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This study examined the effect of aquaculture management parameters on sea cucumbers in culture ponds during high summer
temperatures. The physicochemical properties of 18 sediment samples from six sea cucumber culture ponds were assessed at a high
temperature (HT) and the end of the high temperature (EHT) stages of summer. High-throughput sequencing was used to analyze
the bacterial community composition and diversity of the sediment in the culture pond. The results showed that total nitrogen
(TN), total carbon (TC), total organic carbon (TOC), ammonia nitrogen (NH,*"), total sulfur (TS), sulfate (SO,>7), and sulfide (S*7)
contents were the lowest in the Geziling sediments at both stages, indicating a favorable sediment environment. The TN, TC, TOC,
and NH," contents decreased significantly in the Wulei Island sediments during the EHT stage, indicating strong self-purification
capacity. The TN, TC, TOC, NH,", TS, SO42_, and S*~ were higher in the Rushankou and Xiaohongcun sediments during both
stages, indicating a worse sediment environment. Alpha diversity analysis revealed increased bacterial diversity in the sediments
during the HT stage when compared to that during the EHT stage. Correlation analysis between bacterial diversity and the
physicochemical properties of the TN sediments had the greatest impact on bacterial diversity, followed by TOC, TC, NH4", TS,
$%7, 80,77, and NO,~ (in order). Our results suggest that the physicochemical properties (TC, TOC, TN, and NH,*) of the culture
pond sediment can significantly influence bacterial community composition and diversity. Management measures for aquaculture,
including desilting and monthly water change, could positively affect these physicochemical properties and the bacterial community
structure of the sediment. These findings will provide a reference for healthier aquaculture practices of Apostichopus japonicus under
high summer temperatures.

1. Introduction

Sea cucumbers (Apostichopus japonicus) belong to the phy-
lum Echinodermata, class Holothuroidea, order Aspidochir-
otida, and family Stichopodidae [1]. Approximately 1,500 sea
cucumber species are known worldwide, and they have been
used throughout history as food supplements and in tradi-
tional medicines in Asian countries [2]. A. japonicus is one of
the most important aquaculture species in China. From 2007
to 2020, the total yield of A. japonicus in China increased
from 77,500 to 196,600 tons, with the aquaculture area
increasing from 6.440 X 10° to 2.428 x 10°m” and the total
output peaking in 2017 (1.966 X 107 kg) [3].

The optimum growth temperature for sea cucumbers is
approximately 14-15°C [4]. When water temperatures rise
above 25°C, A. japonicus of different body sizes enter estiva-
tion to improve survival [4]. Sea cucumbers die on a mass
scale when elevated temperatures persist [5]. This is due to
many factors such as alterations in temperature, dissolved
oxygen, ammonia nitrogen, sulfide, pathogenic bacteria, and
the germplasm of A. japonicus [6]. Increased ammonia nitro-
gen accumulation is lethal for A. japonicus as it inhibits the
activity of their digestive enzymes [7]. In addition, physiological
disorders can occur, which significantly reduce the immunity of
A. japonicus and increase their susceptibility to pathogenic bac-
teria. Appropriate ammonia nitrogen concentrations promote
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FIGURE 1: Map of the sampling sites of six sea cucumber A. japonicus culture ponds off the coast of Weihai, north of the Yellow Sea, China:
@Wulei Island (WLD); @Zeku Town (ZKZ); ®Haikuan (HKA); @Rushankou (RSK); ®Geziling (GZL); ®Xiaohongcun (XHC).

the killing of pathogenic bacteria by A. japonicus via the celomic
fluid [7]. Compared to other aquaculture organisms, A. japoni-
cus has weaker sulfide tolerance, which significantly impacts its
survival, wall attachment, and antioxidant defense capacity [8].

Pond culturing is an important production method for A.
japonicus in northern China [9]. Sea cucumber culture ponds
are shallow, semiclosed bodies of water, and they obtain food
by filtering seawater and ingesting marine sediment. Study-
ing the microbial community structure and physicochemical
properties of aquaculture ecosystems is an effective way to
assess the functionality of aquaculture systems [10]. The
richness and diversity of bacterial communities were the
highest in pond sediment, followed by sea cucumber guts,
and the lowest in water [11]. At high temperatures (HTs), the
richness and diversity of the bacterial community in water
and sediment decreased significantly; however, they signifi-
cantly increased within A. japonicus intestines [12]. During a
year-long assessment of A. japonicus aquaculture, the water
temperature was significantly correlated with species abun-
dance in the core microbiome of pond sediments and nega-
tively regulated sulfur cycling efficiency within sediment-
based microbial communities [9]. Sulfide has the greatest
influence on microbial community composition in pond sed-
iment in December [13]. The particulate organic carbon,
particulate organic nitrogen and total phosphorus contents
in the sediment of the ponds increased during sea cucumber
estivation (summer) and hibernation (winter), whereas they
decreased during feeding periods [14]. During estivation, sea
cucumbers stop moving and feeding and the aquaculture
environment, especially the sediment, has a significant
impact on their growth and survival. Few studies have per-
formed correlation analyses of microbial community struc-
ture and the physicochemical properties of the culture pond
sediments under high summer temperatures.

In this study, six sea cucumber culture ponds on the coast
of Weihai, north of the Yellow Sea, China, were selected, and
their aquaculture management measures were investigated.

The physicochemical properties of the sediments of these
culture ponds were determined at the HT and end of the
high temperature (EHT) stages during summer. The bacte-
rial community composition and diversity of the pond sedi-
ments were also assessed. The present findings will provide a
reference for healthier aquaculture practices for A. japonicus
under high summer temperatures.

2. Materials and Methods

2.1. Sample Collection and Preparation. Sediment samples
were collected from six A. japonicus culture ponds off the
coast of Weihai, north of the Yellow Sea, China. Of the six
collection sites, Wulei Island (WLD), Zeku Town (ZKZ), and
Haikuan (HKA) are located in the Wendeng District of Wei-
hai. Rushankou (RSK), Geziling (GZL), and Xiaohongcun
(XHC) are located in the Rushan City of Weihai (Figure 1).
The aquaculture management practices of the six culture
ponds were investigated, including the pond size, water depth,
whether sea cucumbers were cultivated during the summer,
yield, use of sea cucumber feed, probiotic use, desilting inter-
vals, and monthly water change.

HT stage culture pond sediment samples were collected
from Wendeng District on July 31, 2020, and from Rushan
City on August 1, 2020. The seawater temperature in the
culture ponds was 30.5-31.5°C during HT sample collection.
EHT stage samples were collected from Wendeng District on
September 22, 2020, and Rushan City on September 23, 2020.
The water temperature of the culture ponds was 25.0-26.0°C
during EHT sample collection.

Three sampling points were selected, and surface sedi-
ments (top 1-5cm) were collected from each culture pond
using a cylindrical sampler [15]. The sediment samples from
the three sampling locations of each culture pond were homog-
enized in sterile plastic bags. Aliquots of each sediment were
dispensed into cryovials and immediately frozen at —80°C
until high-throughput sequencing and subsequent physico-
chemical analysis.
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2.2. Physicochemical Analysis. Total carbon (TC), total organic
carbon (TOC), total nitrogen (TN), and total sulfur (TS)
contents of the sediment samples were measured using
Vario Micro Cube Elemental Analyzer (Elementar, Germany)
[16-18]. We placed 0.5¢g of each sample into a temperature-
programmed muffle furnace and heated it to 500°C for 3 hr to
remove any sulfide. They were then cooled in a desiccator, and
the elemental sulfur—sulfate (S-SO,*~) content was measured.
The sulfide content (S*7) in the sample was determined as
follows [18]:

w(S = 8*7) = w(TS) — w(S - SO37). (1)

Lyophilized sediments were leached with KCI (2 M), and
the nitrate (NO3; —N), nitrite (NO, -N), and ammonium
(NH,"-N) contents were measured with a nutrient AutoA-
nalyser (Seal, Germany) [19].

2.3. DNA Extraction and Sequencing. Microbial genomic DNA
was extracted from the sediment samples using an E.ZN.A.
Soil DNA Extraction Kit (Omega Bio-Tek, Norcross, GA, USA)
and detected via agarose gel electrophoresis. The V4-V5 region
of the bacterial 16S ribosomal RNA gene was amplified by
polymerase chain reaction (PCR) at 95°C for 2 min, followed
by 25 cycles at 95°C for 30s, 55°C for 30's, 72°C for 30's, and a
final extension at 72°C for 5 min using the following primers:
515 F: 5-barcode-GTGCCAGCMGCCGCGG-3" and 907R: 5~
CCGTCAATTCMTTTRAGTTT-3"[20]. The “barcode” desig-
nates an eight-base sequence unique to each sample. Amplicons
were extracted from the 2% agarose gels and purified using an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA). Purified PCR products were quantified using a
QuantiFluor™-ST blue fluorescence quantitative system (Pro-
mega, Madison, WI, USA) and then mixed in corresponding
proportions according to the sequencing quantity requirements
of each sample. The pooled DNA product was used to construct
an Illumina paired-end (PE) library according to the Illumina
genomic DNA library preparation protocol. The amplicon
library was PE sequenced (2% 250) on an Illumina MiSeq
platform (Biozeron Biotechnology Co., Ltd., Shanghai, China)
according to standard protocols.

The obtained PE reads from sequencing were first spliced
according to the overlap relationship. Sequence quality filter-
ing and processing were performed using QIIME software
[21]. Sequences were clustered using USEARCH (v.10.0) [22]
at a similarity level of 97% to obtain operational taxonomic
units (OTUs). The RDP classifier (v.2.2) [23] was used to
classify the species. The classification threshold was set at 0.7,
and results below this threshold were considered unclassified.

2.4. Microbial Diversity Analysis. Mothur (version 1.30.1)
[24] was used to calculate alpha diversity indices, including
Good’s coverage and Chao, Simpson, and Shannon diversity
indices. Good’s coverage index was used to characterize the
sequencing depth. The Chao index was used to identify com-
munity richness. The Shannon and Simpson indices were
used to identify community diversity. Principal coordinate
analysis (PCoA) was used to study the similarity of the

bacterial community structure among the sediment samples
from the six A. japonicus culture ponds. R [25] was used for
statistical analyses and to graph the PCoA results. Venn
diagrams were drawn using R to analyze overlapping and
unique OTUs at the HT and EHT stages. An OTU sample
table with a similarity level of 97% was used for analysis. Data
on the species’ community composition and taxonomic rela-
tionships were obtained. R was used for statistics and to
visualize the bacterial species and relative abundances in
the sediment samples.

2.5. Statistical Analysis. Canonical correlation analysis (CCA)
is a multivariate statistical method used to study the correla-
tions between two groups of variables. CCA can reveal the
intrinsic relationship between two groups of variables. To
investigate the relationship between bacterial diversity and
physicochemical properties, CCA was performed in R using
the “vegan” package. In addition, R was used to analyze the
correlation between bacterial abundance and physicochemi-
cal properties at the phylum level. All statistical analyses were
conducted using SPSS v. 26.0 (SPSS Inc., Chicago, IL, USA)
and one-way analysis of variance.

3. Results

3.1. Summary of Sea Cucumber Culture Ponds. Table 1 pre-
sents data on the pond size, water depth, whether sea cucum-
ber cultivation occurred in the summer, yield, use of sea
cucumber feed, use of probiotics, the time between desilting
events, and monthly water change. The WLD (3.33 x 10* m?),
ZKZ (5.33 x10* m?), and GZL (6.67 x 10* m?) culture ponds
were small, and relatively standard culture pond management
practices were used. Feed and probiotics were used (with the
exception of GZL). Desilting and monthly water change prac-
tices were better in the WLD and GZL ponds. The HKA
(2.67 % 10° m?) and XHC (1.67 X 10> m?) culture ponds were
relatively large and did not use feed or probiotics. They
employed fairly simple culture pond management practices,
and sea cucumbers grew at close-to-natural rates, so yields
were lower. The RSK culture pond is located inside an
estuary with poor water exchange. This pond was readily
affected by the surrounding farmland during the summer.
During sampling, little organic matter was found in the RSK
sediment, the sediment surface was black, and the culture
environment had deteriorated significantly. Sea cucumbers
are vulnerable to diseases and moss overgrowth during the
HT stage; thus, they were not cultivated in the RSK pond
during the summer.

3.2. Physicochemical Properties of Sediments from Sea
Cucumber Culture Ponds. The physicochemical properties
of the sediment from the sea cucumber culture ponds at
the HT (WLD, ZKZ, HKA, RSK, GZL, and XHC) and
EHT (WLDb, ZKZb, HKAb, RSKb, GZLb, and XHCb) stages
are shown in Table 2. TC determines the productivity of
aquaculture ponds. Carbon content and changes in marine
sediments are closely related to the marine environment.
Among the six culture ponds (Table 2), the TC content of
the GZL sediment was the lowest during the HT and EHT
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stages (3.732 and 4.136%o, respectively). The TC content of
the HKA sediment was the highest during the two stages
(12.036 and 10.176%o, respectively). The TC content of the
WLD, HKA, RSK, and XHC sediments decreased at the EHT
stage. Of these changes, the TC content of the WLD and RSK
sediments decreased the most (22.64%) and least (13.72%),
respectively. The TC content of the ZKZ and GZL sediments
increased at the EHT stage.

Among the six culture ponds, the TOC content of the
GZL and XHC sediments was the lowest and highest at both
stages, respectively. XHC had high organic contamination
and was heavily affected by farming relative to the other
five ponds. The TOC content in the sediment of all six culture
ponds decreased at the EHT stage, with the greatest decrease in
the WLD sediment (24.48%), indicating a markedly improved
sediment environment in the WLD pond. The TOC content of
the ZKZ sediment decreased the least (4.06%), indicating that
the self-repair capacity of the ZKZ pond was relatively weak,
which may pose concerns for cultivation.

Among the six culture ponds, the TN content of the GZL
sediment was the lowest at the HT and EHT stages (0.178
and 0.158%o, respectively). At the HT stage, the TN content
of the RSK sediment was the highest (1.247%o), followed by
the XHC sediment (1.193%0). At the EHT stage, the TN
content of the XHC sediment was the highest (1.081%o),
followed by the RSK sediment (1.045%o), indicating that
the sediment environment of these two ponds had worsened.
In terms of changes in TN, only the TN content of the ZKZ
sediment increased (from 0.731 to 0.735%0¢) at the EHT
stage. The TN content of the other five culture ponds
decreased at the EHT stage, with the greatest decrease
(from 0.741 to 0.340%0) observed in the WLD sediment,
indicating that the self-purification capacity of this culture
pond was high.

The NH," content of the GZL sediment was the lowest,
while that of the RSK sediment was highest at both stages.
The NH,* content of all six culture ponds decreased at the
EHT stage, with the greatest decrease observed in the WLD
sediment (30.40%) and the smallest in the ZKZ sedi-
ment (0.47%).

In this study, the NO, ™ content in the XHC sediment was
lowest during the HT stage, whereas that in the ZKZ sedi-
ment was highest. The NO,™ content of the WLD, ZKZ,
HKA, and GZL sediments decreased at the EHT stage.
This decrease was greatest in the ZKZ sediment. The NO,™~
content of the RSK and XHC sediments increased at the EHT
stage, with a greater increase seen in the RSK sediment.

Among the six culture ponds, the >~ content of the GZL
sediment was the lowest during the two stages, while that of
the XHC sediment was the highest. In terms of the change of
$*7, the $>~ the content of the WLD, HKA, RSK, and GZL
sediments decreased at the EHT stage, with the greatest
decrease in the GZL sediment (70.53%) and the smallest in
the RSK sediment (3.13%). The S*>~ content of the XHC and
ZKZ sediments increased. Under anoxic conditions, sulfate-
reducing bacteria convert SO, into reduced S*~ or S using
sulfur-reducing enzymes [26]. In this study, the TS content
of the XHC sediment was highest during the HT and EHT
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stages, while that of the GZL sediment was the lowest. The
TS content in the WLD, HKA, RSK, and GZL sediments
decreased at the EHT stage. This decrease was greatest in
the GZL sediment (61.47%). In contrast, the TS content in
the ZKZ and XHC sediments increased at the EHT stage.
The SO,*~ content at both stages was highest for the XHC
sediment and lowest for the GZL sediment. The SO,*~ con-
tent of the ZKZ, WLD, and HKA sediments increased at the
EHT stage, with the increase being greatest in the ZKZ sedi-
ment (41.25%). In contrast, the SO,*~ of the RSK, GZL, and
XHC sediments decreased at the EHT stage, and this decrease
was most pronounced in the RSK sediment (74.65%).

From the HT to EHT stage, all physicochemical contents
of the sediment samples from the WLD ponds showed a
downward trend, with the exception of SO,°~. The TN,
TC, TOC, and NH," contents decreased the most across all
six ponds. The WLD ponds displayed a pronounced self-
recovery capacity, with the sediment environment improving
to a certain extent. All physicochemical contents of the ZKZ
sediment samples decreased, except for TOC, NH,*, and
NO, . The physicochemical contents of the HKA sediment
showed a downward trend, except for SO,°~. The physico-
chemical contents of the RSK sediment were the highest of all
six ponds, indicating that this sediment environment was
inferior and posed significant risks to successful cultivation.
All physicochemical contents in the GZL sediment samples
showed a downward trend, except for TC. The TN, TC, TOC,
NH,*, TS, SO,>~, and $*~ contents were the lowest in the GZL
samples, indicating that the sediment environment of GZL
was the best for successful cultivation among all six ponds.
The XHC sediment displayed high levels of all physicochemi-
cal compounds except NO,™, indicating a poor sediment
environment.

3.3. Bacterial Diversity of Sediments from Sea Cucumber
Culture Ponds. The coverage of the 12 sediment samples
from the six culture ponds at the HT (WLD, ZKZ, HKA,
RSK, GZL, and XHC) and EHT (WLDb, ZKZb, HKAb, RSKb,
GZLb, and XHCb) stages exceeded 95% (Figure 2(a)). This
indicates that the sequencing depth was sufficient to capture
the microbial diversity of all samples. The Chao index was
used to assess the richness of alpha diversity in the sediments,
and it found that diversity was higher at the HT stage than at
the EHT stage, indicating the presence of more species at the
HT stage (Figure 2(b)). The Shannon and Simpson indices
were used to measure the diversity of the bacterial commu-
nity, and the indices differed significantly between the two
stages (Figures 2(c) and 2(d)). The Shannon index values
were generally higher at the HT stage than at the EHT stage,
indicating greater bacterial community diversity at the HT
stage. The Simpson index values were generally lower at the
HT stage than at the EHT stage, also indicating greater diver-
sity of the bacterial communities in the sediments at the HT
stage.

Beta diversity analysis was used to assess the similarities
and differences in bacterial communities among the sedi-
ment samples from the six culture ponds at the HT and
EHT stages (Figure 3). PCoA finding of the close distance
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FiGURE 2: Bacterial alpha diversity indices in the sediment from six sea cucumber culture ponds: (a) Coverage index; (b) Chao index; (c)
Shannon index; (d) Simpson index. WLD, ZKZ, HKA, RSK, GZL, and XHC at the HT stage and WLDb, ZKZb, HKAb, RSKb, GZLb, and

XHCb at the EHT stage.

between the sample points in Figure 3 indicated the similar-
ity of the sample bacterial community compositions. The
bacterial community structures of each sediment sample dif-
fered at the HT and EHT stages. At the HT stage, the six
ponds were divided into two groups based on the similarity
of the bacterial community structures; one group included
the WLD, ZKZ, HKA, and GZL culture ponds, while the
other included the RSK and XHC culture ponds. At the
EHT stage, there were differences in the bacterial community
structures in the sediments of the six ponds.

The Venn diagram of the bacterial OTU distribution in
the sediment of the culture ponds is shown in Figure 4. The
12 samples shared 466 OTUs. The unique OTUs in the six

culture ponds during the two stages were quite different.
Higher OTU specificity was observed in GZL (549 OTUs
at the HT stage), followed by XHC (330 at the HT stage).
In contrast, ZKZb and HKAb had OTU specificities of 39
and 47 at the EHT stage, respectively. In addition, the num-
ber of unique OTUs in the WLD sediment at the HT stage
was less than that at the EHT stage, whereas the number of
unique OTUs in the sediment of the other five culture ponds
was higher at the HT stage than at the EHT stage.

The bacterial community structure in the sediment sam-
ples differed between the ponds and stages (Figure 5). The
bacterial composition of the six culture pond samples at the
HT stage differed slightly at the phylum level. Among the
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prokaryotic phyla detected in the sediments of the six culture
ponds, Desulfobacterota, Campylobacterota, Bacteroidetes,
and Proteobacteria were predominant during the HT and
EHT stages. Proteobacteria was the most prominent among
all phyla (45.97%, 29.10%, 28.80%, 26.99%, 29.90%, and
31.14% for GZL, WLD, RSK, ZKZ, HKA, and XHC, respec-
tively). This was followed by the phyla Desulfobacterota
(25.77%, 21.99%, 20.76%, 14.11%, 21.38%, and 16.65% abun-
dance for the WLD, RSK, ZKZ, GZL, HKA, and XHC sedi-
ments, respectively). In addition, the phyla Campylobacterota,
Bacteroidetes, Acidobacteria, Chloroflexi, Myxococcus, Gem-
matimonadota, and Actinobacteria were identified. Proteobac-
teria was increased from the HT to EHT stages in the WLD,
RSK, and GZL sediments and decreased in the ZKZ, HKA, and
XHC sediments. Campylobacterota increased in the WLD,
ZKZ, HKA, and RSK sediments. This increase was greatest
in the ZKZ sediment (from 11.45% to 54.10%), with less
marked change observed in the GZL and XHC sediments.
Firmicutes increased significantly in all the samples, with the
greatest change observed in the XHC sediment. In the WLD,
RSK, ZKZ, GZL, HKA, and XHC sediments, the proportion of
Firmicutes increased from 1.04% to 27.13%, 1.79% to 23.07%,
1.44% to 14.00%, 1.92% to 16.24%, 0.72% to 20.44%, and
1.96% to 49.77%, respectively. Finally, the phylum Desulfobac-
terota decreased significantly in the sediments from all six
ponds: from 25.77% to 3.97% in WLD, 21.99% to 6.68% in
RSK, 20.76% to 4.03% in ZKZ, 14.11% to 2.92% in GZL,
21.38% to 3.36% in HKA, and 16.65% to 6.75% in XHC.

The bacterial diversity compositions of all the samples
were similar at the HT stage at the genus level. The predom-
inant genera were Sval033_norank, Woeseia, an unknown
genus in Desulfobulbaceae, an unknown genus in Syntro-
phobacterales, Subgroup 23, Halioglobus, an unknown genus
in the class of y-Proteobacteria, and others. From the HT to
the EHT stage, the abundance of Sulfurovum in the WLD,
ZKZ, HKA, and RSK sediment samples increased signifi-
cantly, with increases of 43.07% and 39.35% in the ZKZ and
HKA sediment samples, respectively. Sulfurovum decreased
in the GZL and XHC sediment samples. The abundance of
Bacillus significantly increased in the sediment samples from
all six culture ponds, with the greatest change seen in the
WLD sediment (17.69% increase). Woeseia decreased signifi-
cantly in the sediments of all six culture ponds, with the most
prominent decrease seen in the HKA sediment (10.02%
decrease).

3.4. Correlation Analysis of Bacterial Diversity and
Physicochemical Properties. The results of the correlation
analysis between bacterial diversity and physicochemical
properties are shown in Figure 6. The distance between the
two points is evidence of the similarity in community com-
position between the two sediment samples. Thirty-six sam-
ple points were distributed across four quadrants, indicating
that different physicochemical properties affected the struc-
ture of the sediment community in each culture pond. The
bacterial community compositions of RSK, RSKb, XHC, and
XHCDb were similar. Arrows from the origin in Figure 6 rep-
resent different physicochemical properties, and the length



Aquaculture Research

ZKZ || ZKZb
1.00 =
“n"
il
LI |
0.75
a
S
5 0.50
=%
2
[=}
0.25
0.00 -
TAR TR QN FQY FQR F AR QD QO QO QD R QD
£.0.0 £ .50 5489 L8 A3 L0905 .50
Sc2 BB5 BEY SOY EEE 337 2ZZ 35% S8 555 £EE 898
=2% 22% NKN BET EEE M SO0 XXX ZEg
B Proteobacteria = Unclassified
m Campylobacterota = Sva0485
= Firmicutes B Nitrospirota
B Desulfobacterota B NBI-j
B Bacteroidota B Verrucomicrobiota
= Acidobacteriota ® Calditrichota
Chloroflexi Dependentiae
B Actinobacteriota ® Spirochaetota
Gemmatimonadota Cyanobacteria
M Myxococcota B Deinococcota
= Latescibacterota = Others

(a)

FiGure 5: Continued.
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FiGUre 5: The composition of the bacterial community in the sediment of A. japonicus culture ponds: (a) the composition of the bacterial
community at the phylum level; (b) the composition of the bacterial community at the genus level. Stacked bar plots showing the average
relative abundance of each taxon at the phylum and genus level. Different colored bars represent different phylum and genus levels in the

sediment of sea cucumber culture ponds.

of the arrow represents the influence of that property on the
bacterial community structure. The intensity of the influence
of each physicochemical property on the bacterial commu-
nity structure was as follows (from largest to smallest): TN,
TOC, TC, NH,*, TS, $*~, SO,*~, and NO, . The vertical

distance from the sample point to the physicochemical prop-
erties’ arrow and its extension line indicates the influence of
the physicochemical properties on the sediment samples.
The closer the distance between the sample point and the
arrow, the stronger the influence of the physicochemical
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Ficure 6: Correlation analysis of bacterial diversity and physico-
chemical properties in the sediment of sea cucumber culture ponds.

property on the sediment sample. All the environmental
factors had a significant impact on the ZKZb sediment.

The results of the correlation analysis between bacterial
abundance and the physicochemical properties of various
phyla are shown in Figure 7. Proteobacteria was highly neg-
atively correlated with TS and SO,*~ (both p<0.001) and
with TOC, TN, TC, and $*~ (all p<0.01). Desulfobacterota
was negatively correlated with NO, ™. Acidobacteria was pos-
itively correlated with TC, TN, and TOC (all p<0.01), while
Chloroflexi was positively correlated with TOC (p<0.01).
Myxococcota was positively correlated with NH,*, TC,
TN, TOC, and NO,™ (all p<0.01). Gemmatimonadota was
positively correlated with NO,™ (p<0.01), whereas Latesci-
bacterota was positively correlated with TC and TOC (both
£<0.01). Deinococcota was negatively correlated with NH,*
and TN (both p<0.01).

4. Discussion

4.1. Factors Influencing Physicochemical Properties in the
Sediment of Sea Cucumber Culture Ponds. Physicochemical
properties can significantly impact the success of aquacul-
tural ecosystems. TOC is the total amount of organic carbon
content. Organic carbon in sediment is a substrate for many
microorganisms, and the TOC can provide a quick and accu-
rate assessment of the degree of organic contamination [27,
28]. A high TOC indicates increased pollution, and a
decreasing trend in TOC indicates strong self-purification
capacity [29]. TN represents the total amount of various
forms of inorganic and organic nitrogen, including organic
nitrogen, ammonia, nitrate, and nitrite [30]. The TC/TN
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ratio in the sediment can be used to evaluate the extent of
pollution and self-purification of the sediment [29]. TOC
and TN accumulation can reflect the functionality of the
sediment environment, and low TOC and TN contents are
indicative of low organic matter and high sediment stability
[31]. High nitrogen and carbon concentrations in the sedi-
ment indicate that the biodegradation of carbonaceous and
nitrogenous substances is slow, with low nitrification and
denitrification rates in the seabed [32].

In the present study, the TOC content of the sediments in
the six culture ponds was higher in the HT stage than in the
EHT stage. Sediments from five of the culture ponds (WLD,
HKA, RSK, GZL, and XHC) had higher TN contents at the
HT stage than at the EHT stage. During the HT stage, micro-
organism reproduction and metabolism in the sediments
were enhanced, and the degradation of organic matter was
accelerated. When organic matter decomposition by micro-
organisms exceeds the natural rate of supplementation, the
TOC and TN contents decreased (i.e., at the EHT stage),
which could improve the sediment environment of the cul-
ture pond. Among the six culture ponds, only the ZKZ sedi-
ment displayed increased TN content at the EHT stage. This
may be due to low bacterial decomposition efficiency, less
degradable material in the sediment, and poor sediment
recovery capacity. The TOC and TN contents in the WLD
sediment decreased the most at the EHT stage, indicating
strong self-purification capacity. The WLD pond follows rel-
atively good management procedures, with a high monthly
water change to total water (120%—150%). The WLD pond
was last desilted 3years ago. Increasing the frequency of
water changes in the summer can reduce the contents of
organic carbon, organic nitrogen, TN, NO;~, NH,", total
phosphorus, and phosphate in the sediment [33]. The phys-
icochemical properties of the RSK sediment were high rela-
tive to the other culture ponds, indicating a poor sediment
environment. The TN (1.247 and 1.045%0), NO,~ (135.898
and 189.973 ug/kg), and NH,* (24.323 and 20.233 mg/kg)
contents of this sediment were the highest at both the HT
and EHT stages. The TOC (8.993 and 7.705%0), TS (2.249
and 1.624%0), SO,>* (0.777 and 0.197%c), and S*~ (1.472
and 1.426%o) contents were also relatively high at both
stages. This may be because sea cucumbers are not cultured
in the RSK pond during the summer. Sea cucumber cultiva-
tion can effectively stop nutrient accumulation at the bottom
of the culture ponds [14]. The organic matter accumulation
rate and the POC, PON, TP, Chl g, and pheophytin contents
in the sediment were even lower than those found in ponds
without sea cucumbers (p<0.05) [14].

Nitrite is a toxic intermediate produced during ammonia
nitrification and is also a product of bacterial denitrification
of nitrate during nitrogen cycling [34]. Nitrite is the most
common toxic nitrogenous compound in aquaculture sys-
tems, and it accumulates during intensive aquaculture [35].
NO,™ affects the normal growth and survival of aquatic ani-
mals and is one of the main environmental stress factors
affecting their health [36]. The NO,™ content in the ZKZ
sediment at the HT stage was 162.38 ug/kg. This may have
reflected increased bacterial denitrification activity in the
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FiGure 7: Correlation between bacterial abundance and physicochemical properties at the phylum level in the sediment of the culture ponds.
*indicates the p-value of the correlation, ***indicates p<0.001, **indicates p<0.01, and *indicates p<0.05.

ZKZ sediment at the HT stage, which converted organic
matter to NO, ™. The higher NO,™ content in the RSK sedi-
ment at the EHT stage may also be due to this phenomenon.
Most denitrifying bacteria (DB) are facultative anaerobic
heterotrophs, and organic carbon can act as an electron
donor to reduce nitrate-nitrogen to NO,  and finally to
nitrogen [37]. When there is insufficient dissolved oxygen
in the culture environment, the growth and reproduction of
aerobic nitrifying bacteria are inhibited. Inhibited nitrification
leads to the accumulation of ammonia nitrogen and nitrite
produced through denitrification. Appropriate dissolved oxy-
gen supplementation may decrease the high NO,™ content in
the RSK culture pond sediment.

Ammonia nitrogen is an important environmental indi-
cator in aquaculture, and NH," toxicity directly affects the
survival of aquatic animals [38]. One of the most important
challenges in aquaculture is to keep ammonia levels as low as
possible [39] to maintain normal sea cucumber growth. At
the EHT stage, NH," levels were reduced in all six culture
ponds, possibly due to the increased abundance of nitrifying
and DB, which eventually oxidized ammonia to nitrate and
N, [40].

The inorganic sulfur in the culture environment mainly
consisted of sulfide (S*7), elemental sulfur (S), and sulfate
(SO,>7) [41]. Sulfide is a significant pollutant in aquaculture.
Long-term sulfide exposure can cause detrimental changes in
metabolism and protein synthesis, thereby affecting the
health of aquatic organisms and reducing their survival rates
[42]. In sediments, sulfates, sulfites, and inorganic sulfur may
be reduced to compounds such as H,S [43]. HTs in the
summer inhibit the growth of sulfur-metabolizing bacteria
[9]. Subsequently, excess H,S in sea cucumber culture pond
sediments cannot be effectively removed by sulfur-oxidizing
bacteria, increasing the risk of cultivation failure and leading
to an increase in pathogenic bacteria and disease. The RSK

culture pond undergoes potassium bisulfate disinfection in
the summer, which may be related to the high TS and SO,*~
levels found in its sediments at the HT stage. The decrease in
$*~ in the RSK sediment during the EHT stage may have
been due to water exchange, which decontaminated the sul-
fur in the sediment. During the HT stage, the S*~ content in
the ZKZ and XHC sediments increased, likely due to the
increased number of sulfate-reducing bacteria and increased
bacterial metabolism and reproduction, which led to an
increase in the content of sulfides, such as H,S [13].

4.2. Bacterial Community Structure in the Sediments of Sea
Cucumber Culture Ponds. Among the 74 prokaryotic phyla
detected in the sediments of the six culture ponds, four phyla
(Acidobacteria, Chloroflexi, Euryarchaeota, and Proteobac-
teria) were predominant at both stages. Proteobacteria was
the most predominant phylum in all six ponds at the HT
stage and in the WLD, RSK, and GZL ponds at the EHT
stage. Bacterial communities in the surface water and sedi-
ments of A. japonicus culture ponds differ throughout the
year [9]. Although the relative abundance of Proteobacteria
from May to October was reportedly not as high as that from
November to April, it remained the most abundant phyla
in all samples. Proteobacteria are related to organic matter
degradation [44], which supports the negative correlation
between Proteobacteria, TC, and TOC (Figure 7). Proteobac-
teria are a major contributor to organics, nitrogen, and phos-
phorus removal [45]. At the HT and EHT stages, the GZL
sediment had the highest abundance of Proteobacteria. This
sediment also had the lowest TN, TC, and TOC contents and
the best sediment environment among all six culture ponds.
The increased abundance of Proteobacteria in the sediment
during the EHT stage was conducive to organic matter deg-
radation. However, some Proteobacteria may pose risks to the
sediment environment. For example, we observed that the
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abundance of Proteobacteria and Halomonas in the GZL sed-
iment increased during the EHT stage. The optimal growth
temperature of Marinobacter is 30°C, and lower temperatures
can reduce NO3;~ to NO,™ [46]. Halomonas can survive at
30°C and reduce NO;~ [47]. At the EHT stage, the high
abundances of Marinobacter and Halomonas in the GZL sed-
iment were likely to affect the NO,™~ content, which can pose
risks to animal health. Woeseia was significantly higher in
samples from the HT stage than in samples from the EHT
stage. Woeseia can perform various ecological functions, such
as dissimilatory sulfur oxidation and denitrification [48].

The phylum Campylobacterota includes a group of Gram-
negative bacteria, including Sulfurospirillum spp., Sulfurovum
spp., and Nitratiruptor spp. [49]. In contrast to those observed
in the HT stage, changes in abundance of this phylum in the
EHT stage were mainly attributed to changes in the genus
Sulfurovum. Members of this genus use sulfur, sulfide, and
thiosulfate as electron donors and oxygen as an electron
acceptor to oxidize thiosulfate to sulfate [50]. In addition,
Sulfurovum can grow at 15-37°C, with an optimum growth
temperature of 33°C [51]. Thus, they could multiply rapidly
in the HT stage, and their abundance increased greatly at
the EHT stage, especially in the ZKZ and HKA ponds.

In this study, the phylum Firmicutes was significantly
more abundant in the EHT stage than in the HT stage.
This likely reflected a significant increase of bacteria in the
genus Bacillus. These bacteria are beneficial in removing
waste, maintaining water quality, reducing stress in aquacul-
ture environments, improving the immune physiological
balance of target aquatic animals, promoting their growth,
and improving their survival rates [52]. The increased prev-
alence of Bacillus in the six culture ponds at the EHT stage
may be closely related to the ecological maintenance of the
sediments in the culture ponds, enhanced immunity, and
improved survival rate of the cultured sea cucumbers.

Nitrifying and DB have obvious effects on the purifica-
tion of both the pond water and sediment [53]. Nitrification
oxidizes ammonia nitrogen to nitrite nitrogen via ammonia-
oxidizing bacteria (AOB) and eventually converts the latter
into nitrate nitrogen via nitrite-oxidizing bacteria (NOB).
However, nitrification does not directly affect the N stock
in the system [54]. Denitrification is a gradual reduction of
nitrate nitrogen into nitrite nitrogen via DB and eventually
into gaseous nitrogen, thus reducing the N stock in the system
[37]. Nitrosomonas, Nitrosospira, Nitrosovibrio, and Nitroso-
lobus are all known to be common AOB [55]. NOB such as
Nitrococcus, Nitrobacter, and Nitrospira are needed for effi-
cient utilization of nitrogenous compounds [55]. DB includes
several facultative or strict anaerobes, and most belong to
Proteobacteria, including the genera Paracoccus (Alpha-pro-
teobacteria), Ralstonia (Beta-proteobacteria), Desulfosarcina
(Delta-proteobacteria), and Pseudomonas (Gamma-proteo-
bacteria). These genera are all capable of reducing nitrates
and nitrites [40]. In contrast to autotrophic nitrifying bacteria
and anoxic DB, a special class of microorganisms called aero-
bic DB (i.e., Acinetobacter, Bacillus, Cuprobacter, Halomonas,
Pseudomonas, and Photobacterium) can simultaneously
accomplish nitrification and denitrification under aerobic
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conditions [56, 57]. In our study, bacteria belonging to
the genera Bacillus, Desulfosarcina, Erythrobacter, Ferrimo-
nas, Halomonas, Limibacillus, Marinobacter, Microbulbifer,
Paracoccus, Pseudoalteromonas, Pseudomonas, Psychrobac-
ter, and Ralstonia may be associated to anoxic denitrifica-
tion and aerobic denitrification [56].

4.3. Correlations between Bacterial Diversity and Physicochemical
Properties in the Sediment of Culture Ponds. A correlation
between structural changes in the bacterial composition and
the environmental factors of the sediment of culture ponds
has been described previously [13]. Nitrate-nitrogen (N),
nitrite-N, ammonium-N, and phosphate-phosphorous (P)
are key factors influencing bacterial communities in pond
environments [58, 59]. Sulfide has the greatest influence on
the microbial community composition of pond sediments in
the winter [13]. In this study, the bacterial community struc-
tures varied between the six culture ponds as well as between
the HT and EHT stages; these changes may be caused by
various environmental factors. The CCA results indicated
that among the studied physicochemical properties, the TC,
TOC, TN, and NH," had the greatest impact on sediment
bacteria. The TS, $*~, SO,*~, and NO,™ also contributed to
the community composition of sediment bacteria. The corre-
lation between phosphorus and bacterial community compo-
sition in A. japonicus culture pond sediment needs to be
explored. Our observations on the correlations between bac-
terial community structures and culture pond physicochemi-
cal properties may provide a reference for future efforts to
improve and regulate aquaculture management.

4.4. Measures to Improve the Management of Sea Cucumber
Culture Ponds. In this study, the physicochemical properties
of the sediment of six culture ponds were evaluated in the HT
and EHT stages. Organic matter in the sediment was decom-
posed by bacteria throughout the study stage, and most of
the physicochemical properties showed a downward trend.
Thus, when sea cucumber estivation ends after the HT stage,
interventions are needed in ponds with poor/deteriorated
culture environments to suitably adjust the pond ecology.
Our study findings have helped us develop several manage-
ment strategy suggestions for the six aquaculture ponds, as
described below.

Among the six culture ponds, the physicochemical con-
tents of the WLD sediment were lower, with significant
reductions in these contents at the EHT stage, indicating
high self-purification capacity. This is likely closely related
to the small pond size (3.33 x 10* m?) and relatively rigorous
aquaculture management, such as a high monthly water
change to total water (120%—150%) and a relatively short
time between desilting events. These findings indicate that
superior culture management measures in the early stages of
culturing may have positive effects. Because of these prac-
tices, this pond will not require any intervention after the HT
stage ends.

The physicochemical contents of the ZKZ sediment were
relatively intermediate among the six culture ponds, but the
increase in sulfate at the EHT stage needs to be considered.
The genus Sulfurovum, with an increase in abundance from
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11.03% to 54.10% (from the HT to EHT stage), resulted in a
41.25% increase in sulfate levels. Probiotics should be added
to the culture pond at the EHT stage to improve water qual-
ity, and the pond should also be properly oxygenated when
temperatures are high to reduce sulfate levels. In addition,
there is a long period (4years) between desilting events;
harmful substances can accumulate to a greater extent.
Therefore, the desilting interval should be reduced.

The physicochemical contents of the HKA sediment
were moderate among the six culture ponds, and manage-
ment measures before the HT stage did not cause sediment
deterioration at the EHT stage. The abundance of the genus
Sulfurovum increased from 2.63% at the HT stage to 41.98%
at the EHT stage. This led to a decrease in total sulfur and
sulfide (by 21.86% and 32.19%, respectively) and an increase
in sulfate (by 1.99%) at the EHT stage. Probiotics should be
added to the culture pond at the EHT stage to improve water
quality, and the pond should also be properly oxygenated
when temperatures are high to reduce sulfate levels. This
was the largest culture pond (2.67x10°m?), but it had
the lowest output (0.11-0.15 kg/m?). Therefore, sea cucum-
ber feed may be used to increase this pond’s yield in the
future.

The physicochemical contents of the RSK sediment were
high relative to the other six ponds, and moss growth was
exacerbated due to the high summer temperatures. Aquacul-
ture ponds should be thoroughly desilted to purify the cul-
tural environment. Culture ponds adjacent to farmland may
be affected by farmland drainage. The RSK culture pond is
located in an estuary with poor water exchange. Thus, more
rigorous monitoring of the water quality and sediment envi-
ronment of this pond is required.

The physicochemical contents (except NO, ™) of the GZL
sediment were the lowest among the six culture ponds, indi-
cating that the sediment of this pond was in good condition.
This is likely related to the small pond size and relatively
rigorous aquaculture management, such as the monthly
water change to total water (80%—100%) and the desilting
event interval (2 years since the last desilting). However, Sea-
bacter and Halomonas, which can generate NO, ™ at the EHT
stage, both increased in abundance, which poses a threat to
culturing success. The water exchange frequency and
amount of water exchange should be appropriately increased
to improve the NO, ™ content. Probiotics such as Bacillus can
be added to the pond to adjust the bacterial community
structure of the sediment, which may improve the survival
of sea cucumbers at the EHT stage.

The physicochemical contents of the XHC sediment were
relatively high among the six culture ponds, indicating a
relatively poor sediment environment. The daily manage-
ment practices of this pond were fairly simple, including
no feed or probiotic use. The monthly water change to total
water (60%—80%) was low, and the last desilting was per-
formed 5 years ago; these factors likely all contributed to the
very low yield per m?. The sediment environment needs to be
improved at the EHT stage, and probiotic use is strongly
recommended. The use of feed and desilting at the end of
the breeding cycle is recommended to increase production.
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Our study findings support the following seven sugges-
tions for the daily management of sea cucumber aquaculture
ponds. First, sediment quality should be monitored regularly,
and desilting intervals should be minimized. Second, water
quality should be controlled and monitored, and excessive
organic matter accumulation at the bottom of the pond must
be avoided. Third, timely discharge of water, sediment organic
matter, and harmful substances is required. Fourth, culturing
density should be controlled to maximize the conversion of
organic matter. Fifth, feeding should be performed conserva-
tively to avoid an accumulation of excess bait at the bottom of
the culture pond. Sixth, the addition of an immunity enhancer
can prevent environmental stress in sea cucumbers. Finally,
the use of a mixed breeding model can help transform organic
matter and establish a diverse breeding system.

The study findings also support the following suggestions
for sea cucumber culture ponds to cope with the HT stage.
Forecast and trend analyses of the HT stage should be
strengthened. An early warning mechanism should be estab-
lished. Daily management measures in sea cucumber culture
areas should be strengthened. Finally, new sea cucumber
varieties with high tolerance should be screened.

5. Conclusion

In this study, informed management measures for aquacul-
ture (desilting and monthly water changes) have a positive
effect on the physicochemical properties and bacterial com-
munity structure of the sediments. Most of the physicochem-
ical contents and bacterial community diversity in the
sediment showed a decreasing trend from the HT to EHT
stage, indicating that the self-purification capacity of the sed-
iment at the HT stage was greater than natural organic matter
accumulation. The physicochemical contents (TN, TC, TOC,
and NH,") of the culture pond sediments significantly influ-
enced the bacterial community composition and diversity. In
addition, daily management methods and improvement mea-
sures for each sea cucumber pond culture were suggested.
These findings will provide a reference for effective A. japo-
nicus aquaculture at high summer temperatures.
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