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Abstract: The bacterial community is an essential component of the aquaculture pond ecosystem,
which not only improves and restores the aquaculture environment but also maintains a stable ecolog-
ical equilibrium with the external environment. Here, Illumina 16S rRNA sequencing was conducted
to characterize the bacterial community in the ecosystem of sea cucumber Apostichopus japonicus
culture ponds, as well as their correlation with overall community structures. The alpha-diversities
of bacterial community among water, sediment, and the gut of A. japonicus were consistent across
culture ponds from different areas. Specifically, the richness and diversity of bacterial communities
were the highest in sediment, followed by the gut, and the lowest in water. The dominant bacterial
community among multiple media was Proteobacteria, which occupies a large proportion of the
bacterial community structure, followed by Bacteroidetes and Verrucomicrobia. Highly similar bacte-
rial community structures were present in multiple media among different areas, which provides
evidence for deterministic natural evolution. Meanwhile, there was a significant difference (p < 0.05)
in the specific bacterial communities across the multiple media. The specific functions of the multiple
media in the ecosystem are the main reason for the formation of different bacterial communities.
This work demonstrates that bacterial communities are the result of natural evolution within the
ecosystem during adaptation to the required environment.

Keywords: sea cucumber (Apostichopus japonicus); culture pond; 16S rRNA amplicon sequencing;
bacterial community

1. Introduction

The sea cucumber (Apostichopus japonicus) is a marine organism used for medicinal
foods and has high economic and medicinal value [1]. A. japonicus aquaculture has been
developing rapidly with increasing consumer demand in recent years. The annual output
of this industry has reached over 170 thousand tonnes, which has brought about a profit of
more than 100 million pounds in China [2]. Pond culture is an important aquaculture model
that has made enormous contributions to the development of A. japonicus aquaculture [3].
The expansion of the scale of pond culture practices has resulted in several prominent
problems, however, such as environmental destruction and biotic diseases [4].

Bacterial communities are critical to the health of the A. japonicus aquaculture pond
ecosystem [5]. Environmental bacterial communities play a role in improving and restoring
aquaculture environments [6]. Kirchman et al. (2002) found that Cytophaga could hydrolyze
organic matter such as carbon polymers and proteins in seawater habitats. These bacteria
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produce a variety of extracellular enzymes to break down or utilize complex carbon sources,
providing balance to the aquaculture water ecosystem [7]. Zhang et al. (2013) suggested
that Kiloniella can conduct denitrification using nitrate or nitrite, hence removing nitrite
pollution from water and resulting in water bioremediation [8]. Lage O M et al. (2012)
found that Rhodopirellula can perform dissimilatory nitrate reduction to ammonium (DNRA)
and cause the mineralization of organic matter, which has a positive effect on improving
the culture water environment [9].

There is a mutualistic symbiosis relationship between the environmental bacterial
community and A. japonicus. Bacterial communities can impact a number of factors related
to the cultured species, such as survival, growth, disease, and immunity [5,10-12]. For
example, Zhang et al. (2016) found that Pseudomonas could degrade organic matter and
produce a variety of digestive enzymes that promote feed utilization and digestion [13].
Ma et al. (2018) suggested that Rhodotorula and Metschnikowia enhance digestive enzyme
activity and stimulate the innate immune system of sea cucumber to promote its growth [14].
Backer et al. (2004) showed that Vibrio splendidus was the main pathogenic bacteria causing
skin ulceration syndrome of cultured sea cucumbers [15]. Qin et al. (2010) suggested
Bacillus subtilis had a positive effect on immune response and disease resistance when fed
to ovine nematodes [16].

The complex bacterial community in the gut of sea cucumber derives from the habitat
and maintains a relatively stable equilibrium balance with the external environment [17].
At the same time, the gut bacterial community also plays a key role in the gut micro-
ecosystem. A combined system where there is interdependence and collaboration between
the bacteria and their host is formed [18]. However, little academic attention has been
paid to the structural characteristics of the bacterial community in A. japonicus gut and
aquaculture pond environment, for which bacterial disease prevention and control for sea
cucumber aquaculture is implemented without a theoretical basis. To improve the ecological
environment of aquaculture ponds and enhance the disease resistance of A. japonicus more
effectively, studying the characteristics of the bacterial community in A. japonicus gut and
aquaculture environment will provide a healthy aquaculture and prevent disease with
theoretical references.

One of the difficulties in analyzing the structure of bacterial communities is that many
microorganisms usually appear in a symbiotic system in nature, which makes it difficult to
accurately reflect the truth of the microorganism community in nature using traditional
culture methods [19]. By avoiding bacterial culture, molecular biological techniques are
able to make up for the shortcomings of traditional analytical methods [20]. With the
development of molecular sequencing technology in the past few years, 165 rRNA-based
amplicon sequencing has become an important means for studying the structure of bacterial
communities since the comprehensive analysis of the species and population is its greatest
advantage [21].

Therefore, the bacterial community in the typical shore-based half-open A. japonicus
aquaculture ponds ecosystem of northern China was characterized using 165 rRNA am-
plicon sequencing. In addition, the correlation and specificity between the bacterial
community in multiple media were analyzed. The results provide a theoretical foun-
dation for healthy A. japonicus aquaculture and the microecological regulation of the
aquaculture environment.

2. Materials and Methods
2.1. Sample Collection

Four typical shore-based half-open A. japonicus aquaculture ponds of northern China,
namely Changhai (CH) (39°16'42" N; 122°36/5" E), Yingkou (YK) (40°37'46"" N; 122°8'59" E),
Laoting (LT) (39°52'46” N; 119°18'37" E) and Rushan (RS) (36°91'4” N; 121°53'24"" E), were
selected (Figure 1). The ponds were approximately 1 km?, 2-3 m deep, mostly muddy. The
water source came from costal, and the tide difference brought into water and drainage.
The density of sea cucumbers is 3000 per mu, and the size is about 100 g per head. It
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was ensured that no feed and no probiotics were provided throughout the year, allowing
A. japonicus to grow naturally. Random sampling was used in the same period to ensure
the reliability of the sample information.
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Figure 1. Sampling locations in four typical shore-based half-open Apostichopus japonicus culture
ponds in northern China: Changhai (CH), Yingkou (YK), Laoting (LT), and Rushan (RS).

Water (w), sediment (S), and the gut of A. japonicus (G) samples of culture ponds
in different areas were collected, respectively. Four sampling points were set up in each
culture pond, 2 L water samples were collected with a glass water collector, and the surface
sediments at the bottom of the pond were collected with a mud collector and brought back
to the laboratory immediately under low-temperature conditions. Water samples were
suction filtered using a 0.8 pm sterile filter and a 0.22 pm cellulose acetate membrane. The
gut of A. japonicus was washed with sterile seawater and the excess water was dried with an
absorbent paper towel. The body wall of A. japonicus was cut with a sterile scalpel and the
surface of the intestine was rinsed with 70% ethanol, placed in a sterile 1.5 mL centrifuge
tube, and stored immediately in liquid nitrogen. The A. japonicus gut, filter membrane, and
sediment samples were put into sterile centrifuge tubes and stored in a —80°C freezer for
the total bacterial DNA extraction.

2.2. DNA Extraction, Amplification and Sequencing

All samples were set in 3 parallels, placed in pre-cooled PBS buffer, fully shaken,
soaked at 4 °C for 2~4 h, and centrifuged at 800 r per minute for 10 min, and the supernatant
was placed in a 1.5 mL sterile centrifuge tube. After centrifuging at 800 r/min for 10 min,
the supernatant was combined, and finally centrifuged at 10,000 r/min for 10 min. The
supernatant was discarded, and the precipitate was collected for DNA extraction.

The total DNA of samples was extracted using the OMEGA Soil DNA Kit (D5625),
with DNA concentration and purity determined by a NanoDrop2000 spectrophotometer.
Sample concentration was >50 ng/uL and had purity (OD260/280) ranging from 1.8 to
2.0. To confirm DNA integrity and the absence of contamination, DNA was detected
by 1% agarose gel electrophoresis and showed clear and intact bands without trailing,
indicating that the DNA was free from protein contamination and that no degradation
occurred; hence, the quality was satisfactory. The primers for the amplification of the V3-V4
fragment of the bacterial 16S rRNA gene were 341F (5'-CCTACGGGNGGCWGCAG-3)
and 805R (5'-GACTACHVGGGTATCTAATCC-3'). The samples were performed by Sangon
Biotech (Shanghai) for high-throughput sequencing using the IlluminaMiseq 2 x 300 bp
sequencing platform.

2.3. Data Analysis

The following is the process of processing the raw data after sequencing.
Quality control: cutadapt software (version 1.10) was used to QC the 3’ end of the
sequence, and the splice sequence was: TGGAATTCTCGGGTGCCAAGGAACTC. Prinseg-
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lite software (version 0.20.4) was used to excise the tail region of double-end sequences with
slightly lower quality values. The double-end sequences were fused by pear software (ver-
sion 1.9.4) and barcode splitting was conducted to match the sequences to their correspond-
ing samples. Likewise, primer sequences, short fragments, low-complexity sequences, and
low-quality sequences were removed from each sample using Prinseq-lite software.

The removal of chimeric and non-target region sequences: Usearch software (version
8.1.1831) was carried out to de-sequence non-specifically amplified regions after prepro-
cessing, while correcting for sequencing errors, and uchime software (version 4.2) was used
to identify and remove chimeric sequences. The chimeric sequences were then compared
with representative sequences from the database using blastn, and sequences with less
than 80% similarity were considered out-of-target regions; these parts of the sequences
were removed.

Operational taxonomic unit (OTU) clustering was performed with a sequence similar-
ity threshold of 97% using Usearch software (version 8.1.1831). Alpha-diversity analysis
of the sample sequences was performed using Mothur software (version 1.30.1). Beta-
diversity of weighted unifrac was calculated by QIIME software (version 1.9.1). PCoA
analysis was displayed in R software (version 2.15.3) by the WGCNA package, the stat
package and the ggplot2 package. RDP Classifier software (version 2.12) was used to
perform species classification operations on sample-eligible sequences with a threshold set
at 0.8, below which classification results were considered an unordered class. Based on the
abundance values of each rank at different levels obtained from the species classification
results, STAMP software (version 2.1.3) was used to compare the differences in abundance
between samples or groups with a screening condition of p < 0.05. Species comparison
among groups was computed by Tukey’s HSD test and Kruskal-Wallis H test in R project
Vegan package (version 2.5.3). Biomarker features in each group were screened by LEfSe
software (version 1.0), randomforest package (version 4.6.12) in R project, pPROC package
(version 1.10.0) in R project, and labdsv package (version2.0-1) in R project.

3. Results

This section is divided by subheadings. It provides a concise and precise description
of the experimental results, their interpretation, and the experimental conclusions that can
be drawn.

3.1. High-Throughput Sequencing Results

With low-quality sequences, short sequences, and chimera removed by means of
high-throughput sequencing, there were 41,455 & 6248, 35,799 + 3425, 32,569 £ 3842,
and 39,413 + 7085 valid sequences that clustered into 694 & 10, 1584 £ 626, 1227 + 124,
and 874 + 178 OTUs, which were obtained from the water samples of CH, YK, LT, and
RS. A total of 57,680 + 2589, 45,221 + 6794, 42,666 + 11,230, and 54,859 + 12,179 valid
sequences were obtained in the sediment, clustered in 3431 + 643, 3971 4 308, 2593 £ 943,
and 2622 + 522 OTUs, respectively. In total, 41,028 £ 2591, 63,776 + 4608, 47,313 + 5125,
and 52,218 £ 8360 valid sequences were obtained in A. japonicus gut, clustered in 1478 + 81,
1987 £ 286, 1443 £+ 117, and 1104 + 92 OTUs, respectively. The sequencing depth of every
sample reached over 97%, which indicates that the sequencing had favorably covered the
diversity of the bacterial community (Table 1).

3.2. Alpha-Diversity Analysis

The Shannon index and the Simpson index are used for predicting community di-
versity in ecology. A larger Shannon index and a lower Simpson index suggest higher
community diversity. The Chaol index and the ACE index are used to quantify the richness
of species, with higher values indicating higher species abundance. The results of this
study showed consistent alpha-diversity indices which was highest in sediment, followed
by the gut of A. japonicus, and lowest in water. This indicates that the highest richness
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and diversity of the bacterial community was found in sediments, followed by the gut of
A. japonicus and water (Figure 2).

Table 1. High-throughput sequencing results.

Sample ID Number of Sequences Number of OTUs Coverage
W-CH 41,455 + 6248 694 £+ 10 0.99 + 0.001
W-YK 35,799 + 3425 1584 + 626 0.97 £+ 0.007
W-LT 32,569 + 3842 1227 + 124 0.98 £ 0.001
W-RS 39,413 £+ 7085 874 £ 178 0.98 + 0.003
S-CH 57,680 + 2589 3431 + 643 0.98 £ 0.006
S-YK 45,221 4+ 6794 3971 + 308 0.96 £ 0.004

S-LT 42,666 + 11,230 2593 4943 0.97 + 0.020
S-RS 54,859 + 12,179 2622 + 522 0.97 £+ 0.004
G-CH 41,028 4+ 2591 1478 £+ 81 0.98 £ 0.001
G-YK 63,776 £ 4608 1987 £ 286 0.99 + 0.001
G-LT 47,313 + 5125 1443 + 117 0.99 £ 0.001
G-RS 52,218 4+ 8360 1104 + 92 0.99 £ 0.001
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Figure 2. Alpha-diversity indices of bacterial communities among multiple media (water (W),
sediment (S), and gut of Apostichopus japonicus (G)) in different areas. The Shannon index and
Simpson index show differences in species diversity in multiple media between different areas,
and Chaol index and ACE index show differences in species richness in multiple media between
different areas.

3.3. Beta-Diversity Analysis

The structural diversity of the bacterial community between samples in each group
was assessed by three-dimensional PCoA analysis based on weighted Unifrac distances
at the OTU level. The contribution rates of the three principal component axes are PCol
(45.0%), PCo2 (25.0%), and PCo3 (7.0%), respectively (Figure 3). Samples were distributed
in different quadrants, where PCol showed good biological reproducibility and sepa-
ration from PCo2, while PCo3 had a partial overlap but large overall differences with
PCol and PCo2, indicating that there were some similarities between the three groups
of water, sediment, and gut samples from different areas (LT, CH, RS, and YK) but large
overall differences.
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Figure 3. Beta-diversity analyses of the bacterial communities of water (W), sediments (S), and the
gut of Apostichopus japonicus (G) in different areas. Three-dimensional principal coordinate analysis
(PCoA) of bacterial communities in different samples based on OTU-level weighted Unifrac distances.

The cluster tree of samples could directly reflect the similarity and difference among
samples by the structure of branches. A hierarchical cluster analysis was performed based
on the beta-diversity distance matrix, and then the unweighted group average method
UPGMA (Unweighted pair method group with arithmetic mean) was used to construct tree
structure; the tree form was obtained for visual analysis (Figure 4). When the distance was
about 0.1-0.2, the samples were grouped into three groups according to the media, which
showed that there were differences between multiple media, but the differences between
different areas of the same media were small.

3.4. Characteristics of Bacterial Communities in the Ecosystem of A. japonicus Culture Ponds
3.4.1. Water

Proteobacteria, Bacteroides, Actinobacteria, and Verrucomicrobia were the main domi-
nant phyla in the water in different areas (Figure 5), with their relative abundance reaching
97.53-99.69% in total. The most predominant phylum of different areas was Proteobacteria,
with relative abundances of 49.54%, 51.99%, 64.84%, and 49.43% in CH, YK, LT, and RS,
respectively. The second most abundant phylum, Bacteroidetes, had values of 27.28%,
22.45%, and 24.22% for CH, YK, and RS, respectively. The third and fourth abundant
phylum showed significant differences (p < 0.05). The relative abundance of Actinobacteria
was significantly higher in YK (16.17%) and RS (20.89%) than in CH (7.25%) and LT (3.71%),
while the relative abundance of Verrucomicrobia was significantly lower in YK (7.17%) and
RS (4.60%) than in CH (15.68%) and LT (18.05%).
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Figure 4. Cluster dendrogram. The length of the branches represents the distance between the
samples; the more similar the samples are, the closer they will be. The branches of the same color in
the figure represent the same group.

Alphaproteobacteria were the most predominant class in water from different ar-
eas, with relative abundances of 43.65%, 37.89%, 55.87%, and 38.35% from CH, YK, LT,
and RS, respectively (Figure 5). The relative abundances of the second most abundant
class Flavobacteriia were 27.19%, 20.63%, 11.39%, and 3.98%. The relative abundances of
Actinobacteria were 16.15%, 20.89%, 7.25%, and 3.70% from YK, RS, CH, and LT.

At the genus level, Planktomarina, Roseibacillus, Cellulophaga, Sulfitobacter, Litoreibacter,
Loktanella, and Jannaschia were dominant genera in different areas (Figure 5). The most
predominant bacteria in CH, YK, and RS were Planktomarina, with relative abundances
of 30.24%, 12.46%, and 8.90%, respectively. The most predominant bacteria of LT were
Litoreibacter, which accounted for 14.07%. The second most abundant bacteria in CH and
YK were Roseibacillus with 15.22% and 6.63%. The second most abundant bacteria in LT and
RS were Coraliomargarita and Litoreibacter at 10.74% and 7.77%, respectively. Sulfitobacter
was the third most abundant genus in LT and RS with 9.73% and 5.02%, respectively.

3.4.2. Sediment

At the phylum level, Proteobacteria was the most predominant phylum in the sed-
iments of different areas, with 47.10-62.08%, which was consistent with the dominant
phylum in water. The second most abundant bacteria in the sediments of CH and YK
aquaculture ponds were both Chloroflexi, with relative abundances of 7.65% and 9.28%,
respectively. The third most abundant bacterial phylum was both Anaplasma, with relative
abundances of 8.99% and 5.51%, respectively. The second most abundant phylum of LT
and RS was Bacteroidetes, with relative abundances of 11.73% and 10.50%, respectively.
The third most abundant phylum in LT was Verrucomicrobia, with a relative abundance of
5.89%, while the third most abundant phylum in RS was Planctomycetess, with a relative
abundance of 7.26%.

From the perspective of bacterial class, the sum of relative abundance of Alphapro-
teobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and Epsilon-
proteobacteria in the sediments of A. japonicus aquaculture ponds in different areas ranged
between 43.87% and 61.21%. The most predominant classes of CH, LT, and RS aquaculture
ponds were all Epsilonproteobacteria, with relative abundances of 21.39%, 21.85%, and
30.59%, respectively. The most predominant class in sediments of YK was Deltaproteobac-
teria with a relative abundance of 18.21%.
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Figure 5. The relative abundance among multiple media (water (W), sediment (S), and the gut of
Apostichopus japonicus (G)) in different areas. Relative abundances of the bacterial community in
multiple media were determined at the (a) phylum, (b) class, and (c) genus levels.

From the perspective of genus, Sulfurovum, Thioprofundum, Burkholderia, Desulfosarcina,
Desulfopila, Lutimonas, and Mesorhizobium were the dominant bacterial genera in sediments
in different areas. Specifically, Sulfurovum was the most predominant genus of different
areas with relative abundance ranging from 5.06% to 30.57%. Burkholderia was the sec-
ond most abundant genus in CH and LT with 6.16% and 5.65%, while Thioprofundum
and Desulfopila were the second most abundant genera in YK and RS with 4.63% and
7.21%, respectively.
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3.4.3. Gut of A. japonicus

There were shared features and geographical differences in the structural charac-
teristics of the bacterial community in the gut of A. japonicus in different areas at all
taxonomic levels.

At the phylum level, Proteobacteria was the most predominant phylum in the gut of
A. japonicus in the four areas, with relative abundance ranging from 63.37% to 73.44%. In
addition, Verrucomicrobia took up 4.08-15.27%, Planctomycetes 6.2-12.57%, Bacteroidetes
3.67-8.87%, and Actinobacteria 1.94-4.63%. To be specific, the second most abundant
phylum in CH and LT was Verrucomicrobia, accounting for 14.04% and 15.27%, respectively.
The second most abundant phylum in YK and RS was Planctomycetess, with relative
abundances of 12.57% and 11.10%. Bacteroidetes was the third most bacterial phylum in CH
and LT, with relative abundances of 8.87% and 7.80%, respectively. Verrucomicrobia was the
third most dominant bacterial phylum in YK and RS, with 4.08% and 8.48%, respectively.

At the class level, Gammaproteobacteria was the most predominant class in the
A. japonicus gut, varying between 29.89% and 43.57% in four areas. The second most
abundant phylum in CH, LT, and RS were Alphaproteobacteria with the relative abundance
of 15.16%, 27.29%, and 25.51%, respectively. Deltaproteobacteria was the second dominant
bacterial class in YK, accounting for 22.65%.

Considering the genus, Halioglobus, Pseudomonas, Haliea, Desulfopila, Sulfitobacter,
Luteolibacter, Rhodopirellula, and Lutimonas were the dominant genera in the A. japonicus
gut of different areas. Specifically, Halioglobus was the most predominant genus in the
A. japonicus gut in CH and LT, with relative abundances of 22.00% and 16.42%, respectively.
Desulfopila and Haliea were the most predominant genera in YK and RS, with percentages
of 20.35% and 14.3p%, respectively. Pseudomonas was the second most abundant genus in
CH and YK with 8.74% and 10.93%, Luteolibacter was the second most abundant genus in
LT with 6.63%, and Rhodopirellula was the second most abundant genus in RS with 6.97%
and 8.94%.

3.5. Specific Bacterial Community in the Ecosystem of A. japonicus Culture Ponds

LEfSe analysis was used to study the bacterial community specific to the ecosystem
of A. japonicus aquaculture ponds in different areas (Figure 6). The results indicated that
the bacterial community specific to water in different areas was primarily Rhodobacter-
aceae in Proteobacteria, followed by Flavobacteriaceae in Bacteroidetes. Specific bacte-
rial communities of sediment were Deltaproteobacteria in Proteobacteria represented by
Desulfobacterales and Desulfuromonadales. Additionally, Helicobacteraceae, Ectothiorho-
dospiraceae, Bacillaceae, Anaerolineaceae, and Lineaceae were also present. The gut of
the A. japonicus specific bacterial community was Gammaproteobacteria in Proteobacteria,
represented by Pseudomonadaceae and Alteromonadaceae. Acidimicrobiaceae and Verru-
comicrobiaceae were also found. Planctomycetaceae were the bacterial community unique
to A. japonicus gut.
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Figure 6. LEfSE method identified the significantly specific abundant taxonomy among multiple
media (water (W), sediment (S), and the gut of in Apostichopus japonicus (G)) in different areas
(Changhai (CH), Rushan (RS), Yingkou (YK), and Laoting (LT), China). Biomarkers for each group
are represented in different colors. The circles represent the phylogenetic level from domain to genus
from inside to outside. Only taxonomies that met an LDA significance threshold of >3 are defined in
this figure. (a) Taxonomic cladogram based on LEfSe analysis. (b) Histogram of LDA distribution.
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4. Discussion
4.1. Dominant Bacterial Communities in the Ecosystem of A. japonicus Aquaculture Ponds

Microorganisms are major decomposers, consumers, and producers in the ecosystem
of aquaculture ponds, driving the material cycle and energy flow of the ecosystem and
playing a vital role in maintaining the balance of it, degrading pollutants and the health
of cultured species [22]. Studying the bacterial community structure in the ecosystem of
aquaculture pond provides a deeper understanding of bacterial diversity and the structure
and functions of A. japonicus [23].

This study identified the dominant bacterial phyla residing in the gut of A. japonicus
and aquaculture ponds from multiple areas. These bacterial communities are primarily
comprised of Proteobacteria, followed by Bacteroidetes and Verrucomicrobia, which is
consistent with previous studies [24,25]. As one of the largest and most diversified phyla,
Proteobacteria are highly adaptive and widely distributed in aquaculture ponds. Proteobac-
teria have an extremely rich metabolic diversity and play an important role in the cycling of
elements such as N and P in the aquatic environment [26,27]. Proteobacteria can participate
in the degradation of organic matter, sulfur oxidation, and anaerobic ammonia oxidation
under anaerobic conditions [28], as well as growth, metabolism, and CO, and nitrogen
fixation through photosynthesis [29]. They also play an important role in the sulfur cycle
and the metabolism of metals such as iron [30,31]. Bacteroides are the dominant bacterial
phylum of marine heterotrophic planktonic bacteria and are closely associated with the
conversion of organic matter, such as DNA, lipids, and proteins. This is significant because
the uptake and utilization of these substances is an important part of the carbon cycle in
the aquatic environment [32,33]. The undigested feed and stools in sea cucumbers that are
not decomposed during the culture process will settle down and cause an increase in Bac-
teroidetes in sediment [34]. Verrucomicrobia are widely present in various environments
such as soil, sea, and animal intestines [35], and participate in the Earth’s nitrogen cycle,
which can accelerate protein metabolism in water [36]. Some bacteria of the Verrucomi-
crobia phylum are highly specialized degraders of rockweed polysaccharides and other
complex polysaccharides due to their polysaccharide hydrolase activity, which employs
hundreds of enzymes to digest the algal polysaccharide fucoidan [37]. Polysaccharide
substances such as algal polysaccharides are important components of carbohydrates [38].
Verrucomicrobia aids the digestion of polysaccharides that A. japonicus cannot digest alone,
hence assisting in the processes of polysaccharide digestion and metabolism, participating
in the nitrogen cycle of the aquatic environment, and playing a positive role in regulating
A. japonicus growth.

The dominant bacterial community is influenced by the ecological environment and
makes up a large proportion of the bacterial community structure. In this study, the
dominant bacteria community had similarities across different areas among multiple media,
which can reflect the overall function of the bacterial community.

4.2. Specific Bacterial Communities in the Ecosystem of A. japonicus Aquaculture Ponds

There are usually specific bacterial communities in different ocean environment media.
In this study, the specific bacterial communities of water in different areas of sea cucumber
culture ponds were mainly distributed in Alphaproteobacteria, represented by Rhodobac-
teraceae. Rhodobacteraceae consist of multiple branches that are highly heterogenous in
metabolism, physiology and phylogeny, most of which are salt-obligate species. Not only
do they play an important role in the cycling of carbon and sulfur, but they can also generate
secondary metabolic active matters. To be specific, Sulfitobacter and Loktanella are repre-
sented in this study, where Sulfitobacter is an obligate aerobiotic heterotrophic genus that is
able to oxidize matter such as elemental sulfur, sulfite and thiosulfate [39], participate in
the sulfur cycle in sea water and degrade multiple ester compounds. Loktanella is common
in sea water, moderately halophilic or salt tolerant and mostly chemoheterotrophic [40].
Water salinity is higher and more evenly distributed than sediment, so it is more suitable
for Rhodobacteraceae to grow and Rhodobacteraceae also becomes a specific bacterial
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of water. Considering the high abundance of Rhodobacteraceae groups in A. japonicus
aquaculture ponds, it is highly likely that they play a critical role in the aquaculture of
A. japonicus. Therefore, the ecological functions of Rhodobacteraceae-related dominant
genera or species for the water of A. japonicus aquaculture pond are worth researching
further. Another specific bacterial family of water is Flavobacteriaceae that is subject to
Flavobacteria of Bacteroidetes. Previous studies indicate that Flavobacteriaceae are highly
abundant groups in sea water [41,42]. Most of the species in Flavobacteriaceae are able
to hydrolyze organic matter such as carbon polymers and protection and decompose or
utilize complex carbon sources by generating a variety of exoenzymes, which are similar
to the functions of the other groups of Bacteroidetes in sea water habitat [7]. In addition,
the simple carbides generated by hydrolysis provide carbon sources for these bacteria
to remove excessive N and P in water [43]. Therefore, Flavobacteriaceae might play an
important role in maintaining the ecosystem balance of A. japonicus aquaculture water.

In the A. japonicus aquaculture ponds from different areas, the specific bacterial com-
munities in sediments mainly comprised Deltaproteobacteria of Proteobacteria, represented
by Desulfobacterales and Desulfuromonadales, followed by Chloroflexi and Firmicutes.
Desulfobacterales and Desulfuromonadales grow by utilizing the sulfur in their habi-
tat [44,45]. The feces of cultured species and organic debris accumulate at the bottom of the
aquaculture pond, and the anaerobic environment in the sediments might lead to the accu-
mulation of substantial amounts of sulfur. Not only does this sulfur accumulation support
the growth of Desulfobacterales and Desulfuromonadales, but it may also account for the
differences in specific bacterial communities between sediment and water in the A. japonicus
aquaculture pond. Chloroflexi can be involved in the degradation of organic matter [46].
Anaerolineaceae is a major family in the Chloroflexi phylum and is a facultative anaerobic
bacterium capable of degrading other cellular materials such as carbohydrates and amino
acids in the methanogenic ecosystem [47]. Chloroflexi is associated with eutrophication,
where the proportion of Chloroflexi is greater in areas with higher levels of eutrophication
in water [48]. Firmicutes are involved in the degradation and transformation of multiple
substances and elements [49,50], while Bacillus is a probiotic bacterium, commonly used
as a microecological agent with a good ability to perform heterotrophic nitrification and
aerobic denitrification [51,52] and phosphorus removal [53], thus removing these nutrients
from the water. From the perspective of microbial water purification, Bacillus actively puri-
fies nitrogen, phosphorus, and organic matter [54]. Meanwhile, Bacillus can improve the
environmental quality of sea cucumber aquaculture ponds, enhance the activity of digestive
enzymes and non-specific inmune enzymes, and thus promote the growth and immunity
of the sea cucumber [55]. In this study, Bacillus was a specific bacterial community in
sediment that may have positively influenced the growth and immunity of A. japonicus by
promoting the evolution of nitrogen and phosphorus in the culture environment.

The specific bacterial communities in the gut of A. japonicus primarily comprised
Gammaproteobacteria of Proteobacteria, specifically represented by Pseudomonadaceae
and Alteromonadaceae. In addition, Pseudomonadaceae and Alteromonadaceae only
existed in the gut of A. japonicus as specific bacterial communities and were not detected
in water or sediments. Gammaproteobacteria are ubiquitous in high diversities and large
quantities in the ocean, especially in waters with high nutrient contents [56,57]. In anaerobic
environments, some species of Gammaproteobacteria can form symbiotic relationships
with animals and play an important role in the carbon and sulfur cycles [58,59]. Some
studies indicated that Pseudoalteromonas are highly capable of decomposing organic
matter and could utilize a variety of organic materials as energy sources [60]. Similarly,
Alteromonadaceae can produce a variety of digestive enzymes, such as chitinase, amylase
and lipase [61]. As a benthic organism with limited feeding capacity, A. japonicus feeds
on materials such as microorganisms, large algal segments, organic detritus, and bottom
sediments [17], and the gut is the principal digestive organ of A. japonicus [62]. Pseudomon-
adaceae and Alteromonadaceae may assist A. japonicus in decomposing organic materials
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and converting them into energy required for growth. Over time, Pseudomonadaceae and
Alteromonadaceae may thus become the specific bacteria colonizing the A. japonicus gut.

The bacterial community in multiple media showed unique characteristics due to
specific biological functions. In this study, the ecological functions among media were
correlated with their bacterial community structure, and specific bacterial communities
have differential expressions in different regions among media.

5. Conclusions

The characteristics of the bacterial communities in the ecosystem of A. japonicus
aquaculture ponds in different areas of northern China were analyzed using 165 rRNA
sequencing technology. The results suggested that the dominant bacterial community
comprised a larger proportion of the bacterial community structure and tended to reflect
the overall function, while the formation of specific bacterial communities in multiple
media in the ecosystem is caused by the pivotal ecological functions of bacteria. The
dominant and specific bacterial communities are distinct and related, but the mechanisms
of their interactions remain to be further investigated.
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