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Abstract

Rotation is an important method to improve land utilization and the economic benefits
of aquaculture. Shrimp vegetable rotation is a new farming and planting rotation model. The purpose
of this study is to reveal the community of microorganisms in pond sediments under shrimp-vegetable
rotation and provide theoretical basis for maintaining soil fertility. In this study, three groups were
set: cultivated areas (CC, shrimp-vegetable rotation mode), uncultivated area (CG, shrimp farming
and fallow mode), and flooded area (CS, continuous shrimp farming mode). Diversity and community
composition of microorganism communities were displayed using real-time PCR and high-throughput
sequencing platforms. The results showed that the shrimp-vegetable rotation significantly reduced the
content of total nitrogen (TN, compared with CG and CS, CS has dropped by about 50% and 80%,
respectively),total carbon (TC, compared with CS, CS has dropped by about 50% and 70%, respectively)
and total phosphorus (TP, compared with CG and CS, CS has dropped by about 60%) in the sediment
and removing excess nutrients in the aquaculture environment. The relative abundance of Proteobacteria
and Gemmatimonadetes phylum was significantly higher in the CC and CG groups than in CS.
And the majority of denitrifying bacteria are concentrated in the Proteobacteria that increased
abundance of denitrifying bacteria confirms results of increased copy number of nosZ and phoD
genes. Herein, a conclusion was drawn that shrimp-vegetable rotation had stronger restoration ability

of soil bacterial diversity and soil fertility than the other two farming mode. Also, the rotation mode
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promoted a good ammonia nitrogen cycle. This study will provide a scientific basis and data support

for the application of shrimp vegetable rotation.
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Introduction

Rotation is an ancient farming practice, which
has been used for thousands of years in agriculture
and is still used today [1]. The shrimp-vegetable
rotation is an eco-agricultural system that combines
vegetable cultivation and shrimp farming, which brings
considerable economic benefits to the grid and saves
water and land resources. Compared with individual
vegetable cultivation, the system composed of aquatic
animal farming such as fish, shrimp, and duck had many
advantages [2-5]. Pond sediment is an important part of
the pond ecosystem [6]. Due to long-term cultivation,
a large amount of feed input and organic matter and
biological nutrients formed by shrimp metabolites are
accumulated in the pond bottom [7]. The oxidative
decomposition requires oxygen, which affects the
dissolved oxygen in the aquaculture water, and also
easily decomposes to produce toxic substances, such as
methane, nitrous nitrogen, hydrogen sulfide, ammonia,
etc.

The restoration technology of the aquaculture
environment includes physical restoration, chemical
restoration and biological restoration, among which
biological restoration has the advantages of low cost,
simple processing, and high safety. Considering the
advantages mentioned above, people pay more attention
to the research of bioremediation technology in water
environment restoration. Biological restoration has been
gradually applied to aquaculture pollution treatment
by dealing with organic pollution of sediment and
eutrophication of water bodies. Microbial denitrification
is mainly accomplished through nitrification and
denitrification. Denitrification plays a vital role in soil
nitrogen conversion as a component of soil nitrogen
cycle [8-10]. Denitrification is a process in which
microorganisms use nitrogen oxides as electron
acceptors to generate energy. This process consists
of a 4-step reaction [11]: NO,—NO,—NO—N,0—N,.
The intermediate process produces gases such as
carbon monoxide and nitrous oxide, causing nitrogen
loss and causing a series of environmental problems
[12]. At present, researches on denitrifying bacteria
are mainly concentrated in marine sediments, estuary
sediments, marine water bodies, soils, and wetlands
[13-17], but studies about molecular ecology
of denitrifying microorganisms in aquaculture
environment remain limited.

The shrimp-vegetable rotational farming system
model is a new application model of planting and
breeding proposed in recent years, which can fully
utilize the shallow water environment and winter idle
period of shrimp ponds in these coastal tidal flats and

organically combine agriculture with aquaculture
to maximize the utilization and productivity rates
of shrimp ponds [18, 19]. However, little was known
about the changes of microorganisms in soil in the
shrimp-vegetable rotational farming system. Revealing
its mechanism can promote the scientific application
and improvement of the shrimp-vegetable rotation
system. The purpose of this study is to reveal the
community of microorganisms in pond sediments under
shrimp-vegetable rotation, provide theoretical basis for
maintaining soil fertility, and screen the key influencing
factors that affect the application of the shrimp and
vegetable rotation system. And we hypothesized that
shrimp vegetable rotation can accelerate the ammonia
nitrogen cycle and bring positive effects on soil
microorganisms. The results revealed the changes in
the structure and diversity of microbial communities
and enriched the theory of denitrifying microorganisms
in shrimp-vegetable rotation system. This study
will provide a theoretical basis and data support for
increasing aquatic product output.

Material and Methods
Ethics Statement

Shrimp were collected from the Fujian Dongsheng
Agricultural Comprehensive Development Co. Ltd.
All experiments were performed according to the Guide
for the Care and Use of Laboratory Animals of China.
Our studies were approved by the Committee on the
Ethics of Animal Experiments of the Fujian Normal
University.

Study Design and Sampling

A pond in the Fuqing Comprehensive Experimental
Station of the National Shrimp and Crab Industrial
System was used as the test pond, which is located in
Xiali Village, Yuxi Town, Fuqing City, Fujian Province
(25°33°54.5”N  119°17°25.9”E) (Fig. Sl). The pond
was divided into three areas: cultivated area (group
CC), uncultivated area (group CG) and flooded area
(group CS). For CC group, cabbage and cauliflower
were planted in the cultivation area according to the
cultivation process (when no vegetables were planted,
shrimp culture was carried out in the conventional way);
For CG group, it was treated according to the traditional
cultivation method, and the water body in the pond was
drained only after shrimp harvesting; For CS group,
the flooded area was submerged by water in the low-
lying area of the pond and without vegetables planting
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or shrimp farming here. The idea of experiment design
is shown in Fig. 1.

In the process of vegetable planting, no chemical
fertilizers and organic fertilizers were used. In the
process of shrimp farming, except for the necessary
treatment and prevention of shrimp diseases, no
additives were added. For each group, the water area
was approximately 20,000 square meters. Soil samples
for physical and chemical determination were collected
using columnar dredgers at 20 cm deep. Three sample
points were selected randomly in each area. Soil samples
of the surface layer (about 2 cm) were taken and mixed
uniformly for vibriosp detection count analysis. The
remaining samples were dried indoors, crushed with a
laboratory mill (TAISETE, Tianjin, China) and sieved
in Imm Soil Analysis Sieves (SAS).

The sampling was performed for 9 times in April,
July, October, December 2017, and January-May 2018,
respectively. Among them, April 2017-October 2017 was
the shrimp breeding period, and December 2017-June
2018 was the vegetable growing period. The source and
area of the sediment required for the microbiological
analysis were the same as above. Five samples were
taken from each area at the end of planting in May
2018. Each sample was sampled separately using
a sterilized plastic tube with a sampling depth of about
5 cm. After sampling, the small tube was quickly placed
in a Ziplock bag. Each sample was stored separately and
placed in an ice box, and brought back to the laboratory
for further processing. In the ultra-clean workbench, the
bottom sediments in the same area were evenly mixed
and stored at -80°C for analysis.

Measurement of Physicochemical Properties

Total carbon (TC), total nitrogen (TN), and total
phosphorus (TP) were determined using a Smart chem

Determination for
TN,TP,TC,PH

Fig. 1. Simple schematic diagram of experimental design

200 Analyzer (Westco, Italy) with a relative error
of 0.1%. Oxidation—reduction potential (ORP)was
determined with brightened platinum electrodes [20]
inserted in the soil to 5 cm. Also, the soil temperature
and pH are measured with a corresponding thermometer
and pH meter, respectively. Vibrio sp. are harmful
bacteria in shrimp farming. For Vibrio sp. counting, the
TCBS medium plate counting method was used. 10 g of
the mixed sample was added to 90 ml of distilled water,
and the appropriate dilution concentration was used for
coating counting.

DNA Extraction and Real-Time PCR

Soil DNA was extracted from 0.3 Kg of fresh soil
using a PowerSoilTM DNA Isolation Kit (MO BIO
Laboratories, Carlsbad, CA, USA). The copy number
nosZ were determined using a 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The
universal primer set used for the amplification of nosZ
and phoD were F (CGYTGTTCMTCGACAGCCAG)
and R (CGSACCTTSTTGCCSTYGCG). The real-time
PCR reaction mixture contained 1.0uL of template
DNA, 2.0uL of primer mixture (20 pM), 0.2uL. of ROX
Reference Dye II (50x), 9.3ulL of water, and 12.5uL
of SYBR Premix Ex Taq II (2%x; Takara Bio Inc.,
Shiga, Japan). The PCR cycling started with an initial
denaturation at 95°C for 15 s, followed by 40 cycles
for 5 s at 95°C, 30 s at 56°C, 40 s at 72°C, and 30 s of
fluorescence signal collection at 80°C. A melting curve
analysis was performed to examine the specificity
of PCR products. A standard curve was constructed
using plasmids containing the nosZ fragments.
The amplification efficiency was around 85%,

and the R2 value of the standard curve was higher than
0.99.

Determination for
TN, TP, TC,PH

N2 Determination for
TN, TP,TC,ROP,PH

Determination for
TN,TP,TC,ROP,PH
High-throughput sequencing
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Table 1. ORP and pH trends in three different treatment groups
Dec. 2017 Jan. 2018 Feb. 2018 Mar. 2018 Apr. 2018 May 2018

CcC 220.33 247.67 299.00 267.33 202.00 238.33
ORP CG 39.33 264.00 193.67 203.67 66.00 244.00

CS -201.67 -143.33 -187.33 -191.00 -154.67 -166.33

CC 7.60 6.72 6.55 6.41 6.52 6.91
pH CG 7.45 6.81 6.76 6.55 6.74 6.32

CS 6.89 6.91 6.86 6.72 6.21 5.95

CC: cultivated area group; CG: uncultivated area group; CS: flooded area groupwork: Oxidation—reduction potential

Library Construction and Sequencing

To evaluate the bacterial community
composition, we amplified the V3 and V4 regions
of the bacterial 16s rRNA gene using the primer
pairs of 34IF (CCTAYGGGRBGCASCAG) /806R
(GGACTACNNGGGTATCTAAT). All PCR reactions
were carried out with Phusion®High-Fidelity PCR
Master Mix (New England Biolabs). PCR products
were mixed in equidensity ratios. Then, mixture PCR
products were purified with a Qiagen Gel Extraction
Kit (Qiagen Inc., Hilden, Germany). Sequencing
libraries were generated using TruSeq®DNA PCR-
Free Sample Preparation Kit (Illumina Inc., San Diego,

A
0.3+
_ - CC
% - CG
; 0.2 -+ CS
[ =
5
5 0.1-
E
=3
(5]
0.0

Date(year-month)

C
1.5
- CC
2 = CG
= 1.0- - CS
'—
s
b=
S 0.5-
€
o
o

Date(year-month)

USA) following the manufacturer’s recommendations
and index codes were added. The purified libraries
were equimolarly mixed, and 2 x 250 bp paired-end
sequencing was carried out on an Illumina Hiseq2500
sequencer (Illumina Inc., San Diego, USA).

Data Processing and Analysis

Raw reads generated from the HiSeq2500 paired-end
sequencing were merged together using the Fast Length
Adjustment of Short reads (FLASH). A chimera filtering
approach UPARSE was employed as the Operational
Taxonomic Unit (OTU or phylotype) picking strategy at
97% sequence similarity. The alpha diversity analysis
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Fig. 2. Total nitrogen (TN), total carbon (TC), total phosphorus (TP) and removal rate in CC, CG and CS groups. (A)-(C) The TN, TC,
TP change trends in three groups. (D) The comparison of TN, TC, TP removal rates. (RN: removal rate of TN; RC: removal rate of TC;

RP: removal rate of TP).
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(e.g., observed OTUs, abundance-based coverage, Chao,
Shannon, Simpson, ACE, coverage, and rarefaction
curve) and beta diversity analysis (e.g., non-metric multi-
dimensional scaling, principal component analysis,
and principal coordinates analysis) were analyzed by
QIIME (v1.8.0) software. The taxonomic identity of all
phylotypes was determined using The SILVA ribosomal
RNA gene database project. Statistical analyses of the
soil chemical parameters and the copy number of nosZ
gene and phoD gene were analyzed using GraphPad
Prism 6. Comparisons between groups were performed
using t test and P<0.05 was defined as the threshold for
significant difference.

Results

Physical and Chemical Properties of Soil
under Different Treatments

The ORP and pH of different treatment groups at
different periods were listed in Table 1. The values of
ORP at different periods of the CC group were higher
than those of CG and CS groups. However, there was no
significant difference in pH among these three groups.
The contents of TN, TC, and TP in the sediment during
the shrimp-vegetable rotation system were shown
in Fig. 2(a-c). The results showed that the trend of
the content of each element with the sampling time is
similar. The TN, TC, and TP contents of the CS were
significantly higher than the other two groups at each
sampling point. The element’s content in the three
regions showed an upward trend during the shrimp
cultivation period and reached a peak at the end of
shrimp farming (October 2017). During this period,
the content of the element in the CC region increased
most rapidly. At the end of shrimp farming, there was
a significant difference between the CC, CG and CS
regions (p<0.05).

The content of TN, TC, and TP in the CC region
decreased most significantly after the vegetable planting
started in December 2017. However, the content of TN,
TC, and TP in the CS region did not change significantly.
By comparing the TN, TC and TP content in May 2018
and October 2017, the removal rate of the CC, CG, and
CS regions were shown in Fig. 2d). It can be obtained
that the growth of vegetables and weeds has a better
effect on the removal of TN, TC, TP in the sediment
than that of exposure, and were both better than the
flooded area.With the increase of shrimp culture time,
the total vibrio densities increased significantly in all
three regions and reached the peak at the end of shrimp
culture in October 2017. At the end of shrimp culture,
there was significant difference between the CC and
CG region (p<0.05), and both extremely significant
difference of the CS region (p<0.01). The total vibrio
densities in the tillage area remained at a very low
level throughout the whole tillage process, it was
indicating that the dry environment is not conducive to

the growth of Vibrio. From January 2018 to the end of
growing vegetables, the total vibrio densities in CC and
CG region remained very low, and the CS region was
increased with the increase of temperature. At the end
of growing vegetables, there were extremely significant
differences between the CC region and the CG region
or CS region (p<0.01) (Fig. S2).

Effects of Shrimp-Vegetable Rotation on Soil
nosZ and phoD Gene Abundance

Quantitative analysis of nosZ gene and phoD gene
using RT-qPCR technology. The abundance of nosZ
gene in CC, CG, CS were 26.38*%106copies.g-1, 5.28*106
copies.g-1, 4.44*106 copies.g-1 and the abundance
of phoD gene in the three groups were31.26%106
copies.g-1, 8.11¥106 copies.g-1, and 2.93*106 copies.g-1,
respectively. Fig. 3 showed that the abundance of nosZ
gene and phoD gene were significantly higher in CC
than in CG and CS. Compared with the conventional
shrimp culture mode, the shrimp-vegetation rotation
system could significantly increase the abundance
of nosZ and phoD genes in the sediment. Usually,
nosZ and phoD were the marker genes of denitrifying
bacteria and phosphate-solubilizing bacteria. It is
predicted that the relative abundance of denitrifying
bacteria and phosphate-solubilizing bacteria in shrimp-
vegetable rotation sediment may be more than that of
uncultivated sediment.

Sequencing Results and Diversity Indexes

Hiseq 2500 was used to sequence the 16s rRNA
gene of the soil bacteria. A total of 218 108 original
sequences were obtained from 15 samples with an
average length of 40774 bp. The average length of
reads in all samples was between 218 and 552 bp.
The sequencing data covered a total of 27,747 unique
tags. After tag formation, 7,182 OTUs were obtained
(Table 2). As shown in Fig. 4a), the rarefaction curves
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Fig. 3. Comparison of abundance of nosZ gene and phoD gene in
differently treated sediment groups. *P<0.05.
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Table 2. Sequencing results of different samples

tend to be flat and saturated, indicating that the

Sequence Base amount of sequence data obtained at this sequencing
number number(bp) OTUs depth is enough to reflect the diversity of soil sample
microorganisms. The rank abundance curve showed
cCl 33590 31042720 1997 that species richness reached a saturation point at a
cC2 32908 30092865 1820 lower relative abundance level (Fig. 4b). Most of the
5 repeat samples in each group can be clustered
CC3 36290 3354094 2464 . .
together in the UPGMA result (Fig. 4c). Also, PLS-
CC4 30066 27909331 2054 DA results showed that the biological repeat samples in
CcC5 31200 28855103 2233 each group were gathered together, which indicated that
an excellent internal consistency (Fig. 4d).
CGl1 36181 3340012 1691 We calculated the Shannon, Simpson, chaol, and
cG2 37427 34588743 2368 ACE indexes to evaluate the bacterial diversity of
G 12654 30553950 134 the s.oill samples. in different groups (Table 3). And
no significant difference found among the 3 groups.
CG4 31992 29584952 2431 Shannon, Chaol index, and ACE index of CS were
G5 35267 32612230 1975 higher than CC and CG, the difference was not
significant; Simpson index of CS and CG were lower
CSl 32890 30409459 2434 than CC. Besides, the OTUs numbers showed that there
CS2 35760 33072469 2453 were more OTUs in CS than that in CC and CG, and
more OTUs in CG than that in CC (CC: 4493; CG:
Ccs3 37745 34882627 2453 5110; CS: 5856). Further, the Venn analysis showed that
CS4 33146 30654922 1958 there were 3254 common OTUs between CC and CS;
css 38702 35793545 1978 150 common OTUs between CG and CS; 1506 common
OTUs among all the three groups (Fig. 4¢).
Total 525818 425747022 32493
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Fig. 4. Summary of sequence data. (A)-(C) The rarefaction curve, rank abundance curve and PLS-DA results of different samples,
respectively. (D) The UPGMA results, which represents weighted unifrac distance of different samples. (E) Taxonomic composition of
microbial species in different sediment samples.
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Effects of Shrimp-Vegetable Rotation
on the Taxonomic Distribution of Sediments

First, we compared the number of bacteria
communities contained in different treatment groups
at each classification level (Fig. 5a, b). At the phylum
level, Proteobacteria, Chloroflexi, Actinobacteria,
Acidobacteria, Bacteroidetes, = Gemmatimonadetes,
Nitrospirae, Patescibacteria, Spirochetes, and Firmicutes
were the top 10 most abundant (Fig. 5c¢). Of which the
Proteobacteria, Actinobacteria, Gemmatimonadetes
showed significantly higher abundances in CC and CG
than CS. The abundance of Patescibacteria was highest
in CC compared with the other groups. Conversely,
abundances of the Chloroflexi and Nitrospirae in CS
were significantly higher than in CC and CG (Table 4).

At genus level, the dominant bacteria of the
top 20 abundant were Thiobacillus, RBG-16-58-14,
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MNDI, Thioalkalispira, Pseudomonas, Sulfurifustis,
Nocardioides, Anaeromyxobacter and so on (Fig. 5d).
The abundances of Thiobacillus, MNDI, Sulfurifustis,
Nocardioides, Gemmatimonas, and Dyellain CC
were significantly higher than that in CS. Among
them, MNDI, Sulfurifustis, Nocardioidesin CG were
significantly higher than CS. But RBG-16-58-14,
Thioalkalispira, Pseudomonas had the opposite trends
in the three groups (Table 5). Interestingly, it was found
that an uncultured genus of the Anaerolineaceae family
which had the significant differences in three groups.
The abundances were 4.7%, 5.4%, 9.3% in CC, CG and
CS groups, respectively and had the same family as
one of the dominant bacteria (RBG-16-58-14). From the
results, it is proved that shrimp-vegetable rotation can
change the taxonomic distribution in pond sediment.

B.m..
Lt S
5 M Phylum
E ‘5000 Class
% W Order
= Family
W Genus
it W Species
E M Unclassified
”—.—.1
o
cc CG Cs
Groups
C 1w
80 Chioona
Actinobacter;
s coacins
g 60 Pulosdbeciers
3 o
S Reraiimonace
.g BRCA
E " e
2 ecternsol
= B e i
e B Cauicmac
"
20 Verscoiaretia
B Romoactora
Oners
QJ
cC CG cS
D 1004
Trobacile
= RBG-16-58-14
e
- Tricakatiegta
I3 Psaucomanas
£ S
g 604 s B
-] Cancidotus, Soacier
=2 Gemmatimonas
£ 40 oy
£ H il
] oous
L Desullodacca
20 st
Overs
0,
cC cG cs

Fig. 5. Distribution results of microbial species at different levels. (A) The hierarchical relationship of all taxonomic units (represented
by nodes) from the phylum to the genus (listed in order from the inner circle to the outer circle). The node size corresponds to the average
relative abundance of the taxon. The top 20 taxon of relative abundance will also be lettered in the picture. (B) OTU classification and
classification status statistical results. The ordinate is the number of OTUs in each sample that can be classified to the classification level
of phylum, class, order, family, genus, and species. (C) The relative abundance of top 20 intestinal bacteria in all groups at phylum level;
(D) The relative abundance of top 20 intestinal bacteria in all groups at genus level.



2658

LiK, etal

Table 3. Alpha Diversity Indexes in CC, CG and CS groups.

Groups Shannon | Simpson Chaol ACE
CC 9.346 0.994 2379.662 | 2477.506
CG 9.296 0.993 2351.698 | 2432.288
CS 9.38 0.993 2488.032 | 2606.592

Association Network Analysis and Metabolic
Function Prediction

A network analysis of the bacteria at genus level
based on Spearman correlation coefficient (R>0.6,
P<0.01) was used to examine interactions between
members of different communities which was displayed

Table 4. Significance of the microbial communities in different treatment groups at phylum level.

Proteobacteria Actinobacteria Gemmatimonadetes Patescibacteria Chloroflexi Nitrospirae
CcC 44.4%a 7.8%a 2.8%a 4.9%a 22.7%a 1.2%a
CG 43.7%a 7.4%a 4.3%a 0.3%b 29.7%a 3.2%a
CS 35.7%b 3.7%b 1.2%b 1.1%b 36.0%b 6.0%b

The data with different little letters indicated the significant difference at 5% level.
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Fig. 6. Spearman network analysis and metabolic function prediction. (A) Association network diagram of dominant genus. Nodes
represent the dominant genus. The connection between the nodes indicated that there was a correlation between the two genera.
The red line indicates a positive correlation and the green line indicates a negative correlation. The more connections through a node,
the more the genus is associated with other members of the flora. (B) Venn diagram of common functional units. Proportion of shared
and unique functional units in CC, CG and CS groups. (C) Heat map of KEGG orthologous gene cluster abundance combined with
cluster analysis. Red represents functional units with higher abundance in the corresponding sample, green represents functional units

with lower abundance.
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Table 5. Significance of microbial communities in different treatment groups at genus level
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The data with different little letters indicated the significant difference at 5% level.

in Fig. 6a). Among the top 50 most abundant bacteria

genus, Thermoanaerobaculum, Gemmatimonas,
Phycicoccus, Fodinicola, Nitrolancea, Thiogranum,
Longilinea, Pseudarthrobacter, Ignavibacterium

showed more association with other members of
the flora. Thermoanaerobaculum, Gemmatimonas,
Phycicoccus, Fodinicola, Nitrolancea, Thiogranum,
Pseudarthrobacter, Ignavibacteriumwere  positively
correlated with most other flora (red line). Instead,
Longilineais negatively correlated with most other flora
(green line).

According to the prediction results of PICRUSY,
annotation information corresponding to each functional
spectrum database could be obtained for each sample.
Fig. 6b) presented the proportion of common and unique
functional units of each treatment group. The number
of functional units appearing in the three groups of
CC, CG, and CS was 5,626, and the number of unique
functional units of CC, CG, and CS were 65, 12, 276,
respectively. It proved that the microbial functionality
of the CS group was significantly different from the
other two groups. The heat map showed results of
cluster analysis of the top 50 abundance functional units
(Fig. 6c¢). Functional units with larger differences in
abundance in the three groups were concentrated in the
Cell Motility (Cellular Processes), Membrane Transport
(Environment Information Processing), Translation
(Genetic Information Processing), Energy Metabolism
and Carbohydrate Metabolism (Metabolism) in KEGG
level2 pathway.

Discussion

In the traditional aquaculture model, nutrient
pollution is often caused [21], the nitrogen, phosphorus,
and sulfide contained in the excreta and biological
debris of farmed animals are the main pollutants
[22, 23]. Rotation is a common and important way to
increase the output of food and aquatic products, and it
has been widely used in agricultural products. Studies
have shown that shrimp manure in rice and shrimp
breeding mode can enhance soil fertility, reduce the
use of chemical fertilizers, and improve farmland
utilization efficiency and economic benefits while
reducing production input. In the present study, it was
found that shrimp-vegetative rotation could significantly
increase the yield of shrimp farming. As we know,
TN and TP are also widely used as indicators of water
eutrophication [24]. The significant decline in TN and
TP concentrations may be attributed to the sustained
release of TN and TP in soil. NH,* and NO,™ are ions
that are usually part of the nitrogen cycle. The NH," in
water was believed to originate from feces and excessive
feed, which damaged the gills, increased the oxygen
consumption, and affected the growth of shrimp [18].
In this study, at the end of shrimp culture, the content
of TN, TC, and TP in the sediments of ponds increased
significantly. By planting vegetables, the contents
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of the three elements in the sediment decreased sharply,
and the removal rates reached 73.5%, 77.0%, and 71.5%,
which provided a good ecological environment for
the next shrimp farming.

At present, research on rotation compounding
models have mostly focused on soil physical and
chemical properties, greenhouse gases, and cultivation
techniques. There has been less research on the soil
denitrification microorganisms. Because nitric oxide
reductase catalyzes is the final step of denitrification,
the nosZ gene is also often used as a key functional
gene for molecular markers to detect whether complete
denitrification [25]. In the alkaline phosphatase family,
the phoD gene is considered to be the most important
alkaline phosphatase gene in soil [26, 27]. This study
showed that shrimp-vegetative rotation significantly
increased the abundance of nosZ and phoD genes
in the sediment at the late planting stage, which
indicated that changes in tillage patterns will affect
the abundance and diversity of denitrifying bacteria
and alkaline phosphatase metabolizing flora in pond
sediments. Previous studies showed that the increases
in the abundance of Alpha proteobacteria by P inputs
in our study indicate the determinants of P availability
to some typical microorganisms with phoD/phoA genes,
and that the increased P supply favored the growth of
copiotrophic microorganisms that contained phoD/phoA
such as Proteobacteria [28-30]. This theory may also be
applicable to this study.

The alpha diversity index showed that shrimp-
vegetation rotation did not significantly change
the microbial diversity of the sediment, which was
consistent with other previous studies [25, 31]. There
are differences in the microbial community structure
between the experimental group and the control
group, but still retaining similarity in the community
structure. The dominant phylum in all three groups

were Proteobacteria, Chloroflexi, Actinobacteria,
Acidobacteria, Bacteroidetes, = Gemmatimonadetes,
Nitrospirae,  Patescibacteria, Spirochaetes,  and

Firmicutes. Our results showed that the taxonomic
distributions of microbial communities were different
at different levels of classification. The abundance of
Proteobacteria, Actinobacteria, Gemmatimonadetes,
Chloroflexi, Nitrospirae showed the particularity of
the farming system of rotation combine with fallow
and flood. Among them, Chloroflexi and Nitrospirae
is the phylum where typical nitrifying bacteria are
located. And the majority of denitrifying bacteria
are concentrated in the Proteobacteria class of the
Proteobacteria  phylum [32]. Gemmatimonadetes
has a strong denitrification function, and its relative
abundance decreases with increasing nitrogen levels
[33]. At genus level, the abundance of Thiobacillus was
significantly higher in the shrimp-vegetable rotation
group than in the control group. Thiobacillusis common
autotrophic denitrifying bacteria, which can use carbon
dioxide, organic matter and sulfur compounds as energy
sources [34, 35]. And Gemmatimonas is also closely

related with denitrification function. Interestingly, the
common denitrifying bacteria, Pseudomonas, appears to
have the opposite trend. This may be due to the different
tolerance of some denitrifying bacteria to dissolved
oxygen (DO) [36]. In our study, it was found that an
uncultured genus of the Anaerolineaceae family which
had the significant differences in shrimp-vegetation
rotation group and control group. Anaerolineaceae
not only has the function of denitrification, but also
degrades carbohydrates and other cellular materials
such as amino acids [37]. It can be speculated that it
also played an important role in improving the removal
rate of TN TP in the cultivation area. Increased
abundance of denitrifying bacteria confirms results of
increased copy number of nosZ and phoD genes. The
aforementioned bacteria showed great beneficial effects
on the pond sediments of cultured shrimp, such as
reducing the content of nutrient elements in the soil,
changing nitrate to nitrite, and then nitrogen; cleaning
up toxic substances; increase shrimp production. Flora
metabolic function prediction and cluster analysis
results displayed that the bacteria genus mentioned
above may play a role in regulating cell motility,
membrane transport, translation, energy metabolism
and carbohydrate metabolism pathways. From these
results, we speculate that the shrimp-vegetable rotation
system accelerated the ammonia nitrogen cycle and
greatly promoted the restoration of the soil microbial
system. The changes in the abundance of nitrifying
bacteria and denitrifying bacteria are an important
manifestation of this process.

Various environmental factors in nature, such as
pH, soil oxygen content [38, 39], soil temperature
[40], soil moisture content [40], nutrient supply status
[39], and plant species [38, 41] can affect the structure
of denitrifying bacterial communities. Therefore, it is
necessary to further study the main factors affecting
denitrification activity, and the microbial mechanism
of the functional gene community structure related
to denitrification, so as to use it in the rotation mode.
There were a lot of unknown bacteria, which needs
more work to be done to learn about them, it is hard to
find everything in this study alone. Due to the complex
soil environment of shrimp-vegetable rotation, which
has undergone alternating wet and dry phases, the
study of denitrifying bacteria communities in shrimp-
vegetable soil is more complicated and requires more
in-depth systematic research.

The application of the shrimp-vegetable rotation
system has achieved remarkable results, especially
at the economic level, but its mechanism needs more
exploration. This present study opened the exploration of
the mechanism of the advantage of the shrimp-vegetable
rotation system, which will provide a scientific basis for
the application of the shrimp-vegetable rotation system.
Based on the prediction of the metabolic function of
the soil microbiota, the present results it can guide the
experimental design of metagenomic sequencing and
more rationally screen samples for subsequent research.
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Due to limited conditions, this study cannot reveal
whether different latitudes have a significant impact
on the application of shrimp-vegetable rotation system,
which had become a limitation of this study. More work
is needed for the promotion and scientific application of
the shrimp-vegetable rotation system.

Conclusion

Shrimp-vegetable rotation had stronger restoration
ability of soil bacterial diversity and soil fertility
than the other two farming mode. The rotation mode
promoted a good ammonia nitrogen cycle. The
changes in the abundance of nitrifying bacteria and
denitrifying bacteria are an important manifestation of
this process. This study will provide a scientific basis
and data support for the application of shrimp vegetable
rotation. However, due to the complex soil environment
of shrimp and vegetable rotation, the community
of nitrifying and denitrifying bacteria in the soil is
extremely complex, so more work is needed to reveal
the soil change mechanism.
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Fig. S2. The total vibrio densities (cfu/g) and soil temperature. Changes of soil temperature and the total vibrio densities in CC, CG and
CS groups of the shrimp-vegetable rotation.
Group CC: cultivated area; Group CG: uncultivated area; Group CS: flooded area.



