fishes

Article

Study on the Microflora Structure in a Litopenaeus
vannamei-Sinonovacula constricta Tandem-Culture Model
Based on High-Throughput Sequencing under Different
Culture Densities

Chunpu Zhao !, Jilin Xu 12, Shanliang Xu 1>*, Gege Bao ! and Danli Wang 1-2-*

check for
updates

Citation: Zhao, C.; Xu, J.; Xu, S.; Bao,
G.; Wang, D. Study on the Microflora
Structure in a Litopenaeus
vannamei-Sinonovacula constricta
Tandem-Culture Model Based on
High-Throughput Sequencing under
Different Culture Densities. Fishes
2023, 8, 287. https://doi.org/
10.3390/ fishes8060287

Academic Editor: Bernardo

Baldisserotto

Received: 18 April 2023
Revised: 22 May 2023

Accepted: 24 May 2023
Published: 26 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 School of Marine Science, Ningbo University, Ningbo 315211, China; 2201130087@nbu.edu.cn (C.Z.)
Key Laboratory of Applied Marine Biotechnology, Ningbo University, Chinese Ministry of Education,
Ningbo 315211, China

Correspondence: xushanliang@nbu.edu.cn (S.X.); wangdanli@nbu.edu.cn (D.W.)

Abstract: In this study, we evaluated the intestinal contents of Pacific whiteleg shrimp (Litopenaeus
vannamei), the visceral mass of razor clams (Sinonovacula constricta) and the water columns and the
substrate sediments in different culture-density groups in a L. vannamei-S. constricta tandem-culture
model by high-throughput sequencing of the 16S rRNA gene. The results show that the culture
density affected the bacterial floral structure of the water columns, substrate sediment and razor-clam
gut masses without making significant differences in the bacterial flora structure of the shrimp gut;
the Shannon diversity indexes of the bacterial communities in the substrate sediment, shrimp gut and
razor-clam gut masses were not significantly different among the density groups, and the Shannon
diversity index of the bacterial communities in the water column was higher in the group with higher
culture densities; at the phylum level, the dominant bacteria common to the shrimp guts, razor-
clam visceral mass, water columns and substrate sediment were Proteobacteria and Bacteroidetes;
Chloroflexi was the dominant bacterium specific to the substrate sediment; and Firmicutes was the
dominant bacterium specific to the shrimp gut and razor-clam gut mass. We used national standards
(GB 17378.4-2007, China) to evaluate the content of water-quality factors through the environmental
factors and the genus-level correlation analysis of bacterial flora that follow: the dominant bacterium
in the water column, uncultured_bacterium_f_Rhodobacteraceae, was negatively correlated with
PO,3~-P; the dominant bacteria in the substrate sediments, uncultured_bacterium_f_Anaerolineaceae
and Woeseia, were significantly and negatively correlated with DO; and the dominant bacteria
Lactococcus spp. in the razor-clam gut mass and the shrimp intestines were positively correlated with
DO. These results show that culture density directly affects water-quality factors, which in turn affect
the culture environment and the composition structure of the bacterial flora in a cultured organism.

Keywords: culture density; Litopenaeus vannamei; Sinonovacula constricta; tandem culture; bacterial
colony structure

Key Contribution: This study is the first to investigate the composition of bacterial flora of cultured
organisms and the culture environment in a tandem-culture model.

1. Introduction

The Pacific white shrimp (Litopenaeus vannamei) is native to the area from the Pacific
coastal waters of northern Peru to Sanola, Mexico, and it is one of the three largest shrimp
species in the world’s most farmed and most productive. The razor clam (Sinonovacula
constricta) is a widely tempered shellfish, endemic to China and Japan, and is farmed more
frequently along the coasts of Shandong, Zhejiang and Fujian in China, with Zhejiang and
Fujian on the southeast coast being the main farming areas. In China, shrimp and razor
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clams are popular among consumers because of their delicious taste and rich nutritional
value. In recent years, China’s shrimp and razor-clam farming production have grown year
by year; the total output of S. constricta in 2018 reached 853,000 tons, according to the 2020
China Fisheries Statistical Yearbook statistics, and China’s L. vannamei farming production
has accounted for more than 80% of the world’s total shrimp farming production. However,
the high-density intensive farming adopted by farmers can easily cause disease of cultured
organisms, resulting in slow growth or even death of shrimp and razor clams, which
hinders healthy and sustainable development of aquaculture. In order to solve the above
problems, a new culture model, the “L. vannamei-S. constricta tandem culture model”, came
into being. The system would be stocked in adjacent ponds of shrimp and razor clams, with
the shrimp pond artificially feeding residual bait and shrimp feces and other metabolic
waste into nutrient salts, fully absorbed by the pond microalgae, so that the pond would
maintain a high population advantage of planktonic algae injected into the razor-clam
pond through the pump, while the razor clams would filter rich algae, organic debris
and bacterial masses, brought from the shrimp pond, back into the shrimp pond, thereby
achieving the purposes of water purification and recycling of seawater.

Bacteria are the most widely distributed group of organisms in nature, with the
characteristics of small individuals, large numbers and diverse species, and are an important
part of the ecosystem and environment [1]. Bacteria play a very important role in the
aquaculture environment and are an important part of the composition of the ecosystem.
They not only participate in the material cycle in the system but also maintain the stability
of the system by decomposing nutrient wastes and hindering reproduction of pathogenic
bacteria [2,3], so it became extremely necessary to pay attention to the bacteria in the tandem-
culture model. Microbial research in farming environments has become increasingly
popular in the last decade, with studies on microbial community structure in monoculture
or mixed-culture environments and on gut microbes in farmed animals. Tang et al. used
polymerase chain reaction—denaturing gradient gel electrophoresis (PCR-DGGE) and 165
rDNA pyrophosphate sequencing to assess the effect of environmental temperature on
the compositions of bacterial communities in freshwater aquaculture systems of Penaeus
vannamei and identified some potentially pathogenic bacteria [4]. Zheng et al. used high-
throughput sequencing technology to study the relationships between diseases and the
culture environment and gut bacteria in Pacific white shrimp and carp and found that the
abundance and diversity of bacteria in the substrate were higher than in the water column
and bacteria were higher than fungi in the samples at the same time point [5]. Wang et al.
studied seasonal changes in the bacterial flora structures of razor clams and their culture
ponds based on high-throughput sequencing and found that the bacterial flora structure in
the water column in winter differed significantly from that in the other three seasons, and
there were no significant differences in the bacterial flora structure in the sediment and the
razor-clam gut mass in all four seasons [6]. However, no studies have been conducted on
the structure of bacterial flora in the shrimp and razor-clam tandem-culture model, and few
studies have been conducted on the structure of bacterial flora of shrimp or razor clams
at different culture densities. In this experiment, high-throughput sequencing technology
was used to measure and analyze the bacterial flora of the tank water, the sediment and
the intestinal contents of shrimp and razor clams in different culture-density groups in the
tandem-culture model in order to understand the bacterial flora in the ecosystem structure
of the tandem-culture model of shrimp and razor clams at different culture densities and to
provide a theoretical basis for adjustment of culture density, regulation of culture water
quality and disease prevention of cultured organisms in this model.

2. Materials and Methods
2.1. Basic Information of the Shrimp and Razor-Clam Tandem-Culture Tank
The experiments were conducted from 10 August to 5 October 2020 in a tandem-

culture-model tank built at the Marine and Fisheries Science and Technology Innovation
Base in Ningbo, Zhejiang Province. The size of the culture tank was 50 cm x 40 cm x 30 cm,
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with a 0.05 m? bottom area of the razor-clam culture tank (replaced with a plastic box)
and a 0.2 m? bottom area of the shrimp culture tank: that is, a shrimp-razor-clam tank
area ratio of about 4:1. A layer of 10 cm-thick mud was added at the bottom of the razor-
clam tank and the shrimp tank using air-stone-bottom oxygenation while a small 3 W
pump was equipped to pump water from the shrimp tank into the razor-clam tank, each
parallel group of shrimp tank and the bottom of the razor-clam tank having a water-pipe
connection so that the razor-clam culture tank and the Pacific-white-shrimp tank water
would interchange. The shrimp tank was fixed with mesh on top, and the razor-clam
tank was covered with foam boards for shade, as shown in Figure 1. After two weeks of
experimentation, biofilter media was placed on the water surface of the razor-clam tank for
microbial attachment and growth in the water column. The initial weight of the Litopenaeus
vannamei was 4.28 + 0.08 g, and that of the Sinonovacula constricta was 7.81 £ 0.06 g.

Figure 1. Basic setup of culture tank. The upper two pictures are the field condition of the experimen-
tal tank and the condition of the bottom water pipeline, respectively, and the lower two pictures are
the actual conditions of the razor-clam culture tank and the shrimp culture tank, respectively.

2.2. Experiment Design

There were 4 density groups in this experiment, identified as “Group 17, “Group 2”,
“Group 3” and “Group 4”. The stocking-density ratio of Pacific white shrimp to razor clams
in each density group was 1:5, and the specific stocking densities are shown in Table 1.
Each group was set up in a parallel three, and the actual number of prawns and razor clams
stocked in the experimental tanks was calculated according to the area of each tank. This
experiment was conducted for 56 d.

Table 1. Grouping of culture tanks.

Culture Tank Groups
Cultured Organisms
Group 1 Group 2 Group 3 Group 4
Stocking Density of Pacific White Shrimp (ind /m?) 40 60 80 100
Actual Number of Shrimp Raised (ind) 8 12 16 20
Stocking Density of Razor Clams (ind/ m?) 200 300 400 500
Actual Number of Razor Clams Raised (ind) 10 15 20 25

2.3. Daily Feeding and Management

The shrimp were fed with Yuehai compound shrimp feed (granular feed, 40% crude
protein, 16% ash, 4% crude lipid and 12% moisture) every day at 7:00, 12:00 and 17:00.
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The feeding amount was 2% of the total weight of shrimp in the tank (the total feeding
amount per day was 6% of the body weight of the shrimp). In the tank of razor clams,
1000-times-diluted micrococcus algal fluid (the original concentration of algae cells was
7 x 10° ind/mL) was fed in at 9:00 and 18:00 every day, and the feeding amount increased
in a gradient according to the culture density so that the number of algal cells in the tank
was about 1 x 10° ind/mL. All of the aquacultural tanks had a water amount of 33%
changed at 8:00 and 13:00 every day, and the total daily water exchange was 66%. The
replacement seawater came from Xiangshan Port, Zhejiang, China (Latitude: 29.64798,
Longitude: 121.77904), with a salinity of 20 ppt, a water temperature of 27.2-30.7 °C and a
pH of 7.95-8.10.

2.4. Measurement of Water-Quality Indicators in Culture Tanks

Water-quality factors were determined according to marine monitoring specifications
(GB 17378.4-2007, China), using the potassium-persulfate oxidation method to determine
the total nitrogen (TN) and the total phosphorus (TP), the sodium-hypobromite oxidation
method to determine the ammonium nitrogen (NH4"-N), the zinc—cadmium reduction
method to determine the nitrate nitrogen (NO3™-N), naphthalene ethylenediamine hy-
drochloride to determine the nitrite nitrogen (NO, ~-N), the molybdenum blue method to
determine the reactive phosphorus (PO43~-P) and the potassium-permanganate oxidation
method to determine the chemical oxygen demand (COD).

2.5. Sample Collection and DNA Extraction

All experimental procedures conformed to the Standard Operating Procedures (SOPs)
of the Guide for Use of Experimental Animals of Ningbo University. The studies involving
animals were reviewed and approved by the Ningbo University Laboratory Animal Center
under permit number SYXK (ZHE2008-0110). On the beginning day of this experiment,
initial samples of water, sediment, gut mass of S. constricta and gut contents of L. vannamei
were, respectively, sampled according to the company’s sampling requirements (Biomarker,
Beijing, China), and 3 parallel samples of each sample were taken from each density group.
At the end of the test, 1000 mL of water samples were taken from each of the four density
groups (divided into shrimp tank water samples and razor-clam tank water samples),
filtered through a 0.22 pm sterile cellulose filter membrane made of acetate fiber (Jinjing,
Shanghai, China) and then cut with sterile scissors to shred the membrane; 500 mg of
sediment samples were taken from the substrate in each parallel sample culture tank; the
razor clams were placed on ice and anesthetized, then rinsed with sterile water for surface
sediment and dissected aseptically in sterilized dissection trays to remove the visceral
mass; and the shrimp were placed on ice and anesthetized, the shrimp intestinal samples
then dissected out of the intestine in sterilized dissection trays and the intestinal contents
extruded with sterilized forceps. The above samples were loaded into lyophilization tubes,
rapidly cooled in liquid nitrogen tanks and sent to Beijing Bemac Biotechnology Co., Ltd.
(Beijing, China).

The abovementioned water, sediment, razor-clam and Pacific-white-shrimp samples
were extracted using the MNNucleoSpin96 Soi kit (Biomarker, Beijing, China), and the ex-
traction was performed according to the kit instructions. The obtained DNA concentration
and purity were determined with NanoDrop2000 (Thermo Fisher, Waltham, MA, USA),
and the samples were stored at —20 °C for subsequent PCR amplification.

2.6. PCR Amplification and High-Throughput Sequencing of 16S rDNA Sequences

The extracted total bacterial DNA was used as a template to design the V3-V4
variable-region amplification primers 338 F (5'-ACTCCTACGGGAGGCAGCA-3') and
806 R (5'-GGACTACHVGGGTWTCTAA T-3'), which were used for PCR amplification.
The target-region PCR was performed first with a 10 uL system: 50 ng 4= 20% of genomic
DNA, 0.3 uL each of VnF (10 uM) and VnR (10 uM), 5 pnL. of KODFXNeoBuffer, 2 uL of
dNTP (2 mM each), 0.2 uL. of KODFXNeo and ddH20 made up to 10 pL. PCR reaction con-
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ditions were pre-denaturation at 95 °C for 5 min, denaturation at 95 °C for 30 s, annealing
at 50 °C for 30 s and extension at 72 °C for 40 s. A total of 25 cycles were performed, and the
final extension was at 72 °C for another 7 min. SolexaPCR was then performed with a 20 puL
system: 5 puL of PCR purification product from the target region and 2.5 pL each of MPPI-a
and MPPI-b at concentrations of 2 uM and 10 puL of 2 x Q5 HFMM. Reaction conditions
were pre-denaturation at 98 °C for 30 s, denaturation at 98 °C for 10 s, annealing at 65 °C
for 30 s, extension at 72 °C for 30 s, 10 cycles and, finally, extension at 72 °C for 5 min. The
PCR amplification products were detected with agarose (1.8%) gel electrophoresis and then
sequenced with a machine (Biorad, Hercules, CA, USA).

In the following text, the initial water sample, the initial sediment sample, the initial
razor-clam viscera sample, and the initial gut contents sample of shrimp are labeled as “CS”,
“CN”,“CY” and “CX”, respectively, and the shrimp tank water sample, the razor-clam tank
water sample, the sediment sample, the razor-clam viscera sample and the shrimp-gut-
contents sample at the end of the test are labeled as “MXS”, “MYS”, “MYN”, “MY” and
“MX?”, respectively.

2.7. Data Processing and Analysis

The raw data were spliced (FLASH, version 1.2.11), the spliced sequences were sub-
jected to quality filtering (Trimmomatic, version 0.33) and chimerism (UCHIME, version
8.1) was removed to obtain high-quality tag sequences. Sequences were clustered at the
ninety-seven-percent similarity level (USEARCH, version 10.0); OTUs were filtered with
0.005% of all sequenced sequences as the threshold and compared with the Silva database
(Release 128, http:/ /www.arb-Silva.de; accessed on 10 December 2020) using RDP Classic
(Version 2.2, http://sourceforge.net/projects/rdpclassifier/; accessed on 12 December
2020), with a confidence threshold of 0.8. If the similarity between sequences was higher
than ninety-seven percent (species level), it could be defined as an OTU (Operational
Taxonomic Unit), and each OTU represented a species.

« diversity index analysis: the colony richness index (Chaol index, ACE index)
and the colony diversity index (Shannon index, Simpson index) were analyzed using
Mothurversion v.1.30 software (http://www.mothur.org/; accessed on 15 December 2020).
The statistical t-test was also used to calculate the variability of each index (« = 0.05).

f diversity analysis: species diversity matrices were presented based on binary Jac-
card, Bray—Curtis and (un)weighted unifrac (restricted bacteria) with multiple algorithms.
Sample principal component analysis (PCA), principal coordinate analysis (PCoA) and
non-metric multidimensional scaling method analysis (NMDS) were plotted based on the
R language platform. After normalization (logarithmic) based on the OUT data, the top
80 species with the highest numbers were selected, and the sample heatmap was drawn
based on the R heatmap.

3. Results
3.1. Structural Compositions and Differences of Bacterial Communities of Each Sample in Different
Density Groups

After analyzing the high-throughput sequencing data from the initial samples and
the four density groups of samples at the end of culture, a total of 5,669,638 pairs of raw
sequences were obtained from the sequencing of 72 samples, and 5,599,890 sequences
were generated after double-end sequence-quality control and splicing, which produced at
least 42,404 sequences per sample and 77,776 sequences on average. All sequences were
classified into 34 phyla, 85 orders, 195 families, 332 families, 596 genera and 1698 OTUs.

3.1.1. Bacterial Community Structure of Each Sample Based on Phylum Level

As can be seen in Figure 2, the dominant bacterial groups in the initial water samples
and in the different density groups were divided into two categories: Proteobacteria (CS:
63.0%; MXS1: 40.2%; MXS2: 56.5%; MXS3: 36.1%; MXS4: 52.2%; MYS1: 41.9%; MYS2: 55.2%;


http://www.arb-Silva.de
http://sourceforge.net/projects/rdpclassifier/
http://www.mothur.org/

Fishes 2023, 8, 287

60f17

Relative abundance (%)

100%

80%

60% |

40% |

20% |

0%

MYS3. 45.9%; MYS4: 35.5%) and Bacteroidetes (CS: 20.8%; MXS1: 42.8%; MXS2: 33.1%;
MXS3: 50.1%; MXS4: 31.2%; MYS1: 51.5%; MYS2: 39.5%; MYS3: 42.7%; MYS4: 32.3%).

B Others

M Epsilonbacteraeota
Acidobacteria
Chloroflexi
Cyanobacteria
Verrucomicrobia
Patescibacteria
Actinobacteria
Firmicutes

Bacteroidetes
M Proteobacteria

MXS1 ~ MXS2 ~ MXS3  MXS4  MYS1  MYS2  MYS3  MYS4
Sample

Figure 2. Bacterial community compositions and structures of water samples at the phylum level.

As can be seen in Figure 3, the initial sediment samples and the sediment samples of
different density groups were divided into three categories of dominant groups: Proteobac-
teria (CN: 29.7%; MYNT1: 52.0%; MYN2: 37.9%; MYN3: 48.9%; MYN4: 45.7%), Chloroflexi
(CN: 7.1%; MYNT1: 13.2%; MYN2: 18.8%; MYN3: 18.8%; MYN4: 22.0%) and Bacteroidetes
(CN: 15.6%; MYNT1: 10.2%; MYN2: 11.3%; MYN3: 10.7%; MYN4: 10.7%).

100% 7 M others
M Latescibacteria

80% - I Nitrospirae
9 M cyanobacteria
E [ Epsilonbacteraeota
5 60% B Acidobacteria
é M Actinobacteria
g 0% B Firmicutes
% B Bacteroidetes
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0%
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Figure 3. Compositions and structures of bacterial communities at the phylum level in sediment samples.

The compositions and structures of the razor-clam visceral-mass flora are shown in
Figure 4, and the initial visceral mass and the different density groups of dominant visceral-
mass flora were divided into three categories: Firmicutes (CY: 46.9%; MY1: 37.3%; MY2:
41.9%; MY3: 41.0%; MY4: 42.9%), Proteobacteria (CY: 17.1%; MY1: 19.6%; MY2: 23.1%;
MY3: 19.3%; MY4: 21.2%) and Bacteroidetes (CY: 17.5%; MY1: 9.3%; MY2: 11.6%; MY3:
14.4%; MY4: 10.5%).
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Figure 4. Compositions and structures of bacterial communities at the phylum level in S. constricta viscera.

The compositions and structures of the gut-content flora of the shrimp are shown in
Figure 5. The initial gut contents and the different density groups of dominant gut-content
flora were divided into three categories: Firmicutes (CX: 31.4%; MX1: 38.7%; MX2: 39.2%;
MX3: 44.1%; MX4: 35.3%), Proteobacteria (CX: 18.0%; MX1: 24.3%; MX2: 19.6%; MX3:
19.7%; MX4: 26.3%) and Bacteroidetes (CX: 30.4%; MX1: 11.4%; MX2: 21.9%; MX3: 15.4%;
MX4: 12.5%).

100%7 M Others
Tenericutes
Epsilonbacteraeota
Chloroflexi

80%

Patescibacteria

60% Cyanobacteria

Actinobacteria
40% - Acidobacteria
Bacteroidetes

Relative abundance (%)
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0% —

Sample

Figure 5. Compositions and structures of bacterial communities at the phylum level in the intestinal
contents of L. vannamei.

3.1.2. Structural Compositions of Bacterial Communities for Each Sample Based on Genus Level

Figure 6 shows the community heatmap of the four samples at the genus level,
and Tables S1-54 show the relative abundance of the dominant bacterial groups of the
four samples at the genus level for the initial samples and the different density groups,
respectively. The results show that the difference between the initial sample of uncul-
tured_bacterium_f_Rhodobacteraceae and the Density Group 4 shrimp tank water samples
was not significant (p > 0.05), but the differences from other density groups of shrimp-tank
and razor-clam tank water samples were significant (p < 0.05). The abundance of uncul-
tured_bacterium_f_Cryomorphaceae was significantly higher in the shrimp and razor-clam
tanks of Group 1 than in the initial sample and the other groups. With the increase in
culture density, the abundance of uncultured_bacterium_f NS9_marine_group showed
a trend of increasing and then decreasing. The abundance of Phaeodactylibacter, uncul-
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In the gut contents of the shrimp, the top five dominant bacteria, Lactococcus, uncul-
tured_bacterium_f_Lachnospiraceae, uncultured_bacterium_c_Subgroup_6, Alloprevotella
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and the abundance of uncultured_bacterium_f Flavobacteriaceae in the initial sample was
significantly higher than in the four groups.
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Figure 6. Heatmaps of microbial community abundance clustering at the genus level of each sample.
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As can be seen in Figure 7, in the water samples, the initial sample and the Group 4
razor-clam tank water samples are farther away from the rest of the density-group-culture
tank water samples, indicating that the initial sample and the Group 4 razor-clam tank
water samples were different from the rest of the density-group-culture tank water samples
in bacterial communities. In the samples of bottom sediment, the distance between the
initial sample, Group 1 and the rest of the groups is far, indicating that there were large
differences in the bacterial communities between the initial sample, Group 1 and the rest of
the groups. The distance between the initial sample and Group 1 is also far, indicating that
they also had large differences. In the samples of razor-clam gut mass, the initial sample
and Density Group 2 are far away from the rest of the density groups, indicating that the
bacterial communities of the initial sample and Density Group 2 were different from the
rest of the density groups. In the samples of gut contents of shrimp, the initial samples
and the samples of each group are basically clustered into one group, indicating that there
were no significant differences in bacterial communities between the initial samples and
the samples of each group.
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Figure 7. Non-metric multidimensional scaling (NMDS) analysis of bacterial community structure in
each sample.

3.2. w Diversity Index

o diversity is the diversity within a specific region or ecosystem and is a composite of
the ACE, the Chaol, the Shannon, the Simpson and other indices. The abundance of flora
was expressed by the ACE and Chaol indexes, and the larger the value was, the greater the
abundance would be. The species diversity of flora was expressed by the Shannon index
and the Simpson index. The larger the Shannon index was, the higher the diversity would
be. A higher Simpson index indicated that the dominant species was more concentrated.
The a-diversity indices of the bacterial communities for each sample in the initial sample
and the different groups are shown in Tables S5-57. It can be seen that there are large
differences in the abundance and diversity indices of the bacterial flora in the shrimp
and razor-clam tandem-culture environment at different culture densities. In the guts of
the shrimp, the Shannon and Simpson indices of the different density groups were not
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significantly different (p > 0.05); the ACE and Chaol indices of Group 3 were significantly
different compared with those of the other subgroups, indicating a high species richness
in the guts of shrimp at this culture density. In the razor-clam visceral mass, the Shannon
index of each group was not significantly different, and the ACE index and Chaol index
of the initial sample and Group 2 were much higher than in the other groups, indicating
a higher species richness in their visceral mass; since the initial sample was a healthy
razor-clam sample, this may indicate that the culture density set for Group 2 was more
suitable for the growth of the razor clams in the tandem-culture model. In the culture water,
the Shannon index, the ACE index and the Chaol index of the Group 4 razor-clam tank
water were much higher than those of the other groups, indicating that the abundance
and diversity of bacteria in the Group 4 razor-clam tank water were the highest among
all groups; meanwhile, the Simpson index of each water sample in the tandem-culture
model was higher than that of the initial water sample, indicating that the dominant species
of bacteria in the water body were more concentrated in the tandem-culture model. In
the sediment, there was no significant difference between the Shannon index of the initial
sample and those of the samples of each group, and the Simpson index of the initial sample
was the lowest value among all of the groups, while the ACE index and the Chaol index
were the highest values, indicating that the initial sediment had the most abundant bacterial
flora. The ACE index and the Chaol index of Group 1 were significantly different from
those of the other density groups and only slightly lower than those of the initial sample,
indicating that the sediment flora of Group 1 had higher species richness compared with
the other groups.

3.3. Correlation of Each Sample Flora with Water Environment Factors

As can be seen in Table 2, the water-quality indexes of the initial water samples and
the water samples of each tank in different groups show significant differences. Among
the water-quality indexes of the different groups, DO shows a trend of decreasing with the
increase in culture density; pH shows a small change with the increase in culture density,
among which the pH value of Group 3 was the highest; COD, TN, NO3;-N, NO,”N
and NH4*-N all show a trend of increasing with the increase in culture density; and TP
and PO,3~-P show a trend of increasing and then decreasing with the increase in culture
density, among which the value of Group 3 was the highest among all groups.

Table 2. The water-quality indexes of initial samples and culture tanks of different density groups.

Indicator

Ccs

MXS1

MXS2

MXS3

MXS4

MYS1

MYS2

MYS3

MYS4

DO
pH
CcoD
N
NO3~-N
NO, ~-N
NHy*-N
TP
P03~ -P

796 £ 027 a
797 £0.01¢c
0.64 +0.01 f
1.10 £ 0.00 f
0.51 +0.00 e
0.01+0.00d
0.002 £ 0.00 e
0.25+0.00e
0.13+0.00¢

7.39 £ 0.09 b 7.27 +0.06 b 7.17 £ 0.08 b 7114+ 0.10b 6.55 +0.07 ¢ 6.44 4 0.07 cd 6.32 4+ 0.11 cd 6.234+0.12d
7.99 £ 0.06 be 8.03 = 0.01 abc 8.05 & 0.01 ab 8.02 + 0.02 abc 8.05 & 0.04 ab 8.03 = 0.01 abc 8.08 £ 0.05a 8.02 + 0.02 abc
5.75 £ 0.15de 553+ 0.02e 6.10 £ 0.11 be 640+ 026a 5.84 4 0.08 cd 5.69 £ 0.13 de 5.84 4+ 0.11 cd 6.25 4 0.11 ab
8.71+0.63 e 10.44 £ 0.69 cd 12.16 = 0.57 b 1491+ 047 a 9.50 +1.04 de 11.33 £ 0.45bc 12.64 = 0.51 b 14.01 £049a
3.24 4023 cd 3.94 + 0.83 be 4.37 £ 048 b 6.06 =0.71a 271+£044d 267 £030d 3.08 +0.23 cd 4.13 £ 0.57 be
0.11+0.02¢ 0.17 £ 0.01 b 024+0.02a 024 +0.02a 010+ 0.01 ¢ 0.17 £ 0.02b 0.21 +£0.00a 0.23+0.02a
0.11 4 0.09 cd 0.14 + 0.02 bed 0.18 + 0.00 abc 0.23 4 0.03 ab 0.08 £ 0.05 de 0.14 & 0.03 bed 0.16 + 0.05 abed 0.25+0.03a
172+013d 214+017c¢ 2.58 +0.12 ab 233 +0.23bc 145+0.04d 2.09+026c¢ 279+0.19a 2.44 +0.18 abc
0.17+£0.01 ¢ 0.24 - 0.04 b 031+0.02a 0.25 4 0.03 b 0.17 £0.03 ¢ 0.24 +0.03b 0.31+0.02a 0.26 4 0.03 ab

Different letters in the same line represent significant differences between different groups (p < 0.05).

As can be seen in Figure 8, the correlations between different species of bacteria
and environmental factors show more significant differences. The results show that the
dominant bacteria, uncultured_bacterium_f Rhodobacteraceae, in the water column were
negatively correlated with PO43~-P and positively correlated with DO, pH, COD, NO,~-N,
NO3;~-N, NH4*-N, TN and TP. The Uncultured_bacterium_f_Anaerolineaceae and Woeseia
in the sediment were significantly negatively correlated with DO and positively correlated
with PO43~-P, pH, COD, NO, ™ -N, NO; ™ -N, NH4*-N, TN and TP. The dominant bacteria,
Lactococcus, in the guts of the shrimp and the razor-clam gut mass were positively correlated
with DO and negatively correlated with PO,3~-P, pH, COD, NO; -N, NO; -N, NH4*-N,
TN and TP. Uncultured_bacterium_f_ILachnospiraceae had a significant positive correla-
tion with DO (p < 0.05); a significant negative correlation with PO, -P, pH, NO;™-N,
TN and TP (p < 0.05); and a negative correlation with COD, NO; -N and NH;*-N. In
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addition, Lachnospiraceae_ NK4A136_group, uncultured_bacterium_f Muribaculaceae and
Alloprevotella all showed significant positive correlations with DO and significant negative
correlations with COD, pH and NO,™-N (p < 0.05).
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Figure 8. Heatmap of the correlation between water-quality indicators and the dominant flora in
tandem-culture tanks for shrimp and clams. “*” and “**” indicate significant correlations at the 0.05
and 0.01 levels.

4. Discussion
4.1. Bacterial Community Composition in Different Culture-Density Groups in the
Tandem-Culture Model

There have been many studies on determination of culture environments and cultured-
organism flora in monoculture, mixed culture and biofloc culture models [7,8], but no
one has yet evaluated the flora of culture environments and cultured organisms in the
shrimp and razor-clam tandem-culture model. In addition, there are few studies related
to determination of bacterial flora in Pacific white shrimp and razor clams at different
culture densities.

In this study, the structural compositions of bacterial communities in the water column,
substrate sediment, shrimp gut contents and razor-clam gut mass, in shrimp and razor-clam
tandem-culture tanks at different culture densities, was analyzed using high-throughput
sequencing technology. First, at the phylum level, Proteobacteria were present among
the dominant groups in all samples, mainly because the nucleocytoplasmic homologs of
many genes originate from Proteobacteria, which have absolute advantages in molecular
biological classification and phenotypic classification among prokaryotes [9]. The dom-
inant bacteria in the culture environment (water column and substrate sediment) were
Bacteroidetes and Chloroflexi, which is consistent with the results already reported [10,11].
The first dominant bacteria in the guts of shrimp and the clam gut masses were Firmicutes,
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followed by Proteobacteria and Bacteroidetes, which differed from many existing studies.
For example, Liu et al. determined the gut flora of spotted prawns and Hong Kong oyster
visceral-mass flora in mixed shrimp-and-shellfish ponds and found that the dominant
bacteria were Proteobacteria (43.0%) and Firmicutes (17.0%) [12]. However, Mukherijee et al.
found that the abundance of Firmicutes was higher in the dominant intestinal microorgan-
isms of Catla than was that of Proteobacteria [13]. Zhao et al. also found that there were
significant differences in the gut microbial community structures of Pacific white shrimp
in the four culture models, and the abundance of Cyanophyta was much higher in the
freshwater pond culture model than in the other culture models [14]. We hypothesize that
dominant bacteria are related to culture species, environment and model. The dominant
bacteria in the intestinal and visceral masses of the cultured organisms in this experiment,
based on genus level, were all Lactococcus spp. under the phylum Firmicutes, and in much
higher abundance than the others. It has been shown that some bacteria of the genus
Lactococcus can synthesize a lactococcal peptide with antimicrobial effects [15], and that the
dominant phyla Proteobacteria and Bacteroidetes are essential for organic-matter degrada-
tion, presumably putting shrimp and razor clams in a healthier state in the tandem-culture
model compared to the conventional culture method.

The structure of the gut flora of farmed organisms is closely related to the struc-
ture of the microflora of the farming environment, and environmental factors deter-
mine the structure and function of the microbial community [16], while the structure
and function of the gut microflora play an important role in the physiology, immunity,
metabolism and health of the host [17,18]. In the results of this study, it was found that
there were differences between water samples, sediment samples and cultured organisms
based on the dominant bacteria at the genus level. In the water sample, the first dom-
inant bacterium was uncultured_bacterium_f Rhodobacteraceae, which belongs to the
a-Amastigotes phylum and is an important heterotrophic bacterium in the marine environ-
ment, with a high metabolic versatility and capable of oxygen-producing photosynthesis,
metabolizing a variety of organic compounds, degrading dimethyl sulfopropionate and
producing various secondary metabolites [19]. The second dominant bacterium was uncul-
tured_bacterium_f_Cryomorphaceae, and related studies have shown that its abundance
is high in algal cultures [20]; the reason for its greater abundance in the culture water of
this experiment may be related to the feeding with the microgreen coccolithophore algae
solution. The third dominant bacterium, NS3a_marine_group, is a genus whose abundance
increases significantly when the ambient temperature drops [21]. The water temperature
decreased from 30.7 °C at the beginning to 25.5 °C at the end of this test cycle, while
it can be seen that the abundance of NS3a_marine_group in the initial sample was much
lower than that of the density group samples collected at the end of this study, which is
consistent with the above results in the literature. In addition, among the dominant bac-
teria, there were pathogenic bacteria, such as uncultured_bacterium_f Burkholderiaceae
and uncultured_bacterium_f_Flavobacteriaceae, but due to their low abundance, they
had little impact on the health of the cultured organisms. In the sediment sample, the
first dominant bacterium was uncultured_bacterium_f_Anaerolineaceae, belonging to
Chloroflexi, which plays an important role in organic-matter degradation under anoxic
conditions [22]. The second dominant bacterium was Woeseia, which belongs to the or-
der y-Amastigotes and is found to be widely distributed in coastal marine environments
around the world, with rich biogeochemical functions, such as heterosulfur oxidation
and denitrification [23,24]. The first three dominant bacteria in the shrimp intestinal and
razor-clam gut groups were all Lactococcus, uncultured_bacterium_f_Lachnospiraceae and
uncultured_bacterium_c_Subgroup_6. Lactococcus has been mentioned above and is a
probiotic that plays an important role in maintaining the intestinal health of organisms;
gross uncultured_bacterium_f_Lachnospiraceae is an important butyrate producer in in-
testinal flora, while butyrate and other SCFAs inhibit intestinal inflammation, maintain
the intestinal barrier and regulate intestinal motility through different mechanisms [25];
and uncultured _bacterium_c_Subgroup_6 belongs to Acidobacteria, with related studies
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that have found that it may be associated with low nitrogen input to inter-rhizosphere
organic carbon turnover [26]. The abundance of Photobacterium in the MX4 group was
found to be much higher than in the other groups in the gut samples of shrimp, mainly
because the first parallel sample in the MX4 group contained a large amount of Photobacteria.
It has been shown that some strains of Photobacteria have the ability to cause disease in
the host, and the growth index of the shrimp in the tank where this parallel sample was
located was the worst among all of the tanks, with a specific growth rate of only 80.9%
of the average value of all of the tanks, while the remaining two parallels were in good
condition and the abundance of Photobacteria was much lower than that of this parallel
sample, presumably due to the individual differences of the shrimp in this tank. The
uncultured_bacterium_f_Flavobacteriaceae are conditionally pathogenic bacteria that can
cause infections such as pneumonia, meningitis and sepsis [27], but they are not very
pathogenic and do not cause morbidity in general. As seen in the results, the abundance of
uncultured_bacterium_f_Flavobacteriaceae in the initial sample was 15.81 & 1.25, which
was much higher than in the density groups in the four tandem-culture patterns, and it
is presumed that the growth of uncultured_bacterium_f_Flavobacteriaceae in the culture
pattern was inhibited. In the razor-clam gut-mass samples, the abundance of Mycoplasma
was found to be much higher in the MY1 group than in the other groups, which was mainly
due to the presence of a large amount of Mycoplasma, one of the pathogenic bacteria of
shellfish organisms, in the second parallel sample in the MY2 group [28], and the growth
index of razor clams in the tank of this parallel sample was the worst among all of the
tanks, with the specific growth rate being only 66.0% of the mean value of all of the tanks.
This is also presumed to be due to the individual differences of the razor clams in this tank.

4.2. Changes in x-Diversity Indexes of Bacterial Communities in Different Culture-Density Groups
in the Tandem-Culture Model

It has been shown that the compositions and structures of bacterial communities in a
culture environment are related to culture density, and changes in bacterial-community
diversity can affect the growth and health of cultured organisms to some extent. In this
study, the Shannon index, the Simpson index, the ACE index and the Chaol index were
found to be the largest in the bottom sediments of the four samples, indicating the highest
diversity and abundance of bacterial communities. This is mainly because the material
composition of substrate sediment is more complex and contains more nutrients, which
provide better conditions for growth of bacterial flora [29]. The ACE index and the Chaol
index of the water column were higher than those of the razor-clam visceral mass and the
guts of the shrimp, indicating a higher bacterial abundance in the water column, similar to
the results of studies on bacterial flora in aquatic animals such as Hyriopsis cumingii and
Cynoglossus semilaevis [30,31]. In addition, the Shannon index, the ACE index and the Chaol
index of the razor-clam tank water samples increased with the increase in culture density,
indicating that an increase in culture density will increase the diversity and abundance of
bacterial flora in culture water, as can be seen in Figure 9; the colors of the biofilters of the
four density groups in the razor-clam tank darkened with the increase in culture density,
and the darkening in color indicated that more detritus (i.e., uneaten food and feces) were
present in the system. For cultured organisms, the Shannon index, the ACE index and the
Chaol index of the shrimp samples in Group 3 and the razor-clam samples in Group 2
were higher, indicating that the abundance and diversity of cultured organisms are higher
at their culture densities, and related studies have also shown that growth, metabolism
and immunity of cultured organisms show a trend of increasing and then decreasing with
increases in culture density [32,33]. The survival rate of the shrimp reached 100% during
the experimental period, while the Shannon index, the ACE index and the Chaol index of
the gut contents of the shrimp in the four density groups were higher than in the initial
shrimp samples. The ACE index and the Chaol index of the razor-clam gut mass were
slightly lower compared with those of the initial samples, and the Shannon indexes of all
water samples in the density group were higher than those of the initial samples, which
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may be closely related to water temperature. In general, the water bacteria in a water
temperature of more than 30 °C will be reduced in reproduction rate and activity; about
a 25 °C water temperature is more suitable for survival of bacterial reproduction. The
initial water temperature of this study was 30.7 °C, and the water temperature dropped to
25.5 °C at the end of this study. Wang et al.’s high-throughput sequencing of water quality
and razor-clam gut mass in four seasons in razor-clam culture ponds revealed that the
abundance of razor-clam gut mass decreased from summer to winter with the decrease
in water temperature [30], and the diversity of the bacterial community in the culture
water was higher in summer and autumn, which is more consistent with the results of
this experiment. The ACE indexes and the Chaol indexes of the sediment samples of the
substrate showed decreases with the increase in culture density, and both were lower than
in the initial samples. It is speculated that this may be related to the bioturbation effect of
razor clams; razor clams, because of their living habits, drill mud and spray water, resulting
in a certain amount of bacteria in the sediment being carried into the water. The number
of clams in each group increased in a gradient from Group 1 to Group 4; presumably, the
intensity of the bioturbation effect increased in each group, so more bacteria were carried
into the water from the sediment, resulting in a decrease in the abundance of bacteria in
the sediment samples of the substrate with the increase in culture density.

Groupl  Group2  Group3 y

P
Figure 9. The situations of the biological filter material in four density groups of S. constricta. The
color of the biomedia darkened with the increase in the culture densities of shrimp and razor clams.

4.3. Correlation between Bacterial Composition and Environmental Factors in Shrimp and
Razor-Clam Culture Tanks of Different Density Groups in the Tandem-Culture Model

Many studies have shown that changes in the compositions of bacterial communities
are closely related to the factors of the culture environment [34,35], which is beneficial
for disease prevention and control and water-quality control and plays an extremely
important role in application of the tandem-culture model in actual production by mas-
tering the changes in the structures of bacterial communities in a culture environment
with culture density and its influencing factors. In NMDS analysis, for shrimp tank wa-
ter samples, Groups 1 and 2 clustered into one group and Groups 3 and 4 clustered
into one group, and these two groups were relatively far apart, suggesting that culture
density might have a greater effect on growth of different bacterial groups in Pacific-
white-shrimp culture water. For razor-clam tank water samples, the differences between
Group 1 and the remaining three groups were significant, indicating that there were sig-
nificant differences between the composition of the razor-clam-culture water flora at low
culture densities and the razor-clam-culture water flora at relatively high culture den-
sities. From the table of the abundance of dominant bacteria in the water samples, it
can be seen that culture density had a greater effect on NS3 a_marine_group and uncul-
tured_bacterium_f Saprospiraceae. Meanwhile, uncultured_bacterium_f Saprospiraceae
belongs to the family Spirulinaceae and plays an important role in denitrification. Nitrifi-
cation plays an important role, and existing studies have shown that conditions such as
the carbon source, dissolved oxygen and pH are the main factors affecting its response.
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As seen in Figure 8, uncultured_bacterium_f Saprospiraceae was negatively correlated
with DO and positively correlated with TN and NO,™-N, which is consistent with ex-
isting studies, but it was also significantly positively correlated with TP and PO,*>~-P,
which requires further investigation to explore the relationship between this bacterium
and phosphorus sources. For the substrate sediments, Groups 2, 3 and 4 clustered into
one group and were far away from Group 1, indicating that the culture density had a
greater influence on the growth of different bacterial groups in the substrate sediments in
the tandem-culture model. From the table of the abundance of dominant bacteria in the
sediment samples of the substrate, it can be seen that culture density had a greater effect on
uncultured_bacterium_f Anaerolineaceae and Woeseia, both of which are genera associated
with the natural material cycle [36] and, when present in large numbers, will lead to a lack
of nitrogen sources in the substrate sediment, affecting the ecological environment and even
the health of cultured organisms. In Figure 8, it can be seen that they were positively but
not significantly correlated with nitrogen and TN, and both were significantly negatively
correlated with DO (p < 0.05). In general, culture density directly affects the water DO,
feed intake and nitrogen and phosphorus outputs of cultured organisms, which further
affects the culture environment and the composition structure of bacterial flora in cultured
organisms and has an impact on the health status and growth of cultured organisms, so it
is extremely important to control a reasonable culture density in actual production.

5. Conclusions

In this study, we found that culture density in the tandem-culture model had an effect
on the bacterial structures of the water column, sediment and razor-clam visceral mass
samples, but had no significant effect on the bacterial structures of the shrimp samples.
Correlation analysis combining environmental factors with bacterial flora at the genus
level showed that culture density directly influenced water-quality factors, which in turn
influenced the composition structure of the bacterial flora in the culture environment and
the cultured organisms.
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