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1 Introduction

Fertilization is an essential agricultural practice to increase
crop yield and quality by improving soil nutrients, which can
change soil physical and chemical properties and microbial

communities (Marschner et al., 2003; Li et al., 2017).
Chemical fertilization is the most common practice in
agricultural production. However, large amounts of chemical
fertilizer have been applied to soil over the past few decades
to feed a growing world. Excessive chemical fertilizer
application can cause a series of environmental problems,
such as soil degradation, nitrogen (N) leaching, greenhouse
effects (Sun et al., 2015; Wang et al., 2018), and consequently
decreases in crop yields (Horrigan et al., 2002). Therefore,
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A B S T R A C T

Long-term application of chemical fertilizers causes soil degradation and nitrogen (N) loss, but

these effects could be alleviated by organic fertilizers. In addition, crop rotation is a feasible

practice to increase soil fertility, soil quality and crop yields comparing with monocultural

cropping patterns. However, questions remain concerning how the soil microbiome responds

to different manure application rates under crop rotations. Here, we collected soil samples from

a rice-rape system to investigate the response of the soil microbiome to nine years of pig

manure application at different rates (CK: 0 kg ha-1, M1: 1930 kg ha-1, M2: 3860 kg ha-1 and

M3: 5790 kg ha-1). Our results revealed that the bacterial α-diversity (Chao1 and Shannon

index) in the rape season increased first and then decreased with increasing manure

application rates, and a high manure load tended to decrease the bacterial α-diversity in the

rice season. Long-term manure application enriched some copiotrophic bacteria, such as

Proteobacteria and Actinobacteria, while it decreased the relative abundance of Nitrospirae.

Redundancy analysis (RDA) and the Mantel test indicated that soil pH, TC, TN, AP, C/P and

N/P ratios were the main factors influencing bacterial communities. Moreover, network

analysis showed that a low manure application rate shaped a complexly connected and stable

bacterial community, while higher manure application rate decreased the stability of the

bacterial network. These findings improve our understanding of bacterial responses to long-

term manure application under crop rotations and their relationships with soil factors,

especially in the context of increasing fertilizer inputs.
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new and environmentally friendly strategies are urgently
needed to mitigate the adverse effects of the long-term
application of chemical fertilizers.

It is well known that organic fertilizers such as manures,
composts and crop residues can increase soil quality and
plant growth by supplying nutrients (Reeves, 1997; Cavag-
naro, 2014). Organic amendments can maintain soil produc-
tivity (Steiner et al., 2007), increase soil carbon (C) stocks
(Mando et al., 2005; Hemmat et al., 2010), improve soil
structure and water retention (Yu et al., 2012) and suppress
various soil-borne diseases (Bailey and Lazarovits, 2003;
Litterick et al., 2004). For example, substituting livestock
manure for synthetic N fertilizer significantly increases crop
yield and soil organic carbon (SOC) sequestration and
decreases N loss via a global meta-analysis (Xia et al.,
2017). In addition, numerous studies have indicated that crop
rotation is an alternative strategy to increase soil fertility,
maintain soil quality and increase crop yield when compared
with monocultural cropping patterns (Xuan et al., 2012;
Tiemann et al., 2015; Venter et al., 2016). Crop rotation is
also used for breaking weed and disease cycles, and for
maintaining soil structure (Smith et al., 2008).

Soil microorganisms play a critical role in maintaining soil
quality, productivity and ecological balance through biogeo-
chemical processes such as nutrient cycling and residue
decomposition (Li et al., 2014; Liu et al., 2019). Numerous
studies have addressed how different fertilization regimes
alter the diversity and structure of bacterial community. For
example, 34 years of fertilizer application causes a reduction
in both bacterial biodiversity and abundance (Zhou et al.,
2015). In contrast, the application of NPK fertilizer combined
with manure is found to maintain bacterial diversity (Sun et al.,
2015). The relative abundance of some copiotrophic bacteria
is usually induced by organic fertilizer (Hartmann et al., 2015;
Wang et al., 2017), while oligotrophic bacteria such as
Bacteroidetes and Acidobacteria are enriched by chemical
fertilizer (Wang et al., 2017). It is widely acknowledged that
fertilizer type is an important factor affecting soil microbial
communities (Zhong et al., 2010; Zhang et al., 2012).
However, only a few studies have focused on the changes
in soil bacterial communities driven by different rates of
manure application. A previous study with different manure
doses (5%, 10%, 15%, 20%, 25%) demonstrates that 10%
manure application is optimal for apple orchards and the soil
become more biologically active under those conditions (Sun
et al., 2014). The soil microbial community and diversity vary
among crop species (Reinholdhurek et al., 2015). Crop
rotations lead to a greater abundance and diversity of plant
litter, which in turn can support a greater diversity of microbial
decomposers in soil (Kennedy, 1999). Crop rotation has a
positive effect on the abundance of beneficial microorganisms
(Warembourg et al., 2003; Larkin and Honeycutt, 2006) and
suppresses disease (Peters et al., 2003; Mendes et al., 2011).
For example, rice-mungbean-rice rotation harbours more
bacteria clustering with the beneficial Herbaspirillum sp. and
B. vietnamensis belonging to b-Proteobacteria (Xuan et al.,

2012). Hence, understanding the shifts in soil bacterial
community structure and composition following different
manure amendment rates, especially under crop rotation
systems, may have significant implications for the develop-
ment of sound management strategies for agroecosystems.

Fertilization affects microbial communities through influ-
ence on soil nutrient contents and chemistry (Peacock et al.,
2001; Zhong et al., 2010), and crops impact the soil microbiota
through root exudates and plant residues by altering soil C
inputs and nutrient availability (Ai et al., 2015).The soil
bacterial community is a potential indicator to assess the
environmental impacts of agricultural practices on soil quality
(Sharma et al., 2011) and is sensitive to change in the soil
environment from human activities and natural disturbance
(Yin et al., 2010). Previous studies have emphasized the
importance of soil variables to bacterial communities with
different fertilizer regimes. For instance, soil pH and available
N significantly influence bacterial communities (Kumar et al.,
2018). Similarly, another long-term fertilization study demon-
strates that soil bacterial diversity and communities are
shaped by changes in soil pH rather than the direct effect of
nutrient addition (Zhang et al., 2017). Furthermore, SOC (Li et
al., 2017; Ji et al., 2018) and available phosphorus (AP)
contents (Yang et al., 2017; Zhou et al., 2017) are also found
to be important factors influencing soil bacterial communities.
Therefore, it is critical to further investigate the relationship
between soil factors influenced by agricultural production
practices such as fertilization and crop rotation and bacterial
communities.

In the present study, soils collected from a paddy soil with a
rice-rape cropping system in South China were subjected to 9
years of manure application with various rates. The Illumina
MiSeq sequencing platform was used to characterize the
responses of the bacterial communities to the different long-
term manure application rates during rice and rape seasons.
We hypothesized that the different long-term manure fertiliza-
tion rates and crop rotation could result in shifts in the bacterial
diversity and community, and such shifts might be partly
caused by changes in soil physicochemical properties
following long-term manure application and crop rotation.

2 Materials and methods

2.1 Site description and design

The field experimental site was located in Jiaxing city (30°50′
N, 120°40′E) in the Taihu Lake region, Zhejiang Province,
China. This area has a subtropical monsoon climate with
mean annual rainfall and temperatures of 1200 mm and
15.7°C, respectively. The experiment began in 2005 and has
continued since then. A rice-rape (Brassica napus) rotation
was the common cropping system, where the rice season
lasted from June to November and the rape season lasted
from November to May. The soil was classified as a gleyed
paddy soil derived from riverine-lacustrine sediments. At the
beginning of the experiment, the soil of the plough layer had a
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pH (soil to water ratio was 1:2.5) of 6.9, organic C of 18.2
g kg-1, total N of 2.65 g kg-1, total P of 1.51 g kg-1 and soil
cation exchange capacity (CEC) of 8.12 cmol kg-1 (Liang et
al., 2013).

Four treatments were arranged in a randomized complete
block design with three replications in 12 plots (4 m � 5 m)
consisting of soil without fertilizer (control, CK) and three N
application rates (90, 180, and 270 kg N ha-1) applied as pig
manure (M1, M2 and M3). The total N and P2O5 in manure
were 37.3 g kg-1 and 29.0 g kg-1, respectively. Eighty percent
of pig manure was applied as the basal N fertilizer, and the
remaining 20% of the N was applied as urea in two equal
topdressing doses. Thus, the total amounts of manure in the
CK, M1, M2 and M3 treatments were 0, 1930, 3860 and 5790
kg ha-1, respectively. Guard plots planted with rice were
established around the entire experimental area to reduce
edge effects. The rice hill spacing was 15 by 15 cm, and the
rape hill spacing was 40 by 50 cm. The local dominant
cultivars of rice and rape were selected for the experiment.
Field practices, such as field preparation, tillage, puddling,
irrigation, and weed control, were performed according to the
local farmers. Irrigation water was maintained 5 to 8 cm above
the ground before the maturity period of rice and drained
during the rape season with 60% water content in the topsoil.

2.2 Sampling and soil properties analysis

Soil samples of rice season and rape season were collected in
November, 2013 and May, 2014, respectively. For each plot,
soil samples were collected from 5 random locations a depth
of 0–15 cm and were mixed as one soil sample for each
replicate, with aboveground plant materials, roots, and stones
removed. All the soil samples were immediately transported
on ice to the laboratory. A portion of the soils was used for
physicochemical property analysis, and a sub-sample was
used for DNA extraction and Miseq sequencing.

Soil pH was measured using a Satorius basic pH meter
(Sartorius Scientific Instruments Co. Ltd., Beijing, China) with
a 1:2.5 soil to water ratio. The total C (TC) and N (TN) were
determined using an elemental analyzer (Elementar Analy-
sensysteme GmbH., Germany). Soil total P was determined
by the molybdenum antimony anti-colorimetric method.
Available P in soil was extracted by sodium bicarbonate and
determined using the molybdenum blue method (Olsen,
1954). Available potassium in soil was extracted by ammo-
nium acetate and determined with flame photometry (nova
300, Analytic Jena, Germany) (Carson, 1980). Mineral N in
soil was extracted with 1 M KCl in a 1:10 soil to solution ratio
for 1 h, and the extracts were measured by a flow injection
analyzer (SAN ++ , Skalar, Netherlands).

2.3 DNA extraction, MiSeq sequencing and data analysis

Soil total DNA was extracted using 0.5 g fresh soil with a
FastDNA spin kit for soil (MP Biomedicals, OH, USA)
according to the manufacturer’s protocol. The concentration
and quality of DNA were determined by a Nanodrop spectro-

photometer (NanoDrop Technologies, Wilmington, DE, USA)
and gel electrophoresis, respectively, and the DNAwas stored
at -20°C until ready for MiSeq sequencing.

Bacterial 16S rRNA gene amplification of the V4-V5 region
was conducted using the primer pair 515F (5¢- GTG CCA
GCM GCC GCG G-3¢) and 907R (5¢- CCG TCA ATT CMT
TTR AGT TT- 3¢) (Stubner 2002). The 20 μL PCR contained
4 μL of 5 � FastPfu Buffer, 0.4 μL (2.5 U/μL) of TransStart
Fastpfu polymerase (TransGen, Beijing, China), 0.8 μL (5 μM)
of each forward/reverse primer, 2 μL (2.5 mM) of dNTP, 10 ng
of DNA template and Milli-Q water to the final volume. The
thermal conditions were as follows: 3 min at 95°C; 27 cycles of
30 s at 95°C, 30 s at 55°C, and 45 min at 72°C; and 10 min at
72°C. PCR products were purified using a QIAquick PCR
purification kit (Qiagen, Shenzhen, China) and quantified
using a Nanodrop spectrophotometer (Thermo Scientific,
Waltham, MA, USA). The size and quality of PCR products
were examined on a 2% agarose gel. The purified and
quantified amplicons were pooled in equimolar concentra-
tions, and the paired-end 250 bp reads were run on an
Illumina MiSeq apparatus using MiSeq Reagent Kit V2
according to the manufacturer’s instructions. The sequence
data were submitted to the National Center for Biotechnology
Information (NCBI) Sequence Read Archive with accession
number SRP229408.

The raw sequencing data were processed using Quantita-
tive Insights into Microbial Ecology (QIIME) software (Capor-
aso et al., 2010). Sequences with mismatched primers,
ambiguous characters, quality scores below 20 and read
lengths shorter than 200 bp were excluded from the analysis.
Chimeras were deleted and removed using UCHIME (Edgar
et al., 2011). In total, 887 882 high-quality sequences were
obtained with an average length of 396 bp from all 24
samples. These sequences were clustered into operational
taxonomic units (OTUs) at 97% identity using UCLUST
(Edgar, 2010), and 5520 OTUs were obtained. OTU table
was rarefied according to the sample with the lowest number
of reads (17733 reads). OTU taxonomic classification was
conducted by the Ribosomal Database Project (RDP)
classifier (Sul et al., 2011) using the Silva 16S rRNA database
(Release 123) with a confidence threshold of 70%.

2.4 Community bioinformatics and statistics

Community richness and diversity were estimated using the
Chao1 and Shannon index, respectively, and differences in α-
diversity among treatments were assessed by box plots and
analysis of variance (ANOVA). The relationships between α-
diversity and soil physicochemical properties were analyzed
by the Pearson correlation coefficient. Linear discriminant
analysis effect size (LEfSe) was performed at http://hutten-
hower.sph.harvard.edu/lefse/ (Segata et al., 2011) to investi-
gate the potential biomarkers within soil microbiomes
specifically enriched in each treatment during the rice and
rape seasons based on P<0.05 and a LDA score > 3.0.
Principal coordinate analysis (PCoA) was used to assess the
differences in microbial communities based on Bray–Curtis
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similarity matrices in R (v3.4.0). Redundancy analysis (RDA)
was used to identify the relationship between soil microbial
communities and edaphic variables with the vegan package in
R. Variance partitioning analysis (VPA) was conducted to
quantify the relative contributions of soil chemical properties,
manure rates and the cropping system using the “vegan”
package in the R environment. Permutational multivariate
analysis of variance (PERMANOVA) based on Bray–Curtis
distance matrices was performed in the vegan package. The
relationships between various edaphic variables were ana-
lyzed by Spearman correlations in R. The associations of soil
bacterial communities and edaphic variables were estimated
by the Mantel test (Diniz-Filho et al., 2013). Random forest
analysis was used to evaluate the associations between soil
bacteria (top 15 phyla) and edaphic variables using the
randomForest in R package (Bahram et al., 2018).

Network analysis was conducted on bacterial OTUs and
soil properties by the Cytoscape (v3.6.1) plugin CoNet (Faust
and Raes, 2012). The OTUs with a summed relative
abundance less than 0.01% were removed from the network
analysis (Ma et al., 2016). The analysis was performed with
Bray–Curtis distance, Kullback-Leibler dissimilarity, Person
and Spearman correlation (Faust and Raes, 2012) with a
threshold of 0.7. For each edge and measure, permutation
and bootstrap distributions were generated with 1000 itera-
tions. The P values were merged using Brown’s method
(Brown, 1975) and then adjusted by Benjamini-Hochberg
multiple-test corrections (Benjamini and Hochberg, 1995).
Network topological characteristics were calculated using the
NetworkAnalyser tool in Cytoscape (Li et al., 2017). The
networks were visualized by the Fruchterman–Reingold
layout in the Gephi (v 0.9.1) program (Bastian et al., 2009).

3 Results

3.1 Soil physicochemical properties

The long-term application of different manure rates had
impacts on the soil physiochemical properties during rice

and rape seasons (Table 1). Manure application significantly
(P<0.05) increased soil pH compared with those in the CK
treatments in both seasons. However, no significant differ-
ences were found among manure treatments except for that
between M1 and M3 treatments in the rice season. Significant
(P<0.05) differences in soil TC were observed between all
treatments in the rice and rape seasons except for that
between M2 and M3 treatments in the rape season. The soil
TN content increased progressively with increasing manure
rate, and the M3 treatments had the highest TN of 5.87 g kg-1

and 4.20 g kg-1 in the rice and rape seasons, respectively. The
soil AP content was significantly (P<0.05) enhanced by the
different amounts of manure in all treatments except for the
M1 and M2 treatments in the rice season. In addition, the AP
contents in the rape season were significantly higher
(P<0.05) than those in the rice season in the corresponding
manure treatments. For soil available potassium (AK), M1 and
M2 significantly (P<0.05) decreased the AK content by
50.3% and 39.3% in the rice season, respectively, but
increased the AK content in the rape season in comparison
to the CK. However, there were no significant differences in
the soil NH4

+-N contents between the treatments. The soil
NO3

–-N content first increased and then decreased, with the
highest concentrations of 22.69 mg kg-1 and 112.47 mg kg-1 in
the M2 treatments during the rice and rape seasons,
respectively. Similarly, the NO3

–-N contents in the rape
season were significantly (P<0.05) higher than those in the
rice season in the corresponding treatments. C/P and N/P
ratios increased in the rice season and decreased in the rape
season with increasing manure rates.

3.2 α-diversity and bacterial community composition

The Chao 1 and Shannon index were used to measure the
microbial alpha-diversity of each soil sample (Fig. 1). In the
rape season, the Chao 1 and Shannon index increased first
and then decreased with increasing manure rates and
reached the highest values of 4285 and 6.84 in the M2
treatment, respectively (Fig. 1). In the rice season, the
Shannon index decreased with increasing manure amount
(Fig. 1B), and long-term manure application had no significant

Table 1 Soil properties in different manure treatments.
Treatment pH TC

(g kg–1)
TN
(g kg–1)

TP
(g kg–1)

AP
(mg kg–1)

AK
(mg kg–1)

NH4
+-N

(mg kg-1)
NO3

–-N
(mg kg–1)

C/N C/P N/P

Rice CK 6.98c 29.8d 2.90c 1.41d 7.7c 163a 13.58a 1.00c 10.3a 21.0c 2.0b

M1 7.31b 38.6c 3.73bc 1.59c 45.6b 81b 17.87a 3.32c 10.3a 24.3b 2.3b

M2 7.51ab 44.1b 4.87ab 1.68b 53.9b 99b 20.60a 22.69a 9.2a 26.2b 2.9ab

M3 7.68a 51.2a 5.87a 1.75a 98.9a 166a 18.02a 9.85b 9.0a 29.2a 3.3a

Rape CK 6.91b 24.9c 2.30c 1.21d 12.6d 81c 12.65a 66.68b 10.8a 20.6a 1.9a

M1 7.51a 34.4b 3.27b 2.33c 78.9c 91bc 12.76a 107.81a 10.5ab 14.8b 1.4b

M2 7.67a 40.8a 3.93a 2.87b 152.6b 106a 16.04a 112.47a 10.3ab 14.2b 1.4b

M3 7.55a 43.0a 4.20a 3.17a 172.9a 100ab 15.87a 56.23b 10.3b 13.6b 1.3b

CK, M1, M2 and M3 represent manure application rates of 0, 1930, 3860 and 5790 kg ha–1 , respectively. TC, TN, TP, AP and AK represent soil

total carbon, total nitrogen, total phosphorus, available phosphorus and available potassium contents, respectively. Values are means for triplicate

replicates. Different letters indicate significant differences (P<0.05) based on the analysis of variance.
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effect on the Chao 1 index in the rice season (Fig. 1A). In
addition, the Shannon index in the CK and M1 treatments
during the rice season was significantly (P<0.05) higher than
that during the rape season (Fig. 1B). The Chao 1 index was
significantly (P<0.05) affected by manure rates, cropping
system and the interactions between these two factors, while
the Shannon index was significantly (P<0.05) affected by the
cropping system and the interactions between manure rates
and cropping system (Fig. 1).

Proteobacteria (31%-41%), Chloroflexi (18%-21%) and
Acidobacteria (11%-14%) were the dominant phyla across
treatments (Fig. 2). The relative abundance of Proteobacteria
in the rice season increased significantly from 36.2% in CK to
41.3% in M3 (P<0.05), and small but not significant increases
were observed in the M1 and M2 treatments compared with
CK (P = 0.159). In the rape season, the relative abundance of
Proteobacteria increased significantly (P<0.05) from 31.0%
in CK to 35.8%, 36.6% and 38.4% in the M1, M2 and M3
treatments, respectively. The relative abundance of Chloro-
flexi in the rape season exhibited a small but not significant (P
= 0.223) increase with the increase in the manure application
rate. The relative abundance of Bacteroidetes increased first
and then decreased with increasing amounts of manure and
reached the highest abundances of 8.7% and 5.4% in the rice
and rape seasons, respectively. Furthermore, Bacteroidetes
abundance in the rape season was lower than that in the rice
season. M2 and M3 significantly (P<0.05) increased the
relative abundance of Actinobacteria from 2.8% in CK to 4.0%
in the rice season and from 2.6% in CK to 6.0% in the rape
season. In contrast, long-term manure application led to a
decrease in the relative abundances of Nitrospirae, Latesci-
bacteria and Chlorobi. Specifically, the relative abundance of
Nitrospirae decreased significantly (P<0.01) from 7.8% and
13.0% in CK to approximately 4.0% in the M3 treatment during
the rice and rape seasons, respectively. Similarly, the relative

abundance of Chlorobi decreased significantly (P<0.01) from
0.8% and 1.2% in CK to 0.5% and 0.3% in the M3 treatment
during the rice and rape seasons, respectively.

Hydrogenophilaceae (14%-21%), Nitrosomonadaceae
(10%-15%) and Xanthomonadaceae (7%-11%) were the
three most abundant families in Proteobacteria across all
treatments (Fig. 3). Manure application increased the relative
abundance of Hydrogenophilaceae in all treatments except
for M2 in the rice season, but there was no significant
difference among treatments (P = 0.256 and 0.260 in the rice
and rape seasons, respectively). In the rice season, the M2
and M3 treatments significantly (P <0.05) increased the
relative abundances of Nitrosomonadaceae and Rhodospir-
illaceae compared with those in CK, while the relative
abundances of Xanthomonadaceae and Syntrophaceae
significantly (P < 0.05) decreased. Manure amendment
increased the relative abundance of Acidiferrobacteraceae
from 1.23% in CK to 5.3%, 6.6% and 8.6% in M1, M2 and M3
treatments, respectively (Fig. 3A). For the rape season, long-
term application of manure increased the relative abundances
of Nitrosomonadaceae, Acidiferrobacteraceae, Rhodospirilla-
ceae and Hyphomonadaceae, especially Acidiferrobactera-
ceae, which increased significantly (P<0.05) by 2.8, 4.6 and
4.8 times in M1, M2 and M3 compared with CK, respectively.
However, the relative abundances of Gallionellaceae and
Syntrophorhabdaceae decreased with manure application,
especially Gallionellaceae, which decreased significantly
(P<0.05) from 17.5% in CK to 8.6%, 5.8% and 3.5% in the
M1, M2 and M3 treatments, respectively (Fig. 3B).

3.3 Specific bacterial taxa modulated by manure application

LEfSe analysis from the phylum to the genus level was used
to find the representative biomarkers (specific abundant taxa)
of the different treatments during the rice and rape seasons

Fig. 1 Alpha-diversity measurements of Chao 1 (A) and Shannon index (B) in control treatment (CK) and with manure

application rates of 1930, 3860 and 5790 kg ha-1 (M1, M2 and M3, respectively) in rape (A) and rice (R) seasons. Different letters

indicate significant differences (P<0.05) based on the analysis of variance. Also, the effects of manure rates, cropping system

and their interactions on the bacterial α-diversity were calculated by sequential ANOVA. *, **, and *** mark significance atP<0.05,

0.01, and 0.001, respectively.
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(Fig. 4). A total of 41 and 67 bacterial taxa with LDA scores
of > 3 were selected as biomarkers of the different treatments
in the rice and rape seasons, respectively (Fig. S1).
Specifically, in the rice season, Spirochaetae and Nitrospirae
at the phylum level and Spirochaetes, Nitrospira and
Pseudolabrys at the genus level were enriched in the CK
treatments. Desulfobacterales and Syntrophobacterales at
the order level and Desulfobulbus at the genus level were
enriched in the M1 and M2 treatments. Micrococcales,
Rhodocyclales and Pseudomonadales were also enriched in
the M2 treatments. In the M3 treatment, Gammaproteobac-
teria, Actinobacteria and Planctomycetales at the phylum
level and Nitrosomonadaceae, Planctomycetaceae, Rhodos-
pirillaceae at the family level were enriched (Fig. 4A and Fig.
S1a). For the rape season, Nitrospirae, Latescibacteria,
Spirochaetae and Armatimonadetes at the phylum level and
Nitrospira, Sideroxydans and Pseudolabrys at the genus level
were enriched in the CK treatments. Desulfobulbaceae and
Syntrophobacterales were enriched in the M1 treatment, and
Actinobacteria, Saprospiraceae and Acidimicrobiales predo-
minated in the M2 treatment (Fig. 4B and Fig. S1b). In the M3
treatment during the rape season, Xanthomonadales, Acid-

iferrobacter, Pseudomonadales, Moraxellaceae and Acineto-
bacter belonging to Gammaproteobacteria were enriched.
The bacterial lineages from Flavobacteriia (class) to Flavo-
bacterium (genus) were also enriched in the M3 treatment
(Fig. 4B and Fig. S1b).

3.4 Effect of environmental variables on bacterial community

Pearson correlation analysis indicated close relationships
between the α-diversity and edaphic variables (Table S1). The
Chao 1 index was significantly positively correlated with soil
pH (r = 0.772, P<0.01), TC (r = 0.793, P<0.01), TN (r = 0.760,
P<0.01), AP (r = 0.835, P<0.01), AK (r = 0.670, P<0.05) and
NH4

+-N (r = 0.637, P<0.05) but negatively correlated with C/P
(r = -0.849, P<0.001) and N/P (r = -0.856, P<0.001) in the
rape season. In the rice season, there were significantly
negative correlations between the Shannon index and pH (r =
-0.674, P<0.05), TC (r = -0.832, P<0.01), TN (r = -0.697,
P<0.05) and AP (r = -0.872, P<0.001) but positive correla-
tions with C/P (r = 0.850, P<0.001) and N/P (r = 0.822,
P<0.001). In contrast, soil pH (r = 0.744, P<0.01), TC (r =
0.694, P<0.05), TN (r = 0.650, P<0.05) and AP (r = 0.712,

Fig. 2 Relative abundance of the soil bacterial community composition at the phylum level. Bubble size corresponds to the

relative abundance. All other designations are the same as those in Fig. 1.

Haiyang Liu et al. 109



P<0.01) were significantly positively correlated with the
Shannon index, but C/P (r = -0.767, P<0.01) and N/P (r =
-0.774, P<0.01) were significantly negatively correlated with
the Shannon index in the rape season (Table S1).

PCoA revealed that more than half of the variation in the
bacterial community could be explained by the first two
principal coordinates, with the first principal coordinate axis
accounting for approximately 37% of the total variation and

the second accounting for approximately 14% (Fig. 5A).
Samples from manure treatments were separated from those
from the CK treatment in the rice and rape seasons along the
first principal coordinate axis. However, samples from the M2
and M3 treatments were close to each other, especially in the
rice season. Furthermore, soil samples from the rice and rape
seasons in the corresponding treatments were separated on
the second axis (Fig. 5A). PERMANOVA further showed that

Fig. 3 Relative abundance of the 15 most abundant bacterial proteobacteria families in rice (A) and rape (B) seasons. Each

stripe represents the mean of three replicates and error bars represent the standard errors of the triplicate values. * mark

represents significant differences at P<0.05 compared with CK.

Fig. 4 Linear discriminant effect size analysis cladogram of comparison results among different treatments in rice (A) and rape (B)

seasons. Red, green, blue and purple circles stand for taxa that were abundant in the CK, M1, M2 and M3 treatments, respectively.

Only taxa meeting a linear discriminant analysis significance threshold of 3 were shown. The six rings of the cladogram stand for

domain (innermost), phylum, class, order, family, and genus.
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rice and rape seasons and different manure application rates,
except for the M2 and M3 treatments, had significant effects
on soil bacterial communities (Table 2). RDA was performed
to examine the associations between edaphic factors and
bacterial communities (Fig. 5B). The distribution of different
treatments in the RDA was similar to that in the PCoA. All
measured soil physicochemical properties were significantly
correlated with the bacterial community (P<0.05). Among
those factors, soil pH, TC, TN, AP, C/P and N/P ratios
exhibited great correlations with the bacterial community
(P<0.01) (Fig. 5B). Additionally, BIO-ENV analysis showed
the best correlations of pH, TC, C/P and N/P to the soil
bacterial community, and soil C/P was the most important
factor shaping bacterial community (Table 3). VPAwas carried
out to quantify the relative contributions of soil properties
(Table 1), manure rates and the cropping system and the
interactions between these factors to the soil bacterial
communities (Fig. 5C). These variables explained 72.7% of
the observed variation, and 27.3% of the variation was
unexplained. Of these independent variables, soil chemical

properties exhibited the largest significant impact on the soil
microbial taxonomic profile (37%) (P<0.05), followed by the
cropping system (2.7%) and manure rates (2.8%) (Fig. 5C).

Soil pH, TC, TN and AP exhibited significant and positive
correlations (Spearman’s test (r>0.6, P<0.001)). The C/P
and N/P ratios were strongly and negatively correlated (r>

Fig. 5 (A) Principal coordinate analysis (PCoA) of total soil microbial community based on the Bray–Curtis distance. (B)

Redundancy analysis (RDA) ordination plots quantifying the impacts of edaphic factors on soil bacterial community structure.

Double asterisks represent significance at P<0.01, based on 999 Monte Carlo permutations (C) Variance partitioning analysis

(VPA) map of the effects of soil chemical properties, manure rates, cropping system, and the interactions of these factors on the

microbial community. One and three asterisks represent significance at P<0.05 and P<0.001, respectively.

Table 2 The effects of manure rates and cropping system on the
bacterial community structure tested by permutational multivariate
analysis of variance (PERMANOVA) using Bray–Curtis distance
metrics.

R2 P

Rice�Rape 0.1524 0.003

CK�M1 0.234 0.016

CK�M2 0.382 0.005

CK�M3 0.447 0.001

M1�M2 0.156 0.034

M1�M3 0.221 0.002

M2�M3 0.079 0.581

The significant variations are shown in bold.
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-0.6, P<0.001) with soil pH, AP and NO3
–-N (Fig. 6A). The

Mantel test showed that soil pH, TC, TN, AP, C/P and C/P had
significant effects (P<0.01) on the composition of the soil
bacterial community (Fig. 6A). Furthermore, we used multiple
regression modeling to evaluate the biological associations of
the main microbiota at the phylum level with variations in soil
physicochemical properties (Fig. 6B). We found that most of
the determined soil factors contributed to the variations in soil
bacterial communities. The relative abundances of Proteo-
bacteria and Actinobacteria showed significantly positive
correlations with soil pH and TC (P<0.05) and Proteobacteria
was also significantly correlated with TN content (P<0.01).
On the contrary, the relative abundance of Nitrospirae was
significantly negatively correlated with soil pH, TC, TN and AP
(P<0.01) (Fig. 6B). Additionally, the soil C/P and N/P ratios
exhibited significantly positive correlations with the abun-
dances of Nitrospirae, Latescibacteria, Chlorobi, Spirochae-

tae and Verrucomicrobia but negative correlations with the
abundances of Actinobacteria and Aminicenantes (P<0.05)
(Fig. 6B).

3.5 Co-occurrence networks

To explore the complexity of bacterial connections and the
associations among OTUs and soil properties, co-occurrence
network analysis was performed (Fig. 7 and Fig S2). The co-
occurrence networks of bacterial communities were markedly
different between the CK and manure treatments. In general,
the number of correlations in the M1 treatment was
substantially higher than those in the CK, M2 and M3
treatments (Fig. 7 and Table S2). The bacterial community
exhibited 796 significant associations (edges) with 693 nodes
in CK, 1022 edges with 1052 nodes in the M1 treatment, 253
edges with 360 nodes in the M2 treatment and 218 edges with
302 nodes in the M3 treatment (Table S2). The networks of
CK, M1 M2 and M3 exhibited 2.297, 1.943, 1.406 and 1.444
neighbors on average and characteristic path lengths of
4.654, 7.191, 1.202 and 2.021 respectively (Table S2). With
respect to rice season and rape season, the network of rape
season had higher nodes and edges in comparison with rice
season (Table S2). The dominant identifiable OTUs in all
treatments belonged to Proteobacteria, Chloroflexi and
Acidobacteria (Fig. 7 and Fig. S2).TC, TN, pH, C/N, C/P and
N/P tended to be more connected with bacterial taxa than
other factors (Fig. S2c). For example, TC showed strong
positive associations with Anaerolineaceae and two Acido-
bacteria members and negative associations with Nitrospira,
one Verrucomicrobia member, Ferruginibacter, and one
Ignavibacteriae member. TN showed strong positive associa-
tions with one Acidobacteria member and one Gemmatimo-
nadetes member, while it was negatively associated with

Fig. 6 Relationships between edaphic variables and soil bacterial community. (A) Pairwise comparisons of edaphic variables

were displayed with a color gradient denoting Spearman’s correlation coefficients. Taxonomic groups were related to each

environmental factor by Mantel test. (B) Correlation and best random forest model for major taxonomic (phylum) of soil bacteria.

Circle size represents the variable’s importance (i.e., proportion of explained variation calculated via multiple regression

modeling). Colors represent Spearman correlations.

Table 3 BIO-ENVanalysis based on the Speraman’s rank correlation
coefficient (ρ), showing the association between soil bacterial commu-
nity and environmental variables.
Combined variables Spearman’s coefficient (ρ)

C/P 0.6941

TC +C/P 0.7459

TC +C/P + N/P 0.7621

pH + TC +C/P + N/P 0.7647

pH + TC +NO3
–-N + C/P + N/P 0.7571

pH + TC + AP + NO3
–-N + C/P + N/

P
0.7472

pH + TC + TN + AP + NO3
–-N + C/P

+ N/P
0.7399

pH + TC + TN + AP + NO3
–-N + C/P

+ C/N + N/P
0.6524
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Nitrospira. One Acidobacteria member, Geobacter and
Nitrospira were positively associated with pH. One member
in Hydrogenophilaceae was positively associated with AP. In
addition, C/N showed strong positive associations with
Roseiflexus, two Acidobacteria members and Geobacter.
C/P and N/P had significantly negative associations with one
Aminicenantes member and Hydrogenophilaceae (Fig. S2c).

4 Discussion

4.1 Effects of manure fertilization and crop rotation on
bacterial diversity

The results of the present study demonstrated that soil
physicochemical properties were significantly changed after 9
years of manure application in rice and rape seasons. Manure
fertilization induced increases in soil nutrients (i.e., TC, TN, TP
and available P) and soil pH, which was generally consistent

with the results of previous studies (Zhong et al., 2010; Wang
et al., 2017; Liu et al., 2018). Thus, organic fertilizers would be
essential to improve soil fertility. Long-term manure applica-
tion increased the bacterial richness and diversity in the rape
season (Fig. 1), which was consistent with the results of
previous studies in upland soils amended with organic
fertilizer (Ge et al., 2008; Hartmann et al., 2015; Sun et al.,
2015). The increases in soil pH and nutrient contents were
suggested to be significant factors for increasing bacterial
diversity (Table S1) (Ding et al., 2016; Yang et al., 2017).
However, this phenomenon was observed in only the rape
season and not in the rice season in the present study (Table
S1 and Fig. 1). In addition, the cropping system was found to
have a significant effect on soil bacterial diversity, especially
on the Shannon index (Fig. 1), which was in agreement with
the results of previous studies (Acosta-Martínez et al., 2008;
Zhao et al., 2014). The specific root exudates and litter of plant
and soil water dynamic changes may cause the differences in

Fig. 7 Network analysis revealing the associations among bacterial OTUs in CK (A), M1 (B), M2 (C) and M3 (D). Blue line and

red line represent strong positive linear (r>0.8) and strong negative linear (r< - 0.8) and relationships, respectively. Colored

nodes signify corresponding OTUs assigned to major phyla. The size of each node is proportional to the number of connections

(that is, degree).

Haiyang Liu et al. 113



bacterial diversity in rice and rape seasons (Venter et al.,
2016). There was no significant difference in bacterial
diversity in the rice season, and similar findings are observed
in paddy soil (Wu et al., 2011; Yang et al., 2019). Soil planted
with rice often experiences alterations of flooding and drying
(Wang et al., 2017), which would have greater influence on
bacterial diversity than fertilizer, and consequently effects
bacterial diversity. However, there was a decreasing tendency
of bacterial diversity under a high load of manure (M3) (Fig.
1B). Pig manure contains high levels of antibiotics (Zhao et al.,
2010), which might inhibit the influence of manure application
on soil bacterial diversity. In addition, the high availability of
rich substrate with a high manure application rate would
promote the growth of copiotrophic organisms, whose
predominance in turn reduced the diversity. A decreased
bacterial diversity may lead to a less stable ecosystem (Chaer
et al., 2009), and in this sense, very high manure application is
not suitable for sustainable microbial processes and functions
and increases the environmental risk.

4.2 Effects of manure fertilization and crop rotation on
bacterial composition

Proteobacteria, Chloroflexi and Acidobacteria were the
dominant phyla across all treatments (Fig. 2), which was in
agreement with the results of previous studies on different
fertilization regimes (Zhou et al., 2015; Li et al., 2017; Kumar
et al., 2018). PCoA showed that the manure treatments (M1,
M2 and M3) were separated from the control on the first PCoA
axis, and the treatments during the rice and rape seasons
were separated along the second axis (Fig. 5A). That
indicated both long-term manure application and crop rotation
changed the soil bacterial community composition, and the
impact of manure application was more obvious. Soil
microbial community may retain certain legacy effects from
long-term crop rotation (Soman et al., 2017). Long-term
manure application significantly increased the growth of
Proteobacteria and Actinobacteria (Fig. 2), which was
supported by a meta-analysis (Dai et al., 2018) and other
field studies (Wang et al., 2017b; Chen et al., 2018). LEfSe
analysis also proved that Gammaproteobacteria and Actino-
bacteria were the abundant taxa in the M3 treatment in the rice
season and M2 and M3 treatments in the rape season (Fig. 4).
Proteobacteria are involved in the bio-recycling of essential
mineral nutrients (Lesaulnier et al., 2008), and a high
proportion of Proteobacteria may contribute to improving soil
fertility and even plant growth (Chaudhry et al., 2012). For
example, Nitrosomonadaceae and Acidiferrobacteraceae,
which are members of the phylum Proteobacteria and are
involved in N and sulfur cycles (Prosser et al., 2014;
Umezawa et al., 2016), were enriched in the manure
treatments (Fig. 3). Most bacteria in the Proteobacteria and
Actinobacteria phyla are copiotrophic bacteria and prefer to
live in nutrient-sufficient environments (Newton and McMa-
hon, 2011; Dai et al., 2018). The positive correlations of
Proteobacteria and Actinobacteria with TC and TN (Fig. 6B)
were also suggested that. Thus, the high TC and TN contents

in the manure treatments (Table 1) could result in the
enrichment of copiotrophic microbes. However, long-term
manure application, especially at high doses, significantly
decreased the relative abundance of Nitrospirae, which
showed significant negative correlations with TC and TN
(Fig. 6B) and was in accordance with the enrichment of
Nitrospirae and Nitrospira in CK indicated by LEfSe analysis
(Figs. 2 and 4). Similar observations were found in some
previous studies (Zhou et al., 2015; Yang et al., 2019).
Nitrospira, the main genus within Nitrospirae, have been
described as K-strategists favoring low N availability (Attard et
al., 2010). The low relative abundance of Nitrospirae at the
high manure amendment rate indicated that there might be
reduced nitrification activity and less N loss due to soil
nitrification.

There is the possibility that exogenous bacteria from
manure would contribute to altering soil bacterial community
(Watts et al., 2010). However, some studies prove the effect of
introduced bacteria from manure on soil bacteria community
can be negligible (Chu et al., 2007; Li et al., 2017). A plausible
explanation is that the most bacteria in manure which are well
adapted to the gut environments are less competitive than
indigenous microorganisms in soil (Sun et al., 2015). No
significant difference of Chao 1 and Shannon index among
CK and manure treatments in the rice season (Fig. 1)
suggested bacteria in manure had negligible effect on soil
bacterial diversity. Besides, the abundant bacteria taxa in pig
manure are Firmicutes, Bacteroidetes and Actinobacteria
(Sun et al., 2015). However, the relative abundances of
Firmicutes and Actinobacteria were of no significant differ-
ences between CK and manure treatments in rice and rape
seasons. The relative abundance of Bacteroidetes even
decreased in M3 treatments (Fig. 2). VPA analysis suggested
soil properties other than manure rates had significant effect
on soil bacterial community (Fig. 5C). Therefore, our data
indicated that the long-term application of manure alters soil
bacterial community mainly through changing soil properties,
rather than the exogenous bacteria input.

4.3 The relationships between soil properties and bacterial
communities

The chemical properties of soil appeared to be a statistically
significant determinant of the structure of soil microbial
communities (Lauber et al., 2008; Ling et al., 2016; Zhang et
al., 2017). VPA analysis indicated that soil properties (37%)
had an independent and significant influence on the soil
microbiome (Fig. 5C). Among all determined soil properties,
pH, TC, TN, AP, C/P and N/P showed extremely significant
effects (P<0.01) on bacterial communities according to the
Mantel test (Fig. 6A). In addition, pH, TC, C/P and N/P were
the best combination to indicate the variations in soil bacterial
communities (Table 3). Soil pH is usually considered to be the
major factor influencing the bacterial community composition
in various soils (Rousk et al., 2010; Griffiths et al., 2011; Liu et
al., 2014; Zhang et al., 2017). Manure rates and cropping
systems influenced the soil chemical properties at the same
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sites (Table 1) that shared similar soil types. It is widely
accepted that long-term manure application could alleviate
soil acidification and even improve soil pH (Noble et al., 1996;
Cai et al., 2015), which would be an important factor shaping
the soil microbial community. Soil TC and TN contents are
also important factors for explaining the variations in the soil
bacterial community during long-term fertilization trials (Li et
al., 2017; Ji et al., 2018) and large-scale studies (Liu et al.,
2014). The addition of exogenous organics would induce the
growth and reproduction of some microbial taxa, which would
promote the decomposition of organics under appropriate C
and N stoichiometric ratios (Li et al., 2017). In addition, some
oligotrophs are stimulated by manure amendment to miner-
alize recalcitrant soil organic matter (SOM) using fresh
organics as an energy source, causing a short-term change
in SOM turnover (the priming effect) (Blagodatskaya and
Kuzyakov, 2008). In addition, manure fertilizer, as a type of C
source for microbes, can improve environmental conditions
considering the dependence of microbial communities on
resource quality and availability (Helgason et al., 2010).
Therefore, soil C and N have a close connection with soil
bacterial communities under long-term manure application.
Furthermore, soil available P also had a significant correlation
with the bacterial community, which was consistent with
previous studies (Ding et al., 2016; Yang et al., 2017).
Interestingly, C/P and N/P stoichiometric ratios had extreme
effects on the bacterial communities, which were usually
ignored. Our results showed that the soil C/P and N/P ratios,
but not the C/N ratio, had significant effects on the bacterial α-
and β-diversities after long-term manure application, and
similar results were found in a long-term fertilization study
(Shen et al., 2019). This result may indicate that the soil P
content was more important than the N content in shaping
bacterial communities. The distribution of the dominant phyla
was significantly related to the soil N/P and C/P ratios (Fig.
6B). Additionally, most bacteria have high P demands to
synthesize rRNA for growth according to the growth-rate
hypothesis (Sterner and Elser, 2002). Thus, the relative
abundances of these bacterial taxa were sensitive to changes
in the soil C/P and N/P ratios. Therefore, our results further
prove that soil N/P and C/P stoichiometric ratios are tightly
coupled with the composition of the soil bacterial community.
In addition, there were significant interactions between soil
chemical properties and manure rates (20.1%) and the
cropping system (10.0%), indicating that these three factors
exhibited close interactions and that the differences in
bacterial communities were a result of the comprehensive
effect of all factors rather than a single factor.

Network analysis showed TC showed the most connec-
tions with bacteria among all determined factors (Fig. S2c).
For example, Anaerolineaceae and two Acidobacteria mem-
bers were positively associated with TC. Anaerolineaceae
members can cooperate syntrophically with methanogens for
the decomposition of organic matters in anerobic conditions
(Liang et al., 2015), and the micro-anaerobic environments
caused by the decomposition of higher organic C would be

favorable for Anaerolineaceae growth. Some Acidobacteria
members are abundant in soils with high SOC (Liu et al., 2014;
Li et al., 2017) and have the ability to decompose organic
matter (Rawat et al., 2012; Tveit et al., 2014). However,
Nitrospira, which grow autotrophically, are nitrite-oxidizing
bacteria for the second step of nitrification (Xia et al., 2011),
thus, high TC would inhibit their growth. Verrucomicrobia, a
bacterial taxon with oligotrophic characteristics (Carbonetto et
al., 2014), was usually detected in low C environments
(Bergmann et al., 2011; Navarrete et al., 2015). Therefore,
Nitrospira and Verrucomicrobia were significantly and nega-
tively associated with soil TC.

4.4 The interactions between bacteria

Network graphs were constructed to represent the positive or
negative interactions among bacterial OTUs and soil proper-
ties (Fig. 7 and Fig S2). A microbial community in soil
amended with low amounts of manure (M1) had more
ecologically similar functional groups (72 modules) than the
soil with high manure addition (M2 and M3) (9 and 13
modules) and the CK treatment (34 modules) (Table S2),
which was similar to the results of previous studies with
organic fertilization (Ling et al., 2016; Wang et al., 2017).
Bacterial members within a module are more connected and
that they share similar ecological characteristics (Ling et al.,
2016), and more modules in the microbial community suggest
a higher degree of cooperation and exchange events in the
ecosystem (Faust and Raes, 2012; Zhou et al., 2011).
Additionally, the network with low manure amounts incorpo-
rated a substantially higher number of significant correlations
than the other treatments (Fig. 7 and Table S2), indicating that
soil microbial communities with low manure application rates
were more complexly connected and potentially more stable.
Similarly, the network in rape season incorporated a higher
number of nodes, corrections and modules compared with
rice season (Fig. S2 and Table S2), suggesting the interac-
tions of soil microbial community were more complex in the
rape season. This is probably because some aerobic bacteria
were reactivated when growing rape. However, high manure
application rates decreased the interactions between bacteria
and the stability of the network (Fig. 7 and Table S2). A High
manure dose enriches certain functional bacteria to decom-
pose organics and change the bacterial community (Paul,
2014; Deng et al., 2016), as indicated by the decrease in
bacterial diversity in the M3 treatment (Fig. 1B). A high load of
manure decreases the degree of antagonism and weakens
mutualism under eutrophic conditions (Sachs and Simms,
2006; Wang et al., 2017). Therefore, a low manure application
rate could shape a more interactive bacterial community and
improve the ability to resist external pressure.

5 Conclusion

Our results confirmed that different long-term manure
application rates and crop rotation had significant effects on
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the soil bacterial community. Low manure application rate
increased soil bacterial diversity in the rape season, while no
significant differences were observed in the rice season
among the manure treatments. However, high manure
application rates tended to decrease bacterial diversity.
Network analysis showed that higher manure application
rates caused loose and unstable bacterial interactions
compared with the CK and lowmanure application treatments.
These results illuminate that low manure application rates are
optimal for bacterial communities and that nutrient transfor-
mation and soil may be more active under these conditions. In
addition, long-term manure application significantly altered
the bacterial community composition, thus encouraging
certain bacterial phyla (Proteobacteria and Actinobacteria)
and reducing Nitrospirae. This study also implied that the soil
bacterial community was closely related to the soil properties
that were changed by manure amendment gradients and crop
rotation, and pH, TC, TN, C/P and N/P play important roles in
shaping bacterial communities. Therefore, our results may
have significant implications for the development of better
management practices for farm ecosystems.
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