtained with both these treatments gradually
decreased over time.

According to the established N fertilizer demands of wheat,
a timely and an appropriate N fertilization are key factors in
ensuring the maintenance of high wheat yields, and these factors
also make an important contribution to the cultivation of the
soil, which reduces costs and protects the environment (Reeves
and Liebig, 2016). During the first 6 years of continuous N
fertilizer application in the present study, we found that an N
input of 180 kg hm−2 was conducive to achieving the highest
crop yields. Starting from the seventh to the 10th year, the 240
kg hm−2 nitrogen input began to achieve the highest crop yield;
this level of fertilization showed a close relationship with fertilizer
volatilization and loss.

Previous studies have shown that the pathways of N fertilizer
loss include nitrate leaching, nitrification/denitrification, and
ammonia volatilization (Marchant et al., 2016). Among these
processes, nitrate N leaching is the main form of soil N loss,
which increases significantly in response to N applications of
100 and 200 kg hm−2, with the apparent quantity and rate

of loss increasing significantly when the amount of N applied
exceeds 150 kg hm−2. In northern China, this loss can be
exacerbated by a higher frequency of drought, which also
increases ammonia volatilization (Li et al., 2015). Thus, although
a continuous N fertilizer input of 120 kg hm−2 can maintain
the basic fertility of the soil, the crop often does not achieve
the corresponding theoretical yields due to nutrient loss via
absorption and transformation.

Diversity and Composition of
Rhizosphere Soil Bacterial Communities
Under Different N Application Levels
Rhizosphere soil microorganisms are important catalysts for the
transformation of soil nutrients, and their activity can effectively
promote fertilizer decomposition and ammonium nitration to
facilitate nutrient absorption by crop roots (Potthast et al., 2012).
Although an appropriate input of N fertilizer can effectively
promote bacterial richness and diversity (Yang et al., 2018),
mismatches can develop between the degradation capacity of
the rhizosphere soil bacteria and the amounts of material to be
degraded as a consequence of the excessive application of the
N fertilizer, thereby resulting in an excessive accumulation of
fertilizer and rhizosphere soil hardening (Herzog et al., 2015).
This, in turn, has the effect of inhibiting the activities of the
soil bacteria and causing a rapid decline in the diversification
of rhizosphere soil bacterial communities (De Carvalho et al.,
2016). These effects were well demonstrated in the present
study, in which we found that the number of bacterial OTUs
in the rhizosphere soils treated with N120 and N180 increased to
different degrees compared with the no N fertilizer input, whereas
in response to an N fertilizer input of 360 kg hm−2, we observed
a marked decrease in the number of bacterial OTUs.

Acidobacteria and Proteobacteria are the most prominent
groups in rhizosphere soil bacterial communities and also the
main rhizosphere soil bacteria associated with crop plants (Zhou
et al., 2017). Acidobacteria are a group of oligotrophic bacteria
that are typically found in nutrient-poor and highly acidic soil
environments, and they have the capacity to degrade complex and
recalcitrant carbon sources (Fierer et al., 2003). In the present
study, we found that the species richness of Acidobacteria was
highest in the rhizosphere soil under the N0 treatment, and this
richness was significantly reduced following N fertilizer input
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FIGURE 5 | Correlations between dominant phyla of soil bacteria and
environmental factors under different long-term nitrogen applications. N0-1,
N0-5, and N0-10 represent the first, fifth and tenth year of the 0 kg N hm−2

treatment, respectively. A similar notation has been used for the other fertilizer
treatments. Labels (A–C) represent the first, fifth and tenth year of fertilizer

(Continued)

FIGURE 5 | Continued
treatments respectively. The points in the figure with different colors or shapes
represent the sample groups under different environments or conditions; The
red arrows represent quantitative environmental factors, and the length of the
environmental factor arrows can represent the degree of environmental
factors’ influence on the species data (explanatory quantity). The included
angle between arrows of environmental factors represents positive and
negative correlation (acute angle: positive correlation; obtuse angle: negative
correlation; right angle: no correlation); From the sample point to the arrows of
the quantitative environmental factors, the distance between the projection
point and the origin represents the relative influence of the environmental
factors on the distribution of the sample community, and the direction of the
points and arrows represents the positive and negative correlation.

and showed a further gradual trend of decrease in response to
increasing N fertilizer input.

The N fertilizer is rapidly solubilized in the rhizosphere soil to
form NO3

−, which is readily absorbed by the crop root systems,
and in response to the spike in soil NO3

−, the rhizosphere
bacteria must mount a short-term reaction to deal with the initial
stress induced by fertilization, the magnitude of which increases
with an increase in N fertilizer input (Fujii, 2014; Ellen et al.,
2009). Among the other prominent bacterial phyla, we found that
the average relative richness of Patescibacteria, Bacteroidetes, and
Actinobacteria showed a trend of gradual increase with increased
N fertilizer inputs during the first year of the present study, and
Patescibacteria and Actinobacteria showed significant positive
correlations with soil NO3

−. On the basis of these observations,
it can thus be inferred that short-term N fertilizer input affects
the predominant rhizosphere soil bacterial species by altering the
content of NO3

− in soil.

Response Mechanism of Rhizosphere
Soil Bacteria Under Continuous Supply
of N Fertilizer at Different Dosages
A wide variety of compounds released by plant roots can result
in changes in the organic compounds in the rhizosphere soil
and create unique microenvironments for soil microorganisms,
which in turn affects the rhizosphere soil bacteria activity (Jia
et al., 2015). It is well understood that soil biological activity plays
an important role in soil fertility in unique microenvironments
(Xu et al., 2009). Previous studies have shown that the total
soluble sugars, free amino acids, soluble phenolic acids, and
organic acids in the rhizosphere soil are mainly derived from
the root exudates of wheat and microbial metabolism (Walker
et al., 2003). Thus, the formation of wheat roots depends
on the decomposition and transformation of nutrients by the
rhizosphere soil microorganisms.

It has been established that long-term continuous input of
the N fertilizer results in decreases in the diversity and size of
the rhizosphere soil microbial communities (Zhang et al., 2016).
During the 10 years of continuous treatment, the number of
OTUs in the populations of rhizosphere soil bacteria gradually
decreased in response to higher rates of N fertilization, and
whereas the populations of the dominant bacterial species
involved in N fertilizer decomposition were promoted, the overall
richness of the dominant species declined (Zhou et al., 2015).
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FIGURE 6 | Relationships between the dominant soil bacteria and environmental factors. N0-1, N0-5, and N0-10 represent the first, fifth, and 10th year of the 0 kg N
hm−2 treatment, respectively. A similar notation has been used for the other fertilizer treatments. X and Y are the environmental factors and species, respectively,
and the correlation R-value and P-value are obtained by calculation. The R-value is shown in different colors in the figure. If the P-value is < 0.05, it is marked with an
asterisk. The legend on the right is the color interval of the different R-values. Cluster trees of the species and environmental factors are presented on the left and
upper parts. *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001.

With the exception of the N0 and N360 treatments, the diversity
of the rhizosphere soil bacterial community was significantly
reduced in response to the continuous application of the N
fertilizer (Table 1).

Continuous N fertilizer input alters the nutrient status of
the soil, and this status can serve as an index to indicate how
environmental factors influence the rhizosphere soil microbial
community (Luo et al., 2017). Studies have shown that the soil

pH, organic C, N availability, and other soil properties have
various effects on bacterial diversity (Horn et al., 2014). One of
the consequences of the long-term application of N fertilizer is
a decrease in soil pH, which is presumed to lead to a decrease in
diversity, based on the fact that the soil pH is positively correlated
with bacterial diversity in arable soils and that most bacterial taxa
exhibit relatively narrow growth tolerances, particularly within
the pH 4–7 range (Johannes et al., 2010).
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FIGURE 7 | Correlations among the yield, nitrogen application, and dominant soil bacteria. N0-1, N0-5, and N0-10 represent the first, fifth, and 10th year of the 0 kg
N hm−2 treatment, respectively. A similar notation has been used for the other fertilizer treatments. The R value is shown in different colors in the figure. If the P-value
is < 0.05, it is marked with an asterisk. The legend on the right is the color interval of the different R-values. Cluster trees of the species and environmental factors
are presented on the left and upper sides. *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001.

In the present study, we found that Proteobacteria,
Actinobacteria, Acidobacteria, Chloroflexi, and Bacteroidetes
were negatively correlated with the soil pH to varying degrees.
Acidobacteria, some species of which are fastidious oligotrophic
bacteria, are known to be suppressed following N input (Kielak
et al., 2008). In this study, we found that the average relative
richness of Actinobacteria increased significantly with an increase
in N fertilizer dosage and an increase the year of N application,
and Actinobacteria were extremely significantly correlated with
the soil pH. Thus, trends in the average relative richness of
Actinobacteria can be considered indicative of the fact that the
long-term application of N leads to a decrease in soil pH.

Rhizosphere soil bacteria have various mechanisms that are
deployed in response to the presence of N and phosphate–
potassium fertilizers, and the inputs of these fertilizers can have
both favorable and unfavorable effects on different bacterial
communities (Rousk et al., 2010). In the present study, we found
that the average relative richness of the dominant bacteria, along

with that of Actinobacteria, in the rhizosphere soil of wheat
decreased significantly under the long-term application of N.
Previous research has shown that the richness of bacteria such
as Patescibacteria and Bacteroidetes has a positive effect on
N-containing biosynthetic products (Lorig-Roach et al., 2017),
and we found that the richness of bacteria in these two phyla
showed a very significant correlation with wheat yield in the
first 5 years of continuous N application, during which time
the average relative richness of Patescibacteria and Bacteroidetes
initially increased and then decreased with an increase in N
application, reaching the highest value under N180. Thus, a
decrease in the relative richness of the dominant species of
rhizosphere soil bacteria is probably one of the factors leading to a
decrease in wheat yield under long-term N fertilization. However,
a limitation of this study is that it was conducted at only a single
site in the North China Plain. Thus, we were unable to make
multipoint comparisons, which would have enabled us to assess
the influence of factors such as soil type and climate.
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CONCLUSION

The numbers of soil bacteria OTUs decreased to varying extents
in response to the long-term application of different levels of
N fertilizer, and wheat yields were significantly correlated with
the average relative richness of Patescibacteria and Bacteroidetes.
An appropriate N fertilizer input (N180) could still maintain a
reasonably high average relative richness. Short-term N fertilizer
input was found to affect the predominant bacterial species via
altering the soil NO3

− contents. Long-term N fertilization can
significantly affect most of the dominant soil bacterial species
via changing the soil pH. The richness of Actinobacteria can
serve as an indicator of a decreased soil pH caused by long-
term N fertilization. We also found that bacteria in the phyla
Proteobacteria and Gemmatimonadetes appear to be unaffected
by the N fertilizer and the soil environmental factors we assessed
(pH, C/N ratio, and NO3

−).
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