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To characterize microbial community structure and function in aquatic environments
during the overwintering cultivation of juvenile Apostichopus japonicus, we analyzed
water samples from a representative industrial indoor aquaculture facility in Tangshan,
Hebei Province. We assessed water quality by measuring key physicochemical parameters
and employed 16S rRNA gene sequencing to profile microbial composition and functional
traits. Our results revealed that ammonium nitrogen (NH4-N) levels in surface water
during the late pond-transfer stage in Workshop 2# reached 1.494 mg-L™ 1, significantly
exceeding those observed in other samples (P<0.05). Microbial richness in Workshop 1#
peaked during the early pond-transfer phase, significantly increasing relative to other
timepoints within the same workshop (P<0.05). At the phylum level, Proteobacteria and
Bacteroidetes dominated across all samples. Firmicutes represented the third most
abundant phylum during early pond-transfer stages, while Actinobacteria ranked third in
routine aquatic water. Sulfitobacter and _Polaribacter were prevalent at the genus level
during the early pond-transfer phase. Of particular concern, Vibrio showed the highest
relative abundance in mid-phase pond-transfer water from Workshop 1#, indicating a
potential disease risk. These findings elucidate microbial community shifts in A.
japonicus aquaculture systems during overwintering, offering both theoretical insights
and practical recommendations for optimizing industrial-scale aquaculture management.

INTRODUCTION eration, cofferdam culture, pond culture, industrialized sys-
tems, and raft or cage-based cultivation.>® Among these,
industrialized aquaculture enables precise control of criti-
cal environmental parameters - such as water temperature,
salinity, dissolved oxygen, and overall water quality - al-
lowing for high-density rearing within greenhouse settings.
This approach accelerates growth and shortens the produc-
tion cycle, making it especially suitable for cultivating large
juvenile and adult sea cucumbers.”-8 Hebei Province leads
China in industrialized A. japonicus aquaculture by both
cultivation area and total yield. Key production zones in-
clude Changli County (Qinhuangdao City), Caofeidian Dis-
trict, and Laoting County (Tangshan City). The province
hosts an estimated 4 million m3 of aquaculture water, sup-

Apostichopus japonicus, a common species of sea cucumber,
holds significant nutritional and medicinal value and is
naturally distributed along the northwestern Pacific coast-
line.12 In China, A. japonicus is one of the highest-yielding
species in marine aquaculture, with major production hubs
located in Liaoning, Hebei, Shandong, and Fujian
provinces.3 As of 2023, China’s A. japonicus aquaculture
area expanded to 289,000 ha (hectares), generating an out-
put of approximately 292,000 t and approaching a total
market value of 100 billion yuan.# The primary aquaculture
systems for A. japonicus include bottom seeding and prolif-
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plying nearly 80% of the country’s large-sized juvenile A.
japonicus. Industrial overwintering cultivation represents
the final stage of seedling production and involves routine
operations such as feeding, application of animal health
products, and periodic pond transfers. Pond transfer is a
critical management practice that helps maintain stable
water quality during overwintering. Farmers typically adopt
a 15-day interval between transfers, repeating the cycle
throughout the overwintering period to ensure optimal
rearing conditions.

As aquaculture operations expand and breeding densi-
ties rise, the ecological load on water bodies often exceeds
their natural capacity for purification and recovery. This
imbalance can cause marked changes in water quality para-
meters, including reduced dissolved oxygen levels, greater
pH fluctuations, and elevated concentrations of harmful
substances such as ammonia nitrogen, nitrite, and nitrate.’
The accumulation of these toxic compounds destabilizes
water quality and severely impairs the growth, health, and
survival of cultured species, with potential for mass mor-
tality events. For example, studies have shown that com-
bined exposure to ammonia nitrogen and nitrite causes
significant structural damage to key tissues such as the he-
patopancreas and gills in Litopenaeus vannamei.l0 Sea cu-
cumber aquaculture is often situated in remote coastal re-
gions, where timely environmental monitoring and disease
diagnosis remain challenging. In response to deteriorating
water conditions or disease symptoms, farmers frequently
resort to indiscriminate drug application. This practice dis-
rupts the ecological balance of nearshore aquatic ecosys-
tems and further degrades farming conditions.11,12

Environmental instability also triggers shifts in micro-
bial composition and abundance within the water column,
which can directly affect the gut microbiota of A. japonicus.
These fluctuations may compromise host-microbe interac-
tions and increase the risk of pathogenic infections, thereby
promoting disease.!>14 Zhang et al.15 employed metage-
nomic sequencing and intestinal excretion analysis to ex-
amine the gut bacterial community of A. japonicus, iden-
tifying water quality and diet as key environmental
determinants of microbial composition. Their study
demonstrated that bacterial communities in the gut are
highly responsive to changes in the surrounding aquatic
environment. Due to their sensitivity and ecological rele-
vance, bacteria are commonly used as bioindicators for as-
sessing water pollution, with both their biomass and di-
versity reflecting overall ecosystem health.16:17 Beyond
serving as indicators, bacterial communities actively par-
ticipate in purifying contaminated water. However, shifts in
water’s physicochemical properties - such as nutrient load,
pH, and oxygen content - can profoundly alter microbial
richness and diversity.18 In aquaculture systems, both the
structure of microbial communities and water quality exert
significant, and often interconnected, effects on the phys-
iology, growth, and disease resistance of cultured species.
The health of aquatic organisms is therefore closely tied
to fluctuations in environmental parameters and the com-
position of microbial consortia.!%20 To date, most studies
on microbial diversity in A. japonicus aquaculture have fo-
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cused on traditional pond-based systems, while research
on microbial dynamics in factory-based cultivation remains
scarce. A comprehensive analysis of water quality parame-
ters and microbial community structure in indoor aqua-
culture workshops is thus essential for optimizing envi-
ronmental management and promoting the sustainable
development of industrialized A. japonicus farming.

Zheng et al.2! utilized high-throughput sequencing to
examine the relationships among pathogen emergence, en-
vironmental variables, and gut microbiota within a co-cul-
ture system of L. vannamei and Cyprinus carpio. Their analy-
sis revealed that, at identical sampling time points,
bacterial communities in bottom sediments displayed sig-
nificantly greater diversity and species richness than those
in the overlying water column (P<0.05). In a separate study,
Wang et al.22 conducted seasonal monitoring of microbial
community dynamics in Sinonovacula constricta and asso-
ciated aquaculture pond habitats, also using high-through-
put sequencing. They observed that the relative abundance
of Proteobacteria in winter water samples was significantly
higher compared to other seasons (P<0.01). In contrast, the
core functional microbial groups in sediment and the gut
microbiota of S. constricta remained stable across seasons
(P>0.05), indicating strong ecological resilience and niche
specificity. High-throughput sequencing, when combined
with advanced bioinformatics, offers precise insights into
microbial community structures under in situ conditions.
This integrated approach identifies ecological interactions
within microbial assemblages and between microorganisms
and their environmental condition.23.24

This study selected a representative factory-based A.
japonicus breeding workshop in Tangshan City, Hebei
Province, as a research site. We collected surface water
samples from breeding ponds throughout a complete pond
transfer cycle during the overwintering cultivation period
of A. japonicus. We measured the physicochemical water
quality parameters and applied 16S rRNA high-throughput
sequencing to assess the diversity and functional profiles of
the aquatic microbial community at early, middle, and late
stages of the pond transfer process. We also performed cor-
relation analyses between the microbial community com-
position and environmental factors. This study aims to pro-
vide a comprehensive and objective characterization of the
temporal changes in physicochemical water parameters and
the dynamic shifts in microbial communities during the
overwintering phase of juvenile A. japonicus under factory
farming conditions. Moreover, our findings offer a theoret-
ical foundation to support the healthy and sustainable de-
velopment of factory-based overwintering cultivation of A.
japonicus in Hebei Province.

MATERIALS AND METHODS

SAMPLE COLLECTION

In this study, two representative factory-style sea cucumber
farming workshops in Tangshan City, Hebei Province were
selected and designated as Workshop 1 and Workshop 2*.
The dimensions of the aquaculture pond are as follows:
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length 6 m, width 3 m, and depth 1.5 m. The water tem-
perature maintained at 10-15°C from Tangshan City, Hebei
Province, salinity 28-32, dissolved oxygen levels above 5
mg-L~! Considering that farmers commonly implement a
15-day pond water exchange cycle, this study defined the
day of water exchange as the early stage, the period of
7-8 days after water exchange as the middle stage, and
the day immediately before the next water exchange as
the late stage. During each of the early, middle, and late
stages of the water exchange cycle, 500 ml seawater sam-
ples were collected from the surface layer (approximately
15 cm depth) of each of the three culture ponds in both
workshops using sterile water samplers. Within four hours
of collection, the samples were filtered through 0.22 pm mi-
croporous filter membranes (47 mm diameter; Pall Corpo-
ration). The filtered membranes were then stored at -80°C
until further processing for DNA extraction and high-
throughput sequencing.

ASSESSMENT OF PHYSICOCHEMICAL PARAMETERS FOR
WATER QUALITY ANALYSIS

The concentrations of ammonium nitrogen (NH4-N), ni-
trate nitrogen (NOz-N), and nitrite nitrogen (NO,-N) in
the samples were quantified in the laboratory. The NH,-N
concentration was determined using the Nessler reagent
spectrophotometric method as specified in “Determination
of Ammonia Nitrogen in Water Quality - Nessler Reagent
Spectrophotometric Method” (HJ 535-2009). The NO,-N
concentration was measured by the N-(1-naphthyl) eth-
ylenediamine dihydrochloride spectrophotometric method
according to “Marine Monitoring Specifications Part 4: Sea-
water Analysis” (GB 17378.4-2007). The NOz-N concentra-
tion was analyzed via the ultraviolet spectrophotometric
method following “Methods for Analysis of Groundwater
Quality - Part 59: Determination of Nitrate - Ultraviolet
Spectrophotometric Method” (DZ/T 0064.59-2021). The
suspended solids concentration was measured using the JC-
SS-1Z laboratory benchtop suspended solids concentration
meter.

DNA EXTRACTION AND HIGH-THROUGHPUT
SEQUENCING ANALYSIS

DNA was systematically extracted using the OMEGA Soil
DNA Kit. The extracted DNA samples underwent rigorous
quality control procedures. The DNA concentration was
quantified by measuring the absorbance at 260 nm with a
Nano Drop 2000 micro-volume spectrophotometer, and the
integrity of the extracted DNA was confirmed through 1%
agarose gel electrophoresis.

The extracted DNA was used as the template, and the
primers 341F (5'- CCTAYGGGRBGCASCAG-3") and 806R (5'-
GGACTACNNGGGTATCTAAT-3") were employed for PCR
amplification of the V3-V4 region of the 16S rDNA gene.
The resulting PCR products were subjected to 1% agarose
gel electrophoresis for quality assessment and subse-
quently purified using magnetic beads. The purified prod-
ucts were then submitted to Jia’an Jianda Medical Technol-
ogy (Shanghai) Co., Ltd., where sequencing libraries were
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prepared using the TruSeq Nano DNA LT Library Prep Kit
from Illumina. Following library validation, high-through-
put sequencing was conducted on the NovaSeq platform.
According to the distribution of ASV/OTU in different sam-
ples, the Alpha diversity level of each sample was assessed.
Additionally, the adequacy of the sequencing depth was re-
flected by the rarefaction curve.

BIOINFORMATIC ANALYSIS

The sample sequences were analyzed for diversity using
QIIME2 software, encompassing Alpha diversity analysis
and UPGMA (unweighted pair group method with arith-
metic mean) hierarchical clustering. Taxonomic profiling
was performed to compare the species composition across
samples. Based on the taxonomic classification results,
LEfSe (Linear Discriminant Analysis Effect Size) analysis
was carried out with a significance threshold of P<0.05 to
identify differentially abundant taxa and the size of the
LDA effect > 2. The functional potential of the microbial
community was predicted using PICRUSt2, followed by an
in-depth analysis of significantly altered KEGG metabolic
pathways.

The top 10 most abundant microbial taxa at both the
phylum and genus levels were identified. In conjunction
with water quality parameters including NH,-N, NO,-N,
and NO3-N, the relationship between the aquatic microbial
community structure and environmental factors was ana-
lyzed using the RDA (Redundancy Analysis) method imple-
mented in Canoco5.0 software.

STATISTICAL ANALYSIS

The data obtained in this study were presented as mean
* standard error (Mean=SE). Statistical analyses, including
one-way analysis of variance (ANOVA) and post-hoc mul-
tiple comparisons (Duncan’s test), were performed using
SPSS 25.0 software. Differences were considered significant
at P < 0.05.

RESULTS

PHYSICAL AND CHEMICAL INDICATORS OF WATER
QUALITY

Table 1 presents the physicochemical parameters of water
quality across different stages of tank turnover. In the 1%
workshop, NH4-N concentrations showed no significant
variation between the early, middle, and late stages (P >
0.05). However, the highest concentration was recorded
during the middle stage, reaching 0.621 mg-L~ !. In con-
trast, the 27 workshop exhibited a marked increase in NH,-
N levels during the late stage, peaking at 1.494 mg-L™ 1.
This value was significantly higher than those observed
during both the early and middle stages in the 2# workshop,
as well as all stages in the 1¥ workshop (P < 0.05). For NO3-
N, the concentration in the 1# workshop reached a maxi-
mum of 0.224 mg-L~ ! during the middle stage. This level
was significantly greater than those measured in the early
and late stages of the 1¥ workshop and all stages of the 2*
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Table 1. Physico-chemical indexes of water quality during the overwintering period of young A. japonicus

Water quality
indicators (mg-L'1) A B c D E F
NH,4-N 0.487+0.061° 0.582+0.214b 0.546+0.192° 1.494£0.4972 0.621+0.196P 0.533+0.037°
NO5-N 0.050+0.083b 0.054+0.015b 0.095+0.1193b 0.117+0.0943b 0.224+0.2442 0.053+0.072b
NO,-N 0.017+0.0012 0.012+0.0092 0.012+0.0042 0.013+0.0052 0.014+0.0102 0.013+0.0022
Sett"”l\gllapftref:w'ate 384410672 0 3.644+2.7072 3.589+3.393 3.644+33367 0

Note: Different superscript letters in the same row indicate significant differences among groups (P < 0.05). Specifically, A represents the late stage of tank transfer in Workshop 17, B

represents the early stage of tank transfer in Workshop 17, C represents the mid stage of tank transfer in Workshop 2, D represents the late stage of tank transfer in Workshop 2*, E

represents the mid stage of tank transfer in Workshop 1, and F represents the early stage of tank transfer in Workshop 2*.

workshop (P < 0.05). In the 2* workshop, NOz-N levels were
highest during the late stage at 0.117 mg-L” 1, though the
differences across all stages were not statistically signifi-
cant (P > 0.05). NO»-N concentrations remained consistent
throughout all stages in both workshops, showing no sig-
nificant differences (P > 0.05). Furthermore, the concentra-
tion of suspended solids in surface water increased signif-
icantly during the middle and late stages compared to the
early stage in both workshops (P < 0.05).

SEQUENCING DATA ANALYSIS

After performing sequence splicing, quality filtering, and
additional control steps, we identified a total of 4,783 op-
erational taxonomic units (OTUs) across all microbial sam-
ples (Figure 1). Of these, only 55 OTUs were shared among
all samples, highlighting considerable microbial diversity.

ASSESSMENT OF SPECIES DIVERSITY WITHIN
MICROBIAL COMMUNITIES

We evaluated microbial a-diversity using the Chaol, Shan-
non, and Simpson indices across different stages of tank
turnover. In Workshop 17, the early stage exhibited signif-
icantly higher richness, as measured by the Chaol index,
compared to the middle and late stages (P < 0.05), with the
lowest richness observed in the middle stage (Table 2). Fur-
thermore, both the Shannon and Simpson indices declined
markedly during the middle stage, indicating reduced di-
versity and evenness relative to the early and late stages
(P < 0.05). In Workshop 27, richness and Shannon indices
did not differ significantly across the early, middle, and late
stages (P > 0.05). However, the Simpson index was signifi-
cantly lower during the middle stage compared to the early
and late stages (P < 0.05), suggesting a transient decrease
in community evenness during this period.

INVESTIGATION INTO COMPOSITONS OF MOCROBIAL
COMMUNITIES

At the phylum level, Proteobacteria and Bacteroidetes con-
sistently represented the two most dominant groups across
all samples. During the early stage of tank turnover, Firmi-
cutes ranked third in abundance in both Workshop 1# and
Workshop 2#. However, as turnover progressed to the mid-
dle and late stages, Actinobacteria replaced Firmicutes as
the third most prevalent phylum (Figure 2). At the genus
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Figure 1. Venn diagram of water column flora OTUs
during the overwintering period of young A. japonicus
Note: Different superscript letters in the same row indicate significant differences
among groups (P < 0.05). Specifically, A represents the late stage of tank transfer in
Workshop 17, B represents the early stage of tank transfer in Workshop 17, C represents
the mid stage of tank transfer in Workshop 2, D represents the late stage of tank trans-
fer in Workshop 27, E represents the mid stage of tank transfer in Workshop 17, and F
represents the early stage of tank transfer in Workshop 2.

level (Figure 3), microbial composition varied notably be-
tween workshops and turnover stages. In the early stage
of tank turnover in Workshop 17, the three most abundant
genera were Glaciecola, Maribacter, and Sulfitobacter, in de-
scending order. In contrast, the early-stage community in
Workshop 2# was dominated by Sulfitobacter, Polaribacter,
and Winogradskyella. During the middle stage in Workshop
2% Sulfitobacter remained the most dominant genus, while
NS3a_marine_group emerged as the predominant taxon in
the late stage. In Workshop 1%, Vibrio dominated the middle
stage, comprising more than 40% of the microbial commu-
nity. This was followed by Polaribacter and Sulfitobacter. By
the late stage, the community composition shifted, with
NS3a_marine_group becoming the most abundant genus,
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Table 2. Analysis of the Alpha diversity of the water column flora during the overwintering incubation period of
young A. japonicus

Sample_ID Chao1 index Shannon index Simpson index
A 388.02+25.93b 5.59+0.052 0.96+0.0042
B 697.87+42.422 5.76+0.222 0.93+0.0112
C 401.70+27.70A 5.20:0.12A 0.93+0.005AB
D 435.67+29.36" 5.810.15~ 0.96+0.004A
E 236.34+22.66¢ 4.05+0.15P 0.84+0.005P
F 401.53+83.84A 5.56+0.36A 0.94+0.008A

Note: Different superscript letters in the same row indicate significant differences among groups (P < 0.05). Specifically, A represents the late stage of tank transfer in Workshop 17, B
represents the early stage of tank transfer in Workshop 17, C represents the mid stage of tank transfer in Workshop 2, D represents the late stage of tank transfer in Workshop 2*, E
represents the mid stage of tank transfer in Workshop 1, and F represents the early stage of tank transfer in Workshop 2*.
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Figure 2. Horizontal abundance of water column flora phyla during the overwintering incubation period of
young A. japonicus
Note: Different superscript letters in the same row indicate significant differences among groups (P < 0.05). Specifically, A represents the late stage of tank transfer in Workshop 1%, B

represents the early stage of tank transfer in Workshop 1, C represents the mid stage of tank transfer in Workshop 2*, D represents the late stage of tank transfer in Workshop 2, E
represents the mid stage of tank transfer in Workshop 17, and F represents the early stage of tank transfer in Workshop 27.

Polaribacter remaining in second place, and Maribacter CORRELATION ANALYSIS BETWEEN MOCROBIAL
ranking third. COMMINITIES AND ENVIRONMENTAL FACTOR

We analyzed the relationship between microbial commu-
nity composition and environmental variables using redun-
dancy analysis (RDA) in Canoco 5.0. At the phylum level,
the first two ordinate axes explained 78.3% of the species-
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Figure 3. Genus-level abundance of water column flora during the overwintering incubation period of young A.

japonicus

Note: Different superscript letters in the same row indicate significant differences among groups (P < 0.05). Specifically, A represents the late stage of tank transfer in Workshop 1%, B

represents the early stage of tank transfer in Workshop 17, C represents the mid stage of tank transfer in Workshop 2%, D represents the late stage of tank transfer in Workshop 2%, E

represents the mid stage of tank transfer in Workshop 17, and F represents the early stage of tank transfer in Workshop 27.

environment variability. The RDA results showed that NH4-
N, NO2-N, and NO3-N had no statistically significant influ-
ence on the ten most dominant phyla (Figure 4A). However,
specific trends were observed: NO»-N positively associated
with Proteobacteria, while NH4-N and NOsz-N correlated
positively with Actinobacteria and Verrucomicrobia. In con-
trast, all three nitrogen forms—NH4-N, NO2-N, and NO3z-
N—were negatively correlated with Bacteroidetes and Fir-
micutes. At the genus level (Figure 4B), the first
twoordinate axes explained 81.8% of the species-environ-
ment variability. The top ten genera similarly showed no
significant overall response to NH4-N, NO»-N, or NO3z-N.
Nonetheless, we observed a notable positive correlation be-
tween NO3z-N and the genus Vibrio, suggesting a possible
genus-specific sensitivity to nitrate levels.

INVESTIGATION INTO STRUCTIRES OF MICROBIAL
COMMUNITIES

We used non-metric multidimensional scaling (NMDS) to
assess differences in microbial community structures across
all samples. The NMDS plots showed clear separations
among microbial communities in water samples collected
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from both workshops at early, middle, and late stages of
tank turnover, indicating substantial variations in commu-
nity composition across time points and locations (Figure
5). We performed linear discriminant analysis effect size
(LEfSe) to further explore these differences to identify taxa
with significantly differential abundances (Figure 6).
Among 37 bacterial groups with LDA scores greater than
4.0, six taxa were significantly enriched during the early
tank turnover stage in Workshop 1%, including Tenacibac-
ulum, Bacteroidia, Bacteroidales, Flavobacteriales, Flavobac-
teriaceae, and Maribacter. In contrast, five distinct taxa
were enriched during the same stage in Workshop 27,
namely Alteromonadaceae, Glaciecola, Enterobacterales,
Gammaproteobacteria, and Clostridiales. During the middle
stage of tank turnover, Workshop 1# showed enrichment of
five taxa, including Haloferula, Rubritaleaceae, and Verru-
comicrobia. By the late stage in Workshop 17, eight taxa be-
came enriched, such as Proteobacteria, Pseudoalteromon-
adaceae, Thalassotalea, Litoricola, Litoricolaceae, and
Vibrio. In Workshop 2*, the middle turnover stage featured
nine enriched taxa, including Cytophagales, Owenweeksia,
Cryomorphaceae,  Cyclobacteriaceae,  Cyclobacterium,
Rhodobacterales, and Alphaproteobacteria. Finally, during
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Figure 4. RDA analysis of water environmental factors and microbial community structure during the
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Figure 5. UPGMA clustering of water column flora of
during the overwintering incubation period of young
A. japonicus

Note: Different superscript letters in the same row indicate significant differences
among groups (P < 0.05). Specifically, A represents the late stage of tank transfer in
Workshop 17, B represents the early stage of tank transfer in Workshop 17, C represents
the mid stage of tank transfer in Workshop 27, D represents the late stage of tank trans-

fer in Workshop 27, E represents the mid stage of tank transfer in Workshop 17, and F
represents the early stage of tank transfer in Workshop 2.

the late stage in Workshop 27, four taxa - Polaribacter,
Thiotrichales, Leucothrix, and Thiotrichaceae - were signifi-
cantly enriched.
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PREDICTION OF MICROBIAL COMMUNITY FUNCTIONS

We predicted the KEGG functional profiles of microbial
communities during the early and late stages of tank
turnover in both workshops using PICRUSt2. We then con-
ducted a detailed analysis of significantly altered metabolic
pathways. In Workshop 17, the microbial community in the
late stage of tank turnover showed a marked increase in
xenobiotic degradation and metabolism compared to the
early stage (P < 0.001). Conversely, pathways related to
the biosynthesis of aminoglycosides and neomycin, protea-
some function, and B-lactam resistance were significantly
downregulated during this period (P < 0.001) (Figure 7).
Similarly, in Workshop 2%, the late stage microbial com-
munity exhibited a significant upregulation in steroid hor-
mone biosynthesis compared to the early stage (P < 0.05).
At the same time, pathways involved in aminoglycoside and
neomycin biosynthesis, toxoplasmosis-related processes,
and B-lactam resistance were significantly decreased (P <

0.001) (Figure 8).
DISCUSSION

Indoor, factory-based aquaculture systems produce large
quantities of organic waste, primarily from uneaten feed
and feces. As these materials decompose, they release am-
monia nitrogen, nitrate, and nitrite - key pollutants that ac-
cumulate in the water. High levels of these nitrogen com-
pounds can impair the immune function of cultured
species, disrupt physiological balance, and increase suscep-
tibility to disease or death.25:26 Research has shown that
when ammonia nitrogen levels exceed 8 mg-L” ! in aqua-
culture systems, A. japonicus may develop symptoms such
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as intestinal expulsion and skin ulceration, which can be fa-
tal.2”7 Additionally, nitrite concentrations above 4 mg-L™ !
reduce antioxidant enzyme activity in A. japonicus, leading
to oxidative stress and enhanced lipid peroxidation, both of
which are toxic to the organism.28 In our study, ammonia
nitrogen levels across all water samples remained between
0.5 and 1.5 mg-L™ !, while nitrate and nitrite concentra-
tions consistently stayed below 0.3 mg-L~ !. These values
fall well within the safety thresholds for A. japonicus aqua-
culture. Furthermore, based on the National Fishery Water
Quality Standards (GB11607-1989) and the Hebei Province
“Discharge Standard for Pollutants from Seawater Aquacul-
ture Tail Water” (DB 13/5879—2023), water quality at all
sampling locations met both national fishery water quality
criteria and the regional discharge regulations for seawater
aquaculture effluents.

Microorganisms are essential to aquaculture systems,
playing a central role in sustaining water quality and
ecosystem stability. Microbial diversity, in particular, is a
key factor influencing the resilience and balance of micro-
bial communities.29-3! As benthic organisms, A. japonicus
are closely associated with both the water column and sed-
iment in their environment, and their gut microbiota re-
flects these interactions.32-34 In our study, the richness in-
dex of water samples collected during the early stage of
tank turnover in Workshop 1# was significantly higher than
those from the middle and late stages (P < 0.05). This pat-
tern is consistent with findings by Huang et al.,35 who
observed similar microbial community dynamics in sea-
water from shellfish aquaculture regions. Their research
suggests that aquaculture activities may reduce microbial
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diversity and richness within farming zones. Notably, dur-
ing the middle stage of tank turnover in Workshop 1#, we
recorded the lowest richness index, along with significantly
reduced Shannon and Simpson diversity indices when com-
pared to the early and late stages (P < 0.05). This reduction
in diversity may be linked to the frequent application of
probiotics - such as lactic acid bacteria, yeast, and Bacil-
lus—and disinfectants, which can rapidly alter water con-
ditions and disrupt microbial communities. Microbial com-
position in aquaculture water is shaped by complex
interactions among microbial species as well as various en-
vironmental factors.3¢ However, due to logistical limita-
tions, our sample size was relatively small. Further research
with expanded sampling is necessary to validate and extend
these findings.

Our study identified Proteobacteria and Bacteroidetes
as the dominant bacterial phyla in early-stage water sam-
ples from both aquaculture tanks during tank turnover. This
observation aligns with findings by Tan et al.,37 who re-
ported that in A. japonicus aquaculture ponds in Changhai,
Liaoning Province, Proteobacteria was the most abundant
phylum, followed by Bacteroidetes, together accounting for
over 75% of the microbial population. As the predominant
phylum in aquatic ecosystems, Proteobacteria plays a crit-
ical role in both molecular and phenotypic classifications
of prokaryotes. Members of this phylum are highly adapt-
able to diverse and extreme environmental conditions and
are key contributors to several biogeochemical processes,
including denitrification, phosphorus removal, energy me-
tabolism, and the breakdown of organic compounds.38-40
In our samples, Bacteroidetes ranked second in abundance
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during the early stage of tank turnover. This phylum in-
cludes three major classes: Bacteroidia, commonly found
in animal intestines and feces, which aids in carbohydrate
metabolism; Flavobacteriia, widely distributed in aquatic
habitats; and Sphingobacteriia, whose members are capa-
ble of degrading cellulose. Notably, we observed negative
correlations between the abundance of Bacteroidetes and
the concentrations of NH4-N, NO»-N, and NO3z-N, suggest-
ing that these nitrogenous toxins may suppress the growth
of Bacteroidetes.41-43 In addition, Actinobacteria emerged
as the third most abundant phylum in early-stage tank
samples, consistent with observations by Xu et al.44 How-
ever, in the overall aquaculture water environment, Fir-
micutes ranked third in abundance. Previous studies have
shown that the gut microbiota of aquatic species typically
includes Proteobacteria, Bacteroidetes, and Firmicutes. The
elevated levels of Firmicutes in the aquaculture water may
be linked to overfeeding, which could increase the need for
lipid degradation.45-49

In our study, we observed that the dominant bacterial
genera during the early stage of tank turnover differed be-
tween Workshop 1# and Workshop 2#. This variation likely
stems from operational differences in the aquaculture sys-
tem, particularly the distinct seawater intake locations used
by each workshop, which may have introduced site-specific
microbial profiles and thus limited comparability. Due to
their small size, marine bacteria can disperse extensively,
driven by ocean currents. As these microorganisms respond
to shifts in water flow and migrate across environments,
microbial community compositions often diverge signifi-
cantly between regions.>0

Israeli Journal of Aquaculture - Bamidgeh

In our study, the phylum Wadinicota showed marked en-
richment in water samples collected during the mid-stage
of tank turnover in Workshop 1%, coinciding with the high-
est observed nitrate concentrations. Both NH4+-N and NO3-
N levels positively correlated with the abundance of Wa-
dinicota. This may be due to the metabolic capabilities of
certain Wadinicota species, which can fix nitrogen and re-
duce nitrate and sulfate, thus contributing to various bio-
geochemical cycles.5! As nitrate levels increased, the rel-
ative abundance of Wadinicota also rose. During the late
stage of tank turnover in Workshop 1#, the phylum Pro-
teobacteria—specifically taxa from the Pseudoalteromon-
adaceae family (to the order level) and the genus Vibrio
(to the family level)-became dominant. Both Pseudoal-
teromonas and Vibrio are known to act as opportunistic
pathogens in A. japonicus, and we observed a positive cor-
relation between NO3-N concentration and the abundance
of Vibrio.>2 As toxic nitrogen compounds accumulated, we
detected an increase in the proportion of potentially harm-
ful bacteria. Under intensive aquaculture conditions, the el-
evated abundance of pathogenic bacteria during the late
turnover stage suggests a heightened risk of disease out-
breaks associated with high-density farming. To reduce this
risk, we recommend shortening the tank turnover cycle or
implementing a one-third water exchange strategy during
the turnover period, and lower the breeding density.

Microorganisms are integral to key biogeochemical
processes, including the biosynthesis, transport, and degra-
dation of secondary metabolites. They also participate in
essential cellular functions such as transcription, RNA pro-
cessing, and RNA modification, enabling adaptive re-
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sponses to environmental fluctuations.53°4 In our study,
Firmicutes emerged as the dominant bacterial phylum in
the water samples from both Workshop 1# and Workshop
2% showing a strong association with the down-regulation
of B-lactam resistance pathways during the sampling pe-
riod. Firmicutes is known to serve as an environmental
reservoir for antibiotic resistance genes and is often en-
riched under conditions of environmental stress, such as
contamination with heavy metals or prolonged antibiotic
exposure.>> B-lactam antibiotics function by inhibiting
bacterial cell wall synthesis during active growth, ulti-
mately leading to cell lysis and death.>¢ The observed
down-regulation of B-lactam resistance in our samples may
reflect the selective pressure imposed by repeated antibi-
otic use in the aquaculture environment, which promotes
the emergence of resistant bacterial strains. However, the
regulatory networks governing this resistance suppression
remain complex and require further elucidation through
targeted mechanistic studies.

CONCLUSION

During winter cultivation of juvenile A. japonicus in an in-
door factory system, concentrations of ammonia nitrogen,
nitrate, and nitrite remained low throughout a complete
tank turnover cycle, consistently staying within safe limits
for sea cucumber farming. We observed that microbial di-
versity and richness in the water declined during the mid-
dle and late stages of tank turnover compared to the early
stage. Additionally, the relative abundance of pathogenic
bacteria increased in the late stage. This trend highlights
the heightened risk of disease outbreaks associated with in-
tensive, high-density indoor aquaculture.

ACKNOWLEDGMENTS

This work was supported by the S&T Program of Hebei
(2367Z6306G), Hebei Natural Science Foundation
(C2025407065), Science Research Project of Hebei Educa-
tion Department (QN2025130), Scientific Research Founda-
tion of Hebei Normal University of Science & Technology

(2024JK005) and Hebei Agriculture Research System
HBCT2023220203.

AUTHORS’ CONTRIBUTION

Conceptualization: Miaomiao Yao (Equal), Shanshan Yu
(Equal), Qinglin Wang (Equal). Methodology: Miaomiao
Yao (Equal), Limin Song (Equal), Yibo Wang (Equal).

Writing-original draft: Miaomiao Yao (Equal), Limin
Song (Equal), Shanshan Yu (Equal). Formal Analysis: Gu-
oshan Qi (Equal), Qinglin Wang (Equal).

Investigation: Hai Ren (Equal), Zhenping He (Equal),
Chunlong Zhao (Equal).

Funding acquisition: Qinglin Wang (Equal), Chunlong
Zhao (Equal).

Writing-review & editing: Guoshan Qi (Supporting),
Hai Ren (Supporting).

Supervision: Shanshan Yu (Lead).

COMPETING OF INTEREST — COPE

Authors declared there were no competing financial inter-
ests.

ETHICAL CONDUCT APPROVAL — JACUC

The College of Marine Resources & Environment, Hebei
Normal University of Science & Technology, Qinhuangdao,
China approved the experiments.

INFORMED CONSENT STATEMENT

All authors and institutions have confirmed this manuscript
for publication.

DATA AVAILABILITY STATEMENT

All are available upon reasonable request.

Submitted: May 29, 2025 CST. Accepted: July 08, 2025 CST.
Published: September 19, 2025 CST.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom-

mons.org/licenses/by/4.0/legalcode for more information.

Israeli Journal of Aquaculture - Bamidgeh

244



Microbial community structure and function in aquatic environments during the overwintering cultivation ...

REFERENCES

1. Gong PX, Wu YC, Liu Y, et al. Structure and
hypoglycemic effect of a neutral polysaccharide
isolated from sea cucumber Apostichopus japonicus.
International Journal of Biological Macromolecules.
2022;216:14-23. doi:10.1016/j.ijbiomac.2022.06.160

2. Song S, Peng HR, Wang QL, et al. Inhibitory
activities of marine sulfated polysaccharides against
SARS-CoV-2. Food & function. 2020;11(9).
doi:10.1039/DOFO02017F

3. Sara BD, Farooq A, Nazamid S. High-Value
Components and Bioactives from Sea Cucumbers for
Functional Foods—A Revie. Marine Drugs.
2011;9(10):1761-1805. doi:10.3390/md9101761

4. Fishery Administration of the Ministry of
Agriculture and Rural Areas, National Aquatic
Technology Promotion Station, China Fisheries
Society. China Fishery Statistical Yearboo. China
Agriculture Press; 2024:4-66.

5. Chang YQ, Sui XL, Li J. The Current Situation,
Problem and Prospect on the Apostichopus japonicus
Aquacultur. Fisheries Science. 2006;(04):198-201.
doi:10.16378/j.cnki.1003-1111.2006.04.011

6. Cao R, Zhang Y, Yang M, Wang LZ, Liu Q.
Development overview and potential risks analysis of
quality and safety of the whole industry chain in
Apostichopus japonicus in Chin. Chinese Fishery
Quality and Standards. 2023;13(02):61-67.

7. Gao L, He CB, Bao XB, et al. Comparative study of
water environment variation in the industrial
aquaculture system of sea cucumber Apostichopus
japonicus. Aquaculture Research.
2017;48(4):1787-1798. doi:10.1111/are.13016

8. Gao L, He CB, Bao XB, et al. Analysis and
appraisement of nutrient quality for sea cucumber
Apostichopus japonicus in industrial culture. Journal of
Fisheries of China. 2016;40(02):243-254.
doi:10.11964/jfc.20150709960

9.Li Z, Junaid M, Chen GL, Wang J. Interactions and
associated resistance development mechanisms
between microplastics, antibiotics and heavy metals
in the aquaculture environment. Reviews in
Aquaculture. 2021;14(2):1028-1045. doi:10.1111/
RAQ.12639

Israeli Journal of Aquaculture - Bamidgeh

10. Wertz JT, Kim E]J, Breznak JA, Schmidt TM,
Rodrigues JLM. Genomic and physiological
characterization of the Verrucomicrobia isolate
Diplosphaera colitermitum gen. nov., sp. nov., reveals
microaerophily and nitrogen fixation genes. Applied
and environmental microbiology. 2012;78(5).
doi:10.1128/AEM.06466-11

11. Xavier R, Severino R, Silva MS. Signatures of
dysbiosis in fish microbiomes in the context of
aquaculture. Reviews in Aquaculture.
2023;16(2):706-731. doi:10.1111/RAQ.12862

12. Wang QS. Effects and Mechanisms of Microbial
Agents and Carbon Sources on Aquaculture
Environment. Environment, Resource and Ecology
Journal. 2023;7(2):49-54. doi:10.23977/
ERE].2023.070209

13. Li CH. Research progress on molecular regulation
mechanism of skin ulcer syndrome in sea cucumber
Apostichopus japonicus: a review. Journal of DaLian
Ocean University. 2021;36(03):355-373. doi:10.16535/
j.cnki.dlhyxb.2021-086

14. Zhang MY, Li H, Wang YG, et al. Structure of
seawater and sediment bacterial community and its
correlation with environmental factors in Fujian
Dongwuyang Bay. Progress in Fishery Sciences.
2021;36(03):355-373. d0i:10.19663/
j.issn2095-9869.20221205002

15. Zhang J], Zhou YQ, Wang L, et al. Asymmetry
Evaluation of Sea Cucumber (Apostichopus japonicus)
Gut and Its Surrounding Environment in the Bacterial
Community. Symmetry. 2022;14(6):1199-1199.
doi:10.3390/SYM 14061199

16. DuJ, Liu QH, Liu JS, Zhang KQ, Huang WEF.
Structural and functional comparisons of the
environmental microbiota of pond and tank
environments at different locations for the
commercial aquaculture of American shad. Letters in
applied microbiology. 2022;75(1):51-60. doi:10.1111/
LAM.13709

17. Zhou AG, Xie SL, Junaid M, et al. First insight into
the environmental microbial communities associated
with potentially pathogenic strains in pond cultured
tilapia (Oreochromis niloticus) at various growth
stages based on 168, 18S, and ITS2 rRNA gene
amplicons sequencing. Aquaculture.
2021;532(prepublish):736007. doi:10.1016/
j.aquaculture.2020.736007

245


https://doi.org/10.1016/j.ijbiomac.2022.06.160
https://doi.org/10.1039/D0FO02017F
https://doi.org/10.3390/md9101761
https://doi.org/10.16378/j.cnki.1003-1111.2006.04.011
https://doi.org/10.1111/are.13016
https://doi.org/10.11964/jfc.20150709960
https://doi.org/10.1111/RAQ.12639
https://doi.org/10.1111/RAQ.12639
https://doi.org/10.1128/AEM.06466-11
https://doi.org/10.1111/RAQ.12862
https://doi.org/10.23977/EREJ.2023.070209
https://doi.org/10.23977/EREJ.2023.070209
https://doi.org/10.16535/j.cnki.dlhyxb.2021-086
https://doi.org/10.16535/j.cnki.dlhyxb.2021-086
https://doi.org/10.19663/j.issn2095-9869.20221205002
https://doi.org/10.19663/j.issn2095-9869.20221205002
https://doi.org/10.3390/SYM14061199
https://doi.org/10.1111/LAM.13709
https://doi.org/10.1111/LAM.13709
https://doi.org/10.1016/j.aquaculture.2020.736007
https://doi.org/10.1016/j.aquaculture.2020.736007

Microbial community structure and function in aquatic environments during the overwintering cultivation ...

18. Wang M, Huang OB, Li QY, et al. Environmental
Microbial Community of Different Fish Aquaculture
Ponds at Different Sampling Times. Journal of
Hydroecology. 2023;44(03):120-128. doi:10.15928/
j.1674-3075.202109150323

19. Zhao LL, Liang ], Liu H, et al. Decoction
ameliorates the high-carbohydrate diet induced
suppression of immune response in largemouth bass
(Micropterus salmoides). Fish & Shellfish Immunology.
2022;125:141-151. doi:10.1016/].FSI1.2022.05.015

20. Faseela H, Smita Z. Use of marine
microorganisms in designing anti-infective strategies
for sustainable aquaculture production. Journal of
applied microbiology. 2023;134(7):1-21. doi:10.1093/
JAMBIO/LXAD128

21. Zheng X, Tang JY, Zhang CF, Qin JG, Wang Y.
Bacterial composition, abundance and diversity in
fish polyculture and mussel-fish integrated cultured
ponds in China. Aquaculture Research.
2017;48(7):3950-3961. doi:10.1111/are.13221

22. Wang XY, Xie X, Jin S, Zhu JQ, Zhao QS, Zhou SM.
Seasonal variation of microflora in Sinonovacula
constricta and its aquacultural pond based on high
throughput sequencing. Chinese Journal of Applied
Ecology. 2019;30(12):4267-4276. doi:10.13287/
j.1001-9332.201912.032

23. Zhao CP, Xu JL, Xu SL, Bao GG, Wang DL. 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(6):287.
doi:10.3390/FISHES8060287

24. Muhamad A, Yoga P, Dita KNC, et al. The
structure, composition, and predicted microbiome
functional genes in Pacific white shrimp (Litopenaeus
vannamei) grow-out ponds with different survival
rates through high-throughput sequencing. Aquatic
Sciences. 2023;85:84. doi:10.1007/
S00027-023-00979-3

25. Shen MM, Li ], Wang QY, Ge HX, Liu P, Chang ZQ.
Analysis of the Microalgae Community in Industrial
Aquaculture Ponds of Pacific White Shrimp
(Litopenaeus vannamei). Progress in Fishery Sciences.
2017;38(05):64-72. doi:10.11758/yykxjz.20160527002

26. Chen MK, Li G, Pan YZ, Li ZH, R RCQ, Shen XD.
Analysis of water environment variations for
industrialized Penaeus vannamei culture system.
Fisheries in Hebei Province. 2020;10:45-49.
doi:10.3969/j.issn.1004-6755.2020.10.011

Israeli Journal of Aquaculture - Bamidgeh

27. Xu ST, Zhao B, Li CL, Hu W, Han S, Li Q. Effects of
Ammonia Nitrogen Stress on the Survival and
Activities of Non-Specific Inmune Enzymes of
Different-Sized Sea Cucumber (Apostichopus
japonicus). Progress in Fishery Sciences.
2017;38(03):172-179. d0i:10.11758/
yykxjz.20160328003

28. Wang Q, Hu W, Li CL, Han S, Yao LL, Zhao B.
Effects of acute nitrogen nitrite stress on non-
specific immune response of Apostichopus japonicus
“Lu hai No. 2.” Marine Fisheries. 2024;46(03):353-360.

doi:10.13233/j.cnki.mar.fish.2024.03.002

29. Cai MC, Deng H, Sun HC, et al. Changes of
intestinal microbiota in the giant salamander
(Andrias davidianus) during growth based on high-
throughput sequencing. Frontiers in Microbiology.
Published online 2023:141052824-1052824.
doi:10.3389/FMICB.2023.1052824

30. Becker P, Gillan D, Lanterbecq D, et al. The skin
ulceration disease in cultivated juveniles of
Holothuria scabra (Holothuroidea, Echinodermata).
Aquaculture. 2003;242(1):13-30. doi:10.1016/
j.aquaculture.2003.11.018

31. Chen QQ, Liu YX, Zhang M, Lin KF, Wang ZP, Liu
LL. Seasonal responses of microbial communities to
water quality variations and interaction of
eutrophication risk in Gehu Lake. The Science of the
total environment. Published online 2024:177199.
doi:10.1016/].SCITOTENV.2024.177199

32.Li X, Wang Y, Li HY, et al. Polysaccharides from
Enteromorpha prolifera improve growth performance
and are involved in regulation of immune responses
and microbial communities in the sea cucumber,
Apostichopus japonicus (Selenka, 1867). Animal Feed
Science and Technology.
2024;318116121-116121:116121-116121.
doi:10.1016/].ANIFEEDSCI.2024.116121

33. Johansen OB, Mikalsen SO, Magnussen E,
Patursson EJ, Nordi E, Djurhuus A. Impacts on
microbial communities in sediments by aquaculture
farming during one salmon cycle. Frontiers in Marine
Science. Published online 2024:111266410-1266410.
doi:10.3389/FMARS.2024.1266410

34. Ding SY, Wang L, Xu HC, et al. Bacterial
community structure and function in the intestinal
tracts and culture environment of sea cucumber
(Apostichopus japonicus). Chinese Journal of Ecology.
2019;38(01):210-220. doi:10.13292/
j.1000-4890.201901.008

246


https://doi.org/10.15928/j.1674-3075.202109150323
https://doi.org/10.15928/j.1674-3075.202109150323
https://doi.org/10.1016/J.FSI.2022.05.015
https://doi.org/10.1093/JAMBIO/LXAD128
https://doi.org/10.1093/JAMBIO/LXAD128
https://doi.org/10.1111/are.13221
https://doi.org/10.13287/j.1001-9332.201912.032
https://doi.org/10.13287/j.1001-9332.201912.032
https://doi.org/10.3390/FISHES8060287
https://doi.org/10.1007/S00027-023-00979-3
https://doi.org/10.1007/S00027-023-00979-3
https://doi.org/10.11758/yykxjz.20160527002
https://doi.org/10.3969/j.issn.1004-6755.2020.10.011
https://doi.org/10.11758/yykxjz.20160328003
https://doi.org/10.11758/yykxjz.20160328003
https://doi.org/10.13233/j.cnki.mar.fish.2024.03.002
https://doi.org/10.3389/FMICB.2023.1052824
https://doi.org/10.1016/j.aquaculture.2003.11.018
https://doi.org/10.1016/j.aquaculture.2003.11.018
https://doi.org/10.1016/J.SCITOTENV.2024.177199
https://doi.org/10.1016/J.ANIFEEDSCI.2024.116121
https://doi.org/10.3389/FMARS.2024.1266410
https://doi.org/10.13292/j.1000-4890.201901.008
https://doi.org/10.13292/j.1000-4890.201901.008

Microbial community structure and function in aquatic environments during the overwintering cultivation ...

35. Huang WH, Liu T, Zheng MG, Gao P, Du GX, Qu
LY. Characteristics and Impact Factors of Seawater
Microbial Community Structure in Rizhao Shellfish
Aquaculture Area. Advances in Marine Science.
2023;41(02):295-308. doi:10.12362/
j.issn.1671-6647.20220304001

36. Kong ], Wang L, Cai L, et al. Contrasting
community assembly mechanisms underlie similar
biogeographic patterns of surface microbiota in the
tropical north Pacific Ocean. Microbiology Spectrum.
2022;10(1):e0079821. doi:10.1128/
SPECTRUM.00798-21

37. Tan BM, Wang L, Pei HL, et al. The Seasonal
Structural and Functional Characteristics of Bacterial
Community in Apostichopus japonicus Culture Pond
Water. Progress in Fishery Sciences. 2021;42(03):77-88.
doi:10.19663/j.iss12095-9869.20200716002

38. Lin ZP, Zhou YQ, Zhang J], et al. The structural
and functional characterization of bacterial
community in sediments of diseased area of
Apostichhopus japonicus culture pond. Chinese Journal
of Ecology. 2023;42(08):1936-1943. doi:10.13292/
j.1000-4890.202308.017

39. Tan BM, Pei HL, Wang L, et al. The structural and
functional characteristics of bacterial community in
Apostichhopus japonicus culture ponds during freeze-
thaw period. Chinese Journal of Ecology.
2023;42(07):1731-1738. doi:10.13292/
j-1000-4890.202307.018

40. Fang Y, Li H, Wang LB, et al. Analysis of Water
Quality and Bacterial Community Characterization in
an Industrialized Recirculating Aquaculture System
of Litopenaeus vannamei. South China Fisheries
Science. 2023;19(03):29-41. doi:10.12131/20220205

41. Bossier P, Schrijver DP, Defoirdt T, et al. Microbial
Community Management in Aquaculture. Procedia
Food Science. Published online 2016:637-639.
doi:10.1016/j.prof00.2016.02.007

432. Shin NR, Whon WT, Bae JN. Proteobacteria:
microbial signature of dysbiosis in gut microbiota.
Trends in Biotechnology. 2015;33(9):496-503.
doi:10.1016/j.tibtech.2015.06.011

43. Gong H, Chen P, Qin Z, et al. Analysis of Water
Quality and Bacterial Community Characterization in
an Industrialized Recirculating Aquaculture System
of Litopenaeus vannamei. Progress in Fishery Sciences.
2023;44(01):125-136. d0i:10.19663/
j.issn2095-9869.20210808001

44, Xu HC, Wang L, Bao XY, et al. Microbial
communities in sea cucumber (Apostichopus
japonicus) culture pond and the effects of
environmental factors. Aquaculture Research.
2019;50(4):1257-1268. doi:10.1111/are.14002

45. Deng BN, Ru XS, Wang T, et al. Seasonal
variations in microbial diversity and metabolite
profiles of the gut of sea cucumber (Apostichopus
japonicus). Frontiers in Marine Science. Published
online 2022:953388. doi:10.3389/
FMARS.2022.953388

46. Zhang J], Zhou YQ, Wang L, et al. Asymmetry
Evaluation of Sea Cucumber (Apostichopus japonicus)
Gut and Its Surrounding Environment in the Bacterial
Community. Symmetry. 2022;14(6):1199-1199.
doi:10.3390/sym14061199

47. Wang L, Wei C, Chang YQ, Ding J. Response of
bacterial community in sea cucumb-err Apostichopus
japonicus intestine, surrounding water and sediment
subjected to high- temperature stres. Aquaculture.
Published online 2021:535. doi:10.1016/
j.aquaculture.2021.736353

48. Wang L, Zhao XW, Xu HC, et al. Characterization
of the bacterial community in different parts of the
gut of sea cucumber (Apostichopus Japonicus) and its
variation during gut regeneration. Aquaculture
Research. 2018;49(5):1987-1996. doi:10.1111/
are.13654

49. Sha YJ, Liu M, Wang B]J, Jiang KY, Sun GQ, Wang
L. Gut bacterial diversity of farmed sea cucumbers
Apostichopus japonicus with different growth rates.
Microbiology. 2016;85(1):109-115. doi:10.1134/
S0026261716010112

50. Chen WD, Ren KX, Isabwe A, Chen HH, Liu M,
Yang J. Stochastic processes shape microeukaryotic
community assembly in a subtropical riveracross wet
and dry seasons. Microbiome. 2019;7(1):138.
doi:10.1186/s40168-019-0749-8

51. Wertz JT, Eunji K, Breznak JA, Schmidt TM,
Rodrigues JLM. Genomic and physiological
characterization of the Verrucomicrobia isolate
Diplosphaera colitermitum gen. nov., sp. nov., reveals
Microaerophily and nitrogen fixation genes. Applied
and environmental microbiology.
2012;78(5):1544-1555. doi:10.1128/AEM.06466-11

52. Rungrassamee W, Klanchui A, Maibunkaew S,
Karoonuthaisiri N. Bacterial dynamics in intestines of
the black tiger shrimp and the Pacific white shrimp
during Vibrio harveyi exposur-e. Journal of
Invertebrate Pathology. 2016;133:12-19. doi:10.1016/

j.jip.2015.11.004

53. Pei HL, Tan BM, Wang L, et al. Composition of the
Bacterial Community in the Sediment of Ponds for
Culturing Sea Cucumber (Apostichopus japonicus):
Influence of Environmental Factors During Ice-
Melting Period. Progress in Fishery Sciences.
2023;44(04):121-134. d0i:10.19663/
j.issn2095-9869.20220322003

Israeli Journal of Aquaculture - Bamidgeh 247


https://doi.org/10.12362/j.issn.1671-6647.20220304001
https://doi.org/10.12362/j.issn.1671-6647.20220304001
https://doi.org/10.1128/SPECTRUM.00798-21
https://doi.org/10.1128/SPECTRUM.00798-21
https://doi.org/10.19663/j.issn2095-9869.20200716002
https://doi.org/10.13292/j.1000-4890.202308.017
https://doi.org/10.13292/j.1000-4890.202308.017
https://doi.org/10.13292/j.1000-4890.202307.018
https://doi.org/10.13292/j.1000-4890.202307.018
https://doi.org/10.12131/20220205
https://doi.org/10.1016/j.profoo.2016.02.007
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.19663/j.issn2095-9869.20210808001
https://doi.org/10.19663/j.issn2095-9869.20210808001
https://doi.org/10.1111/are.14002
https://doi.org/10.3389/FMARS.2022.953388
https://doi.org/10.3389/FMARS.2022.953388
https://doi.org/10.3390/sym14061199
https://doi.org/10.1016/j.aquaculture.2021.736353
https://doi.org/10.1016/j.aquaculture.2021.736353
https://doi.org/10.1111/are.13654
https://doi.org/10.1111/are.13654
https://doi.org/10.1134/S0026261716010112
https://doi.org/10.1134/S0026261716010112
https://doi.org/10.1186/s40168-019-0749-8
https://doi.org/10.1128/AEM.06466-11
https://doi.org/10.1016/j.jip.2015.11.004
https://doi.org/10.1016/j.jip.2015.11.004
https://doi.org/10.19663/j.issn2095-9869.20220322003
https://doi.org/10.19663/j.issn2095-9869.20220322003

Microbial community structure and function in aquatic environments during the overwintering cultivation ...

54. Wang YQ, Dai HG, Li ], Wang BZ. Effects of zinc 56. Marta W, Daria C, Adam J, et al. The Effect of
oxide nanoparticles exposure on the co-metabolic Rotating Magnetic Field on Susceptibility Profile of
removal of sulfadiazine by ammonia-oxidizing Methicillin-Resistant Staphylococcus aureus Strains
bacteria. Acta Scientiae Circumstantiae. Exposed to Activity of Different Groups of
2023;43(05):138-145. doi:10.13671/ Antibiotics. International Journal of Molecular
j-hjkxxb.2022.0363 Sciences. 2021;22(21):11551-11551. doi:10.3390/

ijms222111551

55. Pan ZZ, Wang WY, Chen JY, et al. Temporal
dynamics of microbial composition and antibiotic
resistome in fermentation bed culture pig farms
across various ages. The Science of the total
environment. 2023;912168728:168728-168728.
doi:10.1016/].SCITOTENV.2023.168728

Israeli Journal of Aquaculture - Bamidgeh 248


https://doi.org/10.13671/j.hjkxxb.2022.0363
https://doi.org/10.13671/j.hjkxxb.2022.0363
https://doi.org/10.1016/J.SCITOTENV.2023.168728
https://doi.org/10.3390/ijms222111551
https://doi.org/10.3390/ijms222111551

	Microbial community structure and function in aquatic environments during the overwintering cultivation of juvenile Apostichopus japonicus
	INTRODUCTION
	MATERIALS AND METHODS
	SAMPLE COLLECTION
	ASSESSMENT OF PHYSICOCHEMICAL PARAMETERS FOR WATER QUALITY ANALYSIS
	DNA EXTRACTION AND HIGH-THROUGHPUT SEQUENCING ANALYSIS
	BIOINFORMATIC ANALYSIS
	STATISTICAL ANALYSIS

	RESULTS
	PHYSICAL AND CHEMICAL INDICATORS OF WATER QUALITY
	SEQUENCING DATA ANALYSIS
	ASSESSMENT OF SPECIES DIVERSITY WITHIN MICROBIAL COMMUNITIES
	INVESTIGATION INTO COMPOSITONS OF MOCROBIAL COMMUNITIES
	CORRELATION ANALYSIS BETWEEN MOCROBIAL COMMINITIES AND ENVIRONMENTAL FACTOR
	INVESTIGATION INTO STRUCTIRES OF MICROBIAL COMMUNITIES
	PREDICTION OF MICROBIAL COMMUNITY FUNCTIONS

	DISCUSSION
	CONCLUSION
	Acknowledgments
	Authors’ Contribution
	Competing of Interest – COPE
	Ethical Conduct Approval – IACUC
	Informed Consent Statement
	Data Availability Statement

	References


