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Multiple cropping effectively increases soil
bacterial diversity, community abundance
and soil fertility of paddy fields
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Abstract

Background Crop diversification is considered as an imperative approach for synchronizing the plant nutrient
demands and soil nutrient availability. Taking two or more crops from the same field in one year is considered as
multiple cropping. It improves the diversity and abundance of soil microbes, thereby improving the growth and yield
of crops. Therefore, the present study was conducted to explore the effects of different multiple winter cropping on
soil microbial communities in paddy fields. In this study, eight rice cropping patterns from two multiple cropping
systems with three different winter crops, including Chinese milk vetch (CMV), rape, and wheat were selected.

The effects of different multiple winter cropping on soil microbial abundance, community structure, and diversity

in paddy fields were studied by 16 S rRNA high-throughput sequencing and real-time fluorescence quantitative
polymerase chain reaction (PCR).

Results The results showed that different multiple winter cropping increased the operational taxonomic units (OTUs),
species richness, and community richness index of the bacterial community in 0~ 20 cm soil layer. Moreover, soil
physical and chemical properties of different multiple cropping patterns also affected the diversity and abundance

of microbial bacterial communities. The multiple cropping increased soil potassium and nitrogen content, which
significantly affected the diversity and abundance of bacterial communities, and it also increased the overall paddy
yield. Moreover, different winter cropping changed the population distribution of microorganisms, and Proteobacteria,
Acidobacteria, Nitrospira, and Chloroflexi were identified as the most dominant groups. Multiple winter cropping,
especially rape-early rice-late rice (TR) andChinese milk vetch- early rice-late rice (TC) enhanced the abundance

of Proteobacteria, Acidobacteria, and Actinobacteria and decreased the relative abundance of Verrucomicrobia and
Euryarchaeota.

Conclusion In conclusion, winter cropping of Chinese milk vetch and rape were beneficial to improve the soil
fertility, bacteria diversity, abundance and rice yield.
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Introduction

Microbes have multiple metabolic functions in the
farmland ecosystem, and they also participate in a large
number of biochemical reactions [1, 2], which plays an
important role in plant growth, soil carbon and nitrogen
cycles [3, 4]. Microbial communities play a vital role in
soil fertility, soil environment and optimization of eco-
logical processes [2, 5]. However, community structure
and diversity of microbes are affected by plant species,
soil composition and quality. Microbial communities can
respond sensitively to environmental changes and they
are considered as indicators reflecting soil environmental
changes [6]. Different factors, such as fertilization [4, 5],
farming practices [7], cultivation methods [8] and land
use methods [9, 10] affect soil microbial community.

The introduction of agro-ecological practices, including
crop diversification, is considered as an important way
to increase nutrient cycling, crop production, microbial
activity and control pests and diseases [11, 12]. The diver-
sification of cropping systems affect the soil microbes
owing to differences in soil disturbance, substrate qual-
ity and quantity [12]. For instance, cropping diversity
increases diversity of crop residues, which are different
in chemical composition; therefore, this diversification
supports great diversity and density of soil microbes [13].
Moreover, different plant species vary in their root archi-
tecture, and they also recruit specific communities of
microbes by producing root exudates and signaling mol-
ecules, which increase the overall microbial community
and can have a legacy impact on subsequent crops [14—
16]. Thus, all these factors can interact with rotation-
mediated effects on the soil microbes [17].

Intensifying cropping rotation provides a more stable
environment as compared to fallow rotations due to con-
tinuous cover cropping, which promotes the abundance
and diversity of soil bacteria and fungi [13, 18]. In diver-
sified cropping, different straws are returned to the soil,
which can also increase the diversity and abundance of
soil microbes [19, 20]. The changes induced by straw
returning in soil physical and chemical properties also
drive changes in the microbial community which affect
the overall microbial community structure and metabolic
function [21-23].

The middle reaches of the Yangtze River is an impor-
tant grain base commodity in China, and it is also a typi-
cal triple cropping and double cropping rice production
area in China. Multi-cropping systems in paddy fields
have been formed, which consist of the double crop-
ping farming system including winter cropping (wheat/
rape-single rice or ratooning rice) and the triple farming
systems (winter green manure/wheat/rape-early rice-
late rice) [24]. The change in rural labor force structure,
the decline of comparative agricultural benefits, and
the increase in production costs changed the planting
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structure in this region. As a result, the cropping system
in this region has been changed from double rice to sin-
gle rice resulting in a continuous increase of winter fallow
field area [25]. These changes in planting structure inevi-
tably affect the soil properties of paddy fields, thus affect-
ing the diversity of soil microorganisms and the stability
of microbial community structure in paddy fields.

Different studies have reported that winter green
manures provide carbon and nitrogen sources for
microbes which improve the richness of soil bacterial
community and microbial diversity in paddy fields [26—
29]. However, the application of different winter mulch-
ing crop straw induces significant changes in the diversity
index of soil microbes. For instance, at the maturity stage
of early rice, maximum Richness, Shannon, and McIn-
tosh Indices were recorded with potato-double rice
treatment followed by ryegrass-double rice, Chinese
milk vetch(CMV) -double rice, and rape-double rice and
lowest Richness, Shannon, and McIntosh Indices were
reported in winter fallow [30].

The triple cropping pattern (rape-double rice rotation
mode) significantly improved the soil microbial richness
index but had no significant impact on the evenness and
dominance index [31]. Nonetheless, most of the stud-
ies focused on the impact of single cropping mode on
soil bacterial community structure, and limited reports
are available about the effect of multiple winter crop-
ping practices on soil properties, microbial diversity, and
community structure. Therefore, based on six-year con-
tinuous field experiments, this study was conducted with
the following objectives: (1) to explore the difference in
the impact of different winter cropping on soil micro-
bial diversity and community composition, soil physical
and chemical properties, (2) to clarify the relationship
between soil microbial community and soil physical and
chemical properties to provide a theoretical basis for
the rational application of winter multiple cropping cul-
tivation techniques in the rice growing areas of middle
reaches of the Yangtze River.

Materials and methods

Experimental site

The long-term positioning experiment was performed
from October 2014 to December 2020 at Wannian Agri-
cultural Science Research Institute, Jiangxi Province. The
experimental site has an average annual temperature of
18.6°C, 1906 mm annual rainfall, and a sunshine duration
of 1662 h. The experiment soil was red clay (0~20 cm)
with a pH of 6.62, soil organic matter (SOC) 35.62 g-kg™?,
total nitrogen (TN), 2.22 gkg !, alkali-hydrolyzable
nitrogen(AN) 157.5 mgkg™!, total phosphorus (TP)
0.64-kg™?, available phosphorus (AP) 13.44 mg kg™?, total
potassium (TK) 16.22 g kg™, available potassium (AK)
71.98 mg-kg™! and C/N ratio 9.31.
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Table 1 Details of experimental treatments used in study

Cropping Patternof  Abbreviation Straw incorporation
system multiple
cropping
TCS Chinese milk  TC All Chinese milk vetch
vetch-early and early rice straw
rice-late rice were returned to
the field; all late rice
straw was returned as
mulching
rape-early TR All rape and early rice
rice-late rice straw were returned
to the field;15 cm late
rice straw stubble was
returned to the field
wheat-early  TW All wheat and early
rice-late rice rice straw were
returned to the
field;:15 cm late rice
straw stubble was
returned to the field
Winter TN All early rice straw
fallow-early was returned to field;
rice-late rice 15 cm late rice straw
stubble was returned
to the field
DCS Chinese milk  DC All Chinese milk vetch
vetch-mid- straw was returned
dle rice to the field and all

middle rice straw was
returned as mulching.
Rape-middle DR All rape straw was re-
rice turned to field; 15 cm
middle rice straw
stubble was returned
to the field

Wheat-mid- DW All wheat straw was

dlerice returned to field, and
15 cm middle rice
straw stubble was
returned to the field
Winter DN 15 cm rice straw
fallow-mid- stubble was returned
dle rice to the field

Note: DCS and TCS mean double cropping system and triple cropping system,
individually. In order to compare the effects of winter crops on a certain
cropping system, in the comparative analysis, the winter fallow-middle rice
model (DN) was used as the control of double winter multiple cropping system
including TC, DR, DW, and the winter fallow-double cropping rice (TN) was used
as the control of triple winter multiple cropping system including TC, TR, TW.

In the middle reaches of the Yangtze River in China. Double cropping rice (early
rice and late rice) isa common planting pattern. Early rice is usually transplanted
at the end of April and harvested in early July. After the early rice is harvested,
the late rice is continued to be planted in the field, and the late rice is usually
harvested in the middle or late October. Middle rice is usually transplanted at
the beginning of May and harvested in the middle of August

Experimental treatments

The positioning experiment was conducted after the
harvest of late rice in October 2014. A single-factor ran-
domized block design was adopted, and two multiple
cropping systems were set up, including three different
winter crops Chinese milk vetch (CMV), rape, and wheat.
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Table 2 Details of sowing and harvesting dates and varieties
used in winter crop planting

Winter Year Variety Sowing Harvest Planting
crops date date pattern
Chi- 2019 VYujiang wide 2018/10/5  2019/5/3  broadcast
nese leaves
milk 2020 Yujiang wide 2019/10/1  2020/5/2  broadcast
vetch leave
Rape 2019 Ganyouza 2018/11/5  2019/5/2  hole
No.8 seeding
2020 Ganyouza 2019/10/28  2020/4/29 hole
No.8 seeding
Wheat 2019 Yangmai23  2018/10/31 2019/5/3  drill seeding
2020 Yangmai23  2020/10/28 2020/5/3  drill seeding

In total, we set eight different treatments, including DN:
winter fallow-middle rice; DC: Chinese milk vetch-mid-
dle rice; DR: rape- middle rice; DW: wheat- middle rice;
TN: winter fallow-early rice-late rice; TC: Chinese milk
vetch-early rice-late rice; TR: rape-early rice-late rice;
and TW: wheat-early rice-late rice (Table 1). A 1.5 m
wide protective belt was set around the plots, and each
treatment was comprised of three replications.

Experimental materials and fertilizer application

The compound fertilizers Sanyuan (N: P,Og: K,0=15%:
15%: 15%) was applied to rape and wheat as base fertil-
izers, while urea was also applied to winter rape and
wheat at the rates of 375 and 450 kg ha™!, respectively.
The amount of CMV straw returning to the field was
22,500 kg ha™!, and the straw of CMV contained 0.36%
N, 0.11% P,O;, and 0.28% K,O respectively. On the other
hand, the amount of rape straw returned to the field was
19,500 kg ha™!, and straw of rape contained 0.368% N,
0.15% P,0s, and 0.51% K,O, while the amount of wheat
straw returning to the field was 10,500 kg ha™!, and its
straw contained 0.53% N, 0.13% P,O;, and 0.32% K,O
respectively. The information regarding sowing and har-
vesting dates and varieties used in winter crops is given
in Table 2, while information regarding rice varieties and
sowing and harvesting dates is given in Table 3.

The chemical fertilizers were applied in the form of
urea (N 46%), superphosphate (P,O; 12%), and potas-
sium chloride (K,0O 60%) to fulfill the NPK requirements
of rice crop. The amount of urea applied to early, mid-
dle, and late rice was 153.33 kg ha™!, while superphos-
phate and potassium chloride was applied at the rate of
50.91 kg ha™! and 122.73 kg ha™! respectively, to fulfill
P and K requirements of early, middle and late rice. All
phosphate and potash fertilizers were applied as basal
dose and nitrogen fertilizers were applied as basal fer-
tilizer, tillering fertilizer (applied 5-7 days after trans-
planting), and panicle fertilizer (when panicle length was
reached 1-2 cm).
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Table 3 Details of sowing and harvesting dates and varieties of ear and late rice

Rice Year Variety Transplanting date Tillering Booting Full heading stage Harvest

season stage stage date

Early rice 2019 Zhongzao 37 2019/5/5 2019/5/15 2019/6/10 2019/6/18 2019/7/15
2020 Zhongzao 37 2020/5/8 2020/5/17 2020/6/10 2020/6/19 2020/7/14

Middle rice 2019 Jingliangyouhuazhan 2019/6/13 2019/6/20 2019/8/12 2019/8/18 2019/9/18
2020 Jingliangyouhuazhan 2020/6/13 2020/6/22 2020/8/11 2020/8/18 2020/9/26

Late rice 2019 Rongyou huazhan 2019/7/20 2019/7/25 2019/8/27 2019/9/6 2019/10/14
2020 Rongyou huazhan 2020/7/17 2020/7/25 2020/8/30 2020/9/10 2020/10/24

Field management

The seed rate of CMV, rapeseed and wheat crops were
30 kg ha™!, 22.5 kg ha™', and 30 kg ha™!, respectively.
In all winter crops, compound fertilizers (375 kg ha™?)
were applied as base fertilizers. However, fertilizers were
not applied to CMYV, while to rapeseed and wheat crops,
fertilizers were applied at the rates of 225 kg ha~! and
330 kg ha™!, respectively. Moreover, CMV straw was
returned to the paddy field at full flowering stage, while
straws of rape and wheat were incorporated into the field
after harvesting both crops. Additionally, early rice was
planted at a planting density of 19 cm X 23 cm, while in
middle and late rice, a planting density of 23 cm X 23 cm
was maintained.

Determination of soil bacterial diversity, soil physical and
chemical properties

After harvesting late rice in October 2019, 24 soil sam-
ples (3 replicates for each treatment) were taken from 0
to 20 cm soil layer according to the five-point sampling
method. After that, the collected samples were mixed,
and they were immediately frozen and brought back to
the laboratory. After removing debris, soil samples were
divided into different parts: a part of fresh soil was frozen
at -80 °C for determination of bacterial diversity (tested
by Beijing Nuohe Zhiyuan Technology Co., Ltd. for deter-
mination) and the remaining soil samples were screened
after air drying to determine soil properties. Appropriate
DNA samples qualified for quality detection were diluted
with sterile water and used as templates for polymerase
chain reaction (PCR) amplification using specific prim-
ers 314 F/806R for bacterial V3 and V4 regions [32]. The
same mixture was monitored by agarose gel electropho-
resis and recovered using a gel recovery kit (Qiagen). The
library was constructed with a library-building assay kit,
and the qualified library was tested by the Illumina Miseq
sequence test platform. Moreover, FLASH v1.2.7 software
was used to splice the number of double-ended reads
of soil bacteria obtained by high-throughput sequenc-
ing, and then Qiimev1.9.1 software was used to process
the final valid Tags results. With Up-arsev7.0.1001 soft-
ware, the final effective data results with 97% similarity
were aggregated to obtain an operational taxonomic unit
(OTU). The a-diversity index, including Chaol index,

Shannon index, and species number, were calculated by
Mothur polymerization results of OTU. The soil pH was
measured with pH meter (1:5 soil: distilled water) and
soil N was determined with Kjeldahl method, and soil P
and K was determined by sodium bicarbonate extraction
(spectrophotometry), and ammonium acetate extraction
flame photometry methods. For determination of micro-
bial biomass carbon (MBC); 10 g moist soil was taken in
two sets; one set was fumigated with chloroform for 24 h
and other set was not fumigated. Later, both set of soil
was extracted by using 50 ml of K,SO, (0.5 M) and fil-
tered to obtain the extract and MBC concentration was
measured with carbon analyzer. The organic matter con-
tents was measured with potassium dichromate method,
and alkali hydrolyzable N was measured with alkali
N-proliferation method while ammonium and nitrate N
was determined with KCl extraction method.

Data analysis

The SPSS22.0 software was used to analyze the data and
analysis of variance (ANOVA) and Duncan’s method
(Ducan) were used to test the significant differences
among soil microbial abundance, soil physicochemical
and plant properties (a=0.05). The principal coordinate
analysis (PCoA) [33] and redundancy analysis (RDA) [34]
were performed to determine the correlation between
soil properties and soil microbial population composi-
tion. Lastly, figures were made by using Microsoft Excel
2019 and R Studio.

Results

Diversity analysis of soil microbial community

The sample dilution curve (Fig. 1) is an important basis
for characterizing the depth of high-throughput sequenc-
ing covering all microbial groups in the sample. The
results showed that number of OTU in 24 soil samples
rapid increased and slope of the dilution curve showed a
downward trend and a slow increase over the time. Fur-
thermore, the number of observed species plateaued at
around 40,000 sequence number. This indicates that the
sequencing depth was reasonable and the obtained data
covered most of bacterial species in soil samples. The
richness and diversity of microbial communities were
calculated by using the OTU level method. The results
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£ indicate that the diversity and abundance index of micro-
B bial bacterial communities in paddy fields were signifi-
cantly increased after six years of continuous multiple
winter cropping.

The average value of OTU in each treatment of the tri-
ple cropping system was 5575.67 and it was 2.85% higher
than the control Fig. (2). The average value of OTU in
each treatment of double cropping system was 5633.
The number of OTUs in DC, DR and DW was 3.94%,
3.97% and 16.5% higher than control. The average Shan-
non index of each treatment in the triple cropping sys-
tem was 10.62, which was 0.85% higher than that of the
control. The treatment TC, TR and TW had 0.76%, 1.04%
0 10000 Sesnc::ces Num;ﬂ:roo 40000 and 0.85% higher Shannon index than control. Moreover,

average Shannon index of each treatment was 10.61, and
the Shannon index of DC, DR and DW was 0.09%, 0.28%
and 0.37% higher than DN. Furthermore, compared
with double cropping system, the soil of triple cropping
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Fig. 1 Rarefaction curve of bacteria OTUs abundance
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Fig. 2 Venn figure of bacteria OTUs distribution. Note TC Chinese milk vetch-early rice-late rice; TR rape-early rice-late rice; TW wheat-early rice-late rice;
TN Winter fallow-early rice-late rice; DC Chinese milk vetch-middle rice; DR Rape-middle rice; DW Wheat-middle rice; DN Winter fallow-middle rice
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Table 4 Bacterial community richness and diversity indices of different winter planting patterns
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Cropping system  Treatment Observed species Coverage%  Diversity index Richness index
Shannon Simpson Chao 1 ACE

TCS TC 4653.33+£81.45a 097+0.01a 1061+004a 099+001a  5438.32+130.29 5813.07+166.79
TR 4653.00+£43.35a 097+0.01a 1064+004a 099+007a  5601.18+373.93a 5810.27+214.27a
TW 4559.67+77.15ab 091+0.01a 1062+004a  099+007a  5325.18+185.84ab  5630.17+215.64a
N 4411.00+£82.61bc 097+0.01a 10.53+0.01a 098+001a  4999.2+65.61bc 5466.22+318.08ab

DCS DC 457867 +£82.62ab 0.97+0.01a 10.6+£0.09 0.98+0.01a  5252.38+12375ab  5912.13+546.88a
DR 4598.00£82.63a 091+0.01a 10.62+007a  099+007a 537381+17641a 565249+ 140.61a
DW 4685.00+£82.64a 097+0.01a 1063+0017a 099+001la 5397.7£111.92a 5897.36+477.33a
DN 4250.00£82.65¢ 0.97+0.01a 1059+008a  099+007a  483746+121.56C 4953.79+159.39b

Average DCS 4527.92+71.14a 0.970+0.01a 1061+0.03a  0.999+0.01 5215.34+203.01a 5603.94 +228.69a
TCS 4569.25+£82.64a 0.970+£0.01a 1060+0.06a  0.999+0.01 5340.97+13341a 5679.93+331.05a

Note TC Chinese milk vetch-early rice-late rice; TR rape-early rice-late rice; TW wheat-early rice-late rice; TN Winter fallow-early rice-late rice; DC Chinese milk vetch-
middle rice; DR Rape-middle rice; DW Wheat-middle rice; DN Winter fallow-middle rice

Table 5 Correlation between bacterial community diversity and abundance index in different multiple winter cropping systems

Observed species Shannon Simpson Chao1 ACE Goods coverage

pH 0216 0.092 0.002 0.042 0.13 -0.069
SOM -0.259 -0.232 -0.276 -0.07 -0.155 0.095
N -0.05 0.037 -0.211 -0.087 -0.109 0.159
TP -0.333 -0.186 -0.097 -0.303 -0.352 0.338
TK -0.542** -0.564** -0417* -0.397 -0.454* 0.408*
AN -0411% -0.392 -0.262 -0.193 -0.251 0.179
AP -0.135 0.092 0.253 -0.265 -0.246 0.265
AK -0.386 -0.285 -0.21 -0.215 -0.287 0218
SB -0.226 -0.001 0.019 -0.031 -0.161 0.12
NO;z~ 0.02 -0.06 -0.15 0.061 0.06 -0.054
NH,* 0.243 0.311 0.321 0.257 0.196 -0.192
MBC 0.126 0.258 0278 0.219 0.155 -0.173
MBN 0.354 0.219 0.042 0.082 0.189 -0.103

Note SOM, Soil organic matter; TN, Total nitrogen; TP, Total phosphorus; TK, Total potassium; BD, Bulk density; AN, Available nitrogen; AP, Available phosphorus; AK,
Available potassium; NO;™-N, nitrate nitrogen; NH,*-N, Ammonium nitrogen; MBC, Microbial biomass carbon; MBN, Microbial biomass nitrogen. * and ** in the table

mean p<0.05, p<0.01, respectively

system had higher Shannon index, but the difference was
not significant (2>0.05).

The OTUs, species richness, Shannon index, and com-
munity richness index (Chaol index, ACE index) of soil
bacteria in TC, TR, TW, DC, DR, and DW were signifi-
cantly higher than winter fallow treatments including
DN and TN. The average Shannon index of each treat-
ment in the triple cropping system was 10.62, which was
0.85% higher than control (Table 4). Treatments TC,
TR, and TW had 0.76%, 1.04%, and 0.85% higher Shan-
non index than the control treatment, while the Shannon
index of DC, DR, and DW was 0.09%, 0.28%, and 0.37%
higher than DN treatment. The results indicate that triple
winter cropping increased the community abundance
index (Chao 1) of TC, TR, and TW by 8.78%, 12.04%, and
6.52% than TN. Similarly, triple cropping increased the
ACE index of TC, TR, and TW by 6.35%, 6.29%, and 3%,
respectively, as compared to TN (Table 4). The results
indicate that double multiple winter cropping signifi-
cantly increased the community abundance index Chao
1 and ACE in the paddy field. The results also indicate

that the Chao 1 index of DC, DR, and DW was increased
by 8.58%, 11.09%, and 11.58%, respectively, and the ACE
index of aforementioned treatments was increased by
19.35%, 14.1%, and 19.35% respectively. The results also
indicate that triple multiple winter cropping pattern had
higher Chao 1 than double multiple winter cropping;
however, double multiple winter cropping had higher
ACE index.

The results of Spearman rank correlation analy-
sis (Table 5) showed that the soil physical and chemi-
cal properties of winter multiple cropping patterns had
a significant impact on the diversity and abundance of
bacterial communities. The observed species and Shan-
non index had a positive correlation with total soil potas-
sium (TK) (P<0.01), while Simpson index, ACE index,
and goods coverage also had a positive correlation with
TK (P<0.05). Moreover, observed species showed a sig-
nificant positive correlation with available nitrogen (AN)
(P<0.05). Thus, these results suggested that soil potas-
sium and nitrogen are the important factors that can
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Fig. 4 Heatmap analysis of soil bacterial community under different cropping patterns

affect bacterial diversity and abundance in different win-
ter cropping patterns.

Analysis of soil bacterial community structure and
similarity
The results indicate that at the bacteriophyta level, the
similarity of bacterial community structure was higher
among different winter multiple cropping treatments
(Fig. 3). The first ten phyla with higher abundance were
Proteobacteria, Acidobacter, Nitrospira, Chloroflexi, Bac-
teroides, Actinobacteria, Verrucomicrobia, Firmicutes,
Germatimonadetes, and Euroarcheota. The relative con-
tent analysis of bacteria showed that the dominant groups
were Proteus, Acidobacter, Nitrothyrobacter, Campy-
lobacter, Bacteroides, and Actinomyces. The results of
the current study showed that multiple winter cropping
increased the abundance of Proteus, Acidobacter, and
Actinomyces and decreased the abundance of Verrucomy-
cetes and Archaea.

The results indicate that six different multiple win-
ter cropping patterns and two winter fallow treatments
including DN and TN were located in two clusters, which

indicates a significant difference among multiple winter
cropping and winter fallow cropping (Figs. 3 and 4). The
treatments DC and TC were located in the same cluster,
which indicates that the same winter crop can have a sim-
ilar microbial population under different cropping sys-
tems. Moreover, DR and TR with the same winter wheat
were also found in the same cluster, which indicates
that the same winter crop of rape planted under differ-
ent cropping mode also had a similar microbial popula-
tion. Nonetheless, TR and DR treatments with the same
winter crop rape were noticed in different clusters, which
shows that different cropping structures can change the
microbial population.

According to PCoA the distance between the repeated
treatments was relatively close owing to the higher simi-
larity of microbial community structure (Fig. 5). How-
ever, the structure of the soil bacterial community was
different in different treatments. In particular, winter fal-
low treatments TN and DN were significantly different
from other multiple winter cropping treatments. More-
over, 40% of bacterial community changes were explained
by PC1 axis, and 19.03% of bacterial community changes
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Fig. 5 PCoA analysis based on weighted Unifrac distance

were explained by PC2 axis (Fig. 5). The bacterial com-
munity showed differences due to the different winter
multiple cropping patterns. Overall, winter fallow treat-
ments TN and DN were relatively close; similarly, win-
ter multiple cropping patterns were relatively close.
This indicates that winter multiple cropping had a sig-
nificant impact on microbial abundance and community
structure.

Relationship between soil microbial community structure
and soil physical and chemical properties

The results indicate that the soil physical and chemical
properties were significantly changed after six years of
continuous winter cropping (Table 6). The results showed
that different cropping systems effectively increased soil
pH in winter by 5.58%~1.55%. Similarly, different winter
cropping also had a significant impact on soil organic
matter (SOM), and the concentration of SOM ranged
between 27.45~35.1 g kg~!. However, winter multiple
cropping had a non-significant impact on soil TN and
TP, though contents of TN and TP ranged between
2.03~2.4 g kg~! and 0.68~0.71 g kg~ !, respectively. The
results showed that AN content of TC, TR, and TW was
significantly different than the control treatment. The
results showed that AN content of TC, TR, and TW were
reduced by 22.04%, 23.43%, and 20.59%, respectively. On
the other hand, each winter multiple cropping treatments
significantly increased the soil AP 0.59% ~38.29% except
DC treatment. Conversely, each multiple winter cropping
reduced the AK concentration by 18.61%~44.57% except
for the DR treatment.

The findings of our study indicate that multiple crop-
ping reduced the soil nitrate nitrogen (NO3-N) as com-
pared to winter fallow. The results indicate that triple
cropping system has soil NO;-N 35.62% lower than the
double cropping system. The average NO5-N content of

Table 6 Soil physical and chemical properties under different winter multiple planting patterns

NH,*-N MBC(mg-kg™") MBN(mg-kg™")

NO,™N

AK(mg-kg™")

AP(mg-kg™")

AN(mg-kg™")

BD(g-cm~3)

TN(g-kg™) TP(gkg™)  TK(g-kg™")

SOM(g-kg™")

Treatm-ent

Cropping
system
TCS

(mgkg™)

(mgkg™)

40.19+1.01de
59.23+3.78a

437.25+39.92bc

509.04+11.84a

1.26+0.36bc
1.73+0.26ab

0.07+0.02¢c

39.17+449%

27.67+6.24c
26.68+7.54c

48.1

26.67+2.58b
31.06+3.58a

111.32+2.1bc

1.14+£0.06b

1.12abc

11.58+1.57¢

1253+

0.7+0.04a

239+0.15a

24

2745+2.14d
30.15+0.2¢c

6.55+0.1bc

TC

0.11£0.07bc
0.14+0.01bc
0.15+0.07bc
0.12+0.02bc
0.17 £0.06ab
0.19+£0.03ab

0.25+0.08a

109.34+4.21bc
1134+84bc

1428+84a
103.6+4.85¢c

01b

1.15+0.13b
1.11+0.02b

14+0.
1.24£0.09b

1.

0.71£0.18a

Ola

+0.

669+0.1ab

TR

46.95 +1.44bcd
52.14+2.32abc

51,62 +7.64abc
55.93+5.58ab

425.06+37.64bc

1.51+0.09abc
1.27+0.56bc
194+041a

26.31+1.74bc

2246+2.24 cd
19.22+2.79d

12.14+0.54bc
13.28+0.25ab
11.78+2.18bc
13.12+0.77abc
12.59+0.48abc
14.01+0.58a

0.68+0.05a

239+0.04a
2.16+051a

32.26+1.39bc
35.1+1.56a

6.7+0.15ab
6.58+0.03bc
6.81+0.12a

T™W
™

41854+21.71bc

1.52a

3+

0.69+0.05a

462.55+1043b
424.25+644bc

2667+1.72¢
50.64+1.72a

238+008a 0.63+0.17a

244+0.1

32.25+0.38bc
34.05+121ab

DC
DR

DCS

0.14+0.02d
1.04£0.1

28.09+3.09ab

11965+3.72b

103.6+6.42c
116.2+642b

1.18+0.04b
1.17+0.04b
1.37+0.04a

0.68+0.06a

3a

61+0.06abc
61+0.11abc
645+0.14c

6.

46134+1424bc  45.19+544cde
36,51

41665+12.03c

9c

1.5b

8+

36.1

26.14+0.84bc
25.73+243bc

0.71+£0.05a
0.7+0.03a

203+068a

238+0.04a

33.74+0.37ab

6.

DW

DN
Note SOM: Soil organic matter; TN: Total nitrogen; TP: Total phosphorus; TK: Total potassium; BD: Bulk density; AN: Available nitrogen; AP: Available phosphorus; AK: Available potassium; NO;™-N: nitrate nitrogen; NH,,*-N: Ammonium nitrogen; MBC:

Microbial biomass carbon; MBN: Microbial biomass nitrogen

+6.75e

0.17bc

13+

46.65+3a

3242+0.82bc
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the triple cropping system was 28.89% lower than TN
treatment, while the average NO;-N content of the dou-
ble cropping system was 36% lower than DN treatment
(Table 6).

The results also indicate that multiple winter cropping
significantly increased MBC content. The results showed
that the MBC content of TC, TR, and TW in each triple
multiple winter cropping treatment was higher by 4.47%,
21.66%, and 1.55% than the TN treatment (Table 6). On
the other hand, MBC contents of DC, DR, and DW in the
double winter cropping system were higher by 11.02%,
1.82%, and 10.73% than DN. Moreover, the microbial
biomass nitrogen (MBN) of the double cropping system
was 4.35% higher than winter cropping system. Likewise,
in the triple multiple cropping system, the MBN content
of TR was higher by 13.6% as compared winter fallow
treatment. Additionally, MBN was also increased in each
multiple cropping mode, and MBN of DC, DR, and DW
treatments had 41.39%, 53.19%, and 23.77% higher MBN
than DN treatment (Table 6).

Correlation between soil bacterial community and soil
physical and chemical properties under different cropping
patterns

Spearman rank correlation analysis (Fig. 6) indicates
that soil physical and chemical properties significantly
affected the composition of the microbial community.
The results indicate that the relative abundance of Pro-
teobacteria was negatively correlated with the SOM
(P<0.01); however, it was positively correlated with
AP and MBN (P<0.05). On the other hand, Nitrospirae
also had a negative correlation with AN, Chloroflexi was
negatively correlated with NO;-N, while, Actinobacteria
and Latescibacteria had a positive correlation with TN.
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Likewise, Latescibacteria showed a significant positive
correlation with SOM, AK, and TK. There was also a sig-
nificant positive correlation between Rokubacteria and
SOM; however, Spirochaetes had a negative correlation
with TK, AK, and AN while it had a positive correlation
with MBN.

Similarly, Cyanobacteria showed a positive association
with TN and a negative correlation with TK, and Fuso-
bacteria and Deferribacteres showed a positive link with
TK, AK, AN, and a negative correlation with AP. On the
other hand, Nitrospinae showed a positive association
with AK and AN and a negative correlation with pH,
AP, and MBN. Moreover, there was a negative correla-
tion between Dadabateria and TN and positive relation
between Hydrogenedentes and BD. Lastly, Paracubacteria
had a positive correlation with TK and a negative corre-
lation with AP, while Calditrichaeota showed a negative
correlation with TN. Thus, it is concluded that SOM, TN,
TK, AP, AK, ANA, MBN, BD, and pH are the main fac-
tors affecting the composition of microbial communi-
ties. In addition, the Monte Carlo permutation test was
used to analyze the relation between soil properties and
bacterial community composition. The results indicate
that soil pH, AK, and MBN were the main factors affect-
ing bacterial communities. These results are supported
by redundancy analysis (RDA) with the first (RDAI)
and second (RDA2) showed 52.15% and 14.86% of the
variation in overall bacterial community composition
(Fig. 7). The RDA analysis also showed that pH, AK, and
MBN were the most important factors that significantly
affected the microbial community composition as com-
pared to other factors (Fig. 7).
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Fig.6 Correlation coefficients between soil microbial community composition (phyla) and soil physiochemical properties. Note * and ** in the fig. mean

p<0.05,p<0.01, respectively
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Fig. 7 Distance-based redundancy analysis of soil bacterial community and soil chemical properties under different winter multiple cropping system

Table 7 Comparison of yield among different multiple rice cropping patterns

Year Cropping system Pattern Winter crop Early rice Late rice Annual yield
2019 TCS TC - 7762.96+128.14ab 8424.54+95.36C 16187.51+£22233b
TR 1401.23+£28.29b 794444+66.77a 9007.82+48.90a 18353.5+£104.02a
T™W 1709.88 +£56.58a 77079+61.34b 8768.13+115.62b 18185.9+75.69a
N - 7585.95+83.34b 8287.45+44.79d 158714+95.11¢
DCS DC - 9560.49+62.08ab - 9560.49+62.08e
DR 12284+74.84c 9777.78+15521a - 11006.18+145.14d
DW 17284+65.03a 9397.58+136.78bc - 11125.97£126.04d
DN - 9261.36+91b - 9261.36+91f
2020 TCS TC - 6892.93+132.97b 8175.95+95.65a 15058.88+168.87b
TR 1166.67 £80.72b 7385.86+99.65a 7734.63+123.03b 16287.15+£280.81a
T™W 1524.69+£65.03a 7359.6+£135.19a 776448+89.55b 16548.76 £ 286a
TN - 5717.51+£74.74c 7323.76+83.37¢ 13074.26+£96.79¢
DCS DC - 8744.33+118.62¢ - 874433+118.62e
DR 116049+ 28.29b 9599.25+112.46a - 10759.75+110.65d
DW 1518.52£4% 9349.26+93.07b - 10884.47 £45.9d
DN - 8778.61+93.48¢ - 8778.61+£93.48e

Effect of different cropping modes on rice yield

The results indicate that the annual yield of triple crop-
ping system (TCS) was higher than double rice crop-
ping system (Table 7). The results showed that in 2019,
the average yield of TCS was 67.5% higher than the DCS.
Furthermore, in TCS, the annual yield of TC, TR, and
TW was 1.99%, 15.64%, and 14.58% higher than con-
trol treatment (Table 4). In the case of DCS, the annual
production of DC, DR, and DW was 3.23%, 18.84%, and
20.13% higher than the control treatment DN. The annual

yield in 2020 also showed the same trend, and the average
yield of the TCS was 55.66% higher than that of the DCS.
In TCS, the annual yield of TC, TR, and TW was 7.77%,
24.57%, and 26.58% higher than the control treatment.
In DCS, the annual yield of DR and DW was 22.57%
and 23.99% higher than the control treatment. More-
over, based on the annual yield of two years; the increase
in the yield of each treatment in TCS with winter mul-
tiple cropping was 17.17%~20.58% than the winter fallow.
Lastly, the yield of each treatment under DCS with winter
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multiple cropping was increased by 1.42%~22.06% than
the winter fallow.

Discussion

Effects of different cropping modes on soil microbial
diversity

The microbial diversity is considered as an important
indicator to assess the soil environment. The diversity
of soil microbes is affected by soil nutrients, structure,
pH, temperature, humidity, and ground cover [35-37].
It has been well documented that cover cropping has a
significant impact on soil moisture and soil microclimate,
leading to a significant change in soil microbial diversity
and abundance [38, 39]. In the present study, triple mul-
tiple winter cropping increased the microbial community
abundance index, diversity, and richness. The multiple
cropping accelerates the soil carbon cycle and decompo-
sition of SOM, which improve the overall soil fertility and
microbial diversity [40]. Previously, different studies also
noted that bacterial community structure and diversity
are significantly changed in multiple cropping rice rota-
tion as than the single cropping [41, 42].

Bacteria have higher activity in humid conditions [1,
2], and this study showed that multiple winter cropping
significantly improved the abundance of the bacterial
community, possibly by maintaining a higher soil water
content. Moreover, the type of winter cover crops and
their growth patterns also differently affect the struc-
ture and diversity of microbial communities [43]. These
changes may result from the chemical characteristics of
winter crops and plant-soil-biological interaction. For
instance, leguminous plants (CMV) associate with nitro-
gen-fixing rhizobia and produce low C: N residues, which
affect microbial nitrogen mineralization activity and soil
nitrogen availability [44]. Besides this, combined return
of winter crop straw and rice straw effectively increases
SOM, and straw decomposition can increase the release
of more available nutrients, thus providing rich carbon
and nitrogen sources and resulting in an increase in soil
bacterial community in paddy fields [45, 46].

The results indicated that multiple cropping also
increased the soil nutrient concentration, and the differ-
ence in nutrient characteristics of farmlands shaped the
difference in soil dominant bacterial genus [47, 48]. In
this study, different winter multiple cropping increased
the soil pH, TN, TP, and MBC contents in paddy fields
(Table 6). The correlation between bacterial community
diversity and abundance index in different winter multi-
ple cropping patterns showed that (Table 6), soil AK, TK,
and microbial species diversity were significantly corre-
lated (P<0.05). This shows that winter cropping provides
more abundant nutrients and a higher relative humidity
soil environment for microbial growth, thus changing the
microbial community composition. Likewise, previous
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studies also proved the interaction between the co-exis-
tence of soil microbes and soil nutrient concentrations
[49, 50]. We found that soil ammonium nitrogen was
increased in multiple cropping, which might increase the
competitive relationship between bacterial interactions,
which consequently increased the bacterial community
[51, 52]. The results of this study also showed that win-
ter crop species and the rice rotational cropping pattern
were two direct factors affecting soil bacterial diversity.
Therefore, when using rotation to improve soil micro-
ecology, both factors should be considered to play their
best roles.

Effects of different winter multiple cropping modes on soil
microbial community structure

The results of the present study indicated that winter
multiple cropping significantly affected the composi-
tion of microbial communities. The dominant popula-
tions in the soil samples of all winter multiple cropping
treatments were Proteobacter, Acidobacter, Nitrospirae,
Chloroflexi, and Actinobacteria. These results are simi-
lar to the findings of Liu et al. [1]; they found that three
bacterial groups (Nitrospirae, Chloroflexi and Actinobac-
teria) were dominant populations in dry-land cropping
[1]. Conversely, other authors found that Proteobacteria
and Actinobacteria were the most dominant bacteria in
alpine grassland, plateau orchard and dolomite karst [53,
54].

We found that the relative abundance of Proteobacte-
ria, Acidobacteria, and Actinomyceta were significantly
different in multiple cropping nodes as compared to their
control treatments. In winter, straw mulching and straw
returning effectively increases SOM and nutrient release
and availability which provide a carbon and nutrient-rich
environment for microbes, thereby increases microbial
diversity and community structure [54]. Besides, rich
organic matter and nitrate nitrogen under winter straw
and rice straw returning provide abundant metabolic
substrates for Proteus, which can effectively stimulate its
rapid growth. Thus, the diversified crops induced changes
in soil composition which increased the microbial diver-
sity and community structures, which ensures better eco-
system functioning [55-58]. Moreover, the introduction
of CMV to winter cropping system makes reasonable use
of light, and heat sources, and it also reduces the fertil-
izer use and increases the SOM and soil nutrient concen-
tration which in turn increases the overall soil microbial
diversity and community structures [59, 60].

The results of cluster analysis indicate that the com-
munity structure of soil bacteria was changed after six
years of winter multiple cropping (Fig. 3). TN and DN,
treatments of winter multiple cropping system and two
treatments of winter fallow control, were located in two
clusters, indicating that different cropping systems with
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different winter crops changed the bacterial commu-
nity structure. This may be due to the difference in crop
root growth and soil nutrients released by different win-
ter crops and rice rotation, which affects the growth and
reproduction of microorganisms, and leads to changes in
bacterial community and structure in soil [27, 61]. More-
over, winter crop species, soil properties, and agricul-
tural management measures also have an impact on the
soil microbial community structure of multiple cropping
paddy fields. However, the interaction between winter
crops, microorganisms and soil environment, and the
contribution of various environmental factors to commu-
nity structure needs further investigation.

Effect of multiple cropping on yield of paddy fields

The results indicated that the annual yield of triple crop-
ping system (TCS) was higher than the double rice crop-
ping system (Table 7). In TCS annual yield of TC, TR,
and TW was higher than the control treatment; similarly,
in the DCS, the annual yield of DR and DW was higher
than the control treatment (Table 7). The crop type and
incorporation of straw significantly affect and change the
microbial diversity and community structures [62, 63].
The addition of legume crops in multiple cropping and
returning of straws and residues to the field increases
the soil pH, SOM, and soil nitrogen availability which
in turn increases the overall growth and yield of crops
[64—66]. The winter cropping also increased the dry mat-
ter accumulation owing to the input of different winter
crop stubbles and straws. Different straw inputs increase
the soil microbial activities and increase the release of
nutrients (Table 6), which therefore improved the growth
and yield of rice [67]. Moreover, with an increase in crop-
ping diversity, the community structure and diversity of
microbes are also changed. In the present study, mul-
tiple cropping increased the diversity and abundance of
microbes. The soils with higher SOC and ammonium
nitrogen are considered to be rich in Acidobacteria mem-
bers. In this study, multiple cropping increased the SOM
and MBC, which increased the diversity and composition
of the aforementioned and other bacteria, thus, resulting
in a substantial increase in rice yield in multiple cropping
as compared to mono-cropping [68, 69].

Conclusion

Winter cropping in paddy field was proved beneficial to
improve the fertility of the paddy field. Soil potassium
and nitrogen contents were the key factors affecting the
diversity and abundance of bacterial communities in
different winter multiple cropping models. Hierarchi-
cal cluster analysis of soil bacterial communities showed
that different cropping systems changed the popula-
tion distribution of microorganisms. The dominant
groups were Proteus, Acidobacter, Nitrothyrobacter, and
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Campylobacter, and the proportion of these four domi-
nant groups was 80%. Multiple winter cropping increased
the relative abundance of Proteus, Acidobacter, and Acti-
nomyces and decreased the relative abundance of Verru-
comycetes and Archaea. Green manure and rape planting
in winter were beneficial to improve the soil fertility, thus
improving soil bacterial diversity, bacterial community
abundance and rice yield.
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