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Abstract: The intestinal microbial community of aquatic animals is closely related to the environment
and thus affects the health of aquatic animals. Here we investigated annual variation of intestinal
bacteria community structures of Ruditapes philippinarum cultured using two different methods,
bottom sown and raft hanging. Bacterial diversity of seawater and sediment in different seasons was
examined as well. Correlation between R. philippinarum intestinal bacteria community structures and
environmental factors was analyzed. The results showed that in the two aquculture areas where R.
philippinarum was differentially cultured, bacteria community structure of seawater and sediment
both altered with seasons. However, neither seasonal changes nor difference in culture methods could
significantly affect the intestinal bacteria community structures of R. philippinarum. Additionally, in
terms of the alpha diversity of intestinal bacteria communities, there was no significant difference
in R. philippinarum cultured using the two methods. For benthic cultured clams, alpha diversity
of the intestinal bacterial communities was often higher than that of the environmental bacterial
communities. For raft hanging cultured calms, Alpha diversity of the intestinal bacterial communities
was normally comparable with that of the environmental counterparts. Beta diversity analysis
showed that the intestinal bacterial community structure of R. philippinarum was mainly determined
by both deterministic and stochastic processes. Correlation analysis showed that the intestinal
bacterial community structures of R. philippinarum were determined by a variety of environmental
factors. For clams collected from the benthic culture area, the intestinal bacterial structure was more
correlated with the physicochemical properties of sediment in comparing with those of seawater. For
clams collected from the raft-culture area, the intestinal bacterial structure was mainly determined by
the phsicochemical characteristics of seawater. This study helps us to better understand the bacterial
community structure in complex aquaculture ecosystems, providing a reference for healthy shellfish
aquaculture and ecosystem protection in aquaculture area.

Keywords: Ruditapes philippinarum; environmental factors; diversity analysis; microbial community
structure analysis; redundancy analysis

1. Introduction

Seawater and sediment are important components of aquaculture ecosystems and important
exchange sites for nutrients [1-3]. The structure of microbial communities changes dynamically in
response to environmental factors (e.g., temperature, salinity, pH, chemical oxygen demand (COD),
total nitrogen (TN), total phosphorus (TP), total carbon (TC), and inorganic nitrogen (IN)), but the core
microbial communities remain unchanged [4,5], and they play an important role in ecosystem stability
in complex and dynamic communities [6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Unlike terrestrial animals, aquatic animals have a complex relationship with their external
environment and are more sensitive to environmental changes [7-9]. Shellfish are mostly filter feeders,
and food enters the shellfish with the culture water or sediment, changes in the culture environment
will cause changes in the species, number, ecological niche, and proportion of the bacteria in the
shellfish intestinal, which will lead to dysbiosis of the shellfish intestinal flora, affecting the growth
and development of the shellfish or causing diseases [10,11]. Therefore, in recent years, the study of
shellfish aquaculture environment and shellfish intestinal microbiome has received more and more
attention [12]. It is important to understand the diversity and composition of bacterial communities in
aquaculture systems and their relationship with the surrounding environment to control the occurrence
of aquaculture diseases [13].

The marine environment consists of diverse and complex microbial communities. Marine
microorganisms help to maintain carbon dynamics, thereby maintaining the ecological and
biogeochemical balance of marine ecosystems [14]. Microbial communities are characterized by
strong temporal variation and seasonal aggregation [15] .Powell et al. [16] studied the composition of
the microbiota in the water of the Crassostrea gigas nursery pond, and the results showed that the water
microbiota of the Crassostrea gigas nursery pond was very rich, and the community varied greatly on
the daily, weekly and seasonal scales.

Aquaculture can have an impact on bacterial and plankton populations in the water column,
which may lead to disease transmission between wild and farmed organisms. In addition, there
are effects on water quality that can lead to changes in population density and diversity [17]. The
composition, function, and diversity of bacterial communities in seawater, sediment, and intestinal
are also different according to different ecological patterns of aquaculture, which have a significant
impact on the structure, composition, and function of intestinal microbial communities. Bacterial
communities in seawater and sediment were more similar and were the main source of intestinal
microorganisms, but bacterial communities in the intestinal were different from environmental samples.
Each environment has unique dominant microbial taxa [5,13,18,19], however, the composition of the
bacterial community in each culture system remains relatively stable [20], and the "native" bacteria
remain unaffected by environmental microbes [21]. Similar environments exhibit similar microbial
community structures. Environmental parameters such as bacterial community and environmental
factors (pH, total carbon, total oxygen carbon (TOC), total nitrogen, total phosphorus, salinity, nitrite,
and nitrate) in seawater and sediment have a moderating effect on the composition of microbial
community structure [22]. Li et al. [23] studied the bacterial communities in the sediment of scallops,
mussels, and oysters in the coastal intestinal zone of northeastern China, and showed that salinity,
phosphate, ammonium salt, and chlorophyll-a content were the main factors affecting the distribution
of bacterial composition.

The intestinal microorganisms of aquatic animals are mainly composed of Proteobacteria,
Actinomycetes, Bacteroidetes and Firmicutes [24], but the relative abundance of bacterial communities
varies [25]. Huang et al. [26]comprehensively compared the water, sediment, and intestinal flora of
marine culture ponds of Penaeus vannamei during the middle and late stages of culture, the bacterial
community structures in the water, sediment, and intestinal were significantly different; and the
relative abundance of the dominant intestinal taxa changed significantly at different rearing stages.
Shrimp physiological parameters were closely related to bacterial changes in the intestinal and/or
environment. In terms of nutrition and immunity, bacterial balance in the intestinal is critical for
animal health. Composition and bacterial ecology can be altered depending on environmental factors
and host physiology [27].

A large number of studies have shown a close correlation between bacterial community structure
and environmental factors in culture areas. However, the effects of different seasons and farming
methods on the culture environment and the characterization of intestinal microbial community
structure are still unclear. In this study, we analyzed the physicochemical parameters of seawater and
sediment as well as the microbial community structure of R. philippinarum in different seasons and
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culturing methods using high-throughput sequencing, including (1) environmental factors in cultured
seaward areas; (2) seasonal succession of bacterial community structure in cultured areas; (3) the effects
of different culturing methods (bottom-seeding and hanging) on the intestinal bacterial community
structure of R. philippinarum; (4) key environmental factors affecting the intestinal bacterial community
structure of clams. The correlation between environmental factors and microbial community structure
characteristics was explored, which provides an important reference for the study of the association
between aquatic animal culture environment and intestinal bacterial community structure.

2. Materials and Methods

2.1. Sample Collection

Seawater, sediment, and R. philippinarum samples were collected in the second half
of each month in January (winter), June (spring), August (summer), and November
(autumn) of 2019, with sampling stations as shown in Figure 1.  The benthic-culture
area (DB: 123°21.089’-123°21.555'E, 39°34.542°-39°34.833'N) and the raft-culture area (DY:
123°05.143’E-123°05.189’E, 39°30.220°-35°30.241’'N) of the shellfish culture area were used as the
collection targets.
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Figure 1. Locations and sampling stations in the benthic- and raft-culture area of shellfish culture area

Seawater samples were collected from the surface layer, 3 station points were selected for each
target object, 2 parallel samples were taken from each station, 5 L of seawater was taken for each
sample, and a total of 12 water samples were collected. The collected water samples were immediately
placed in an ice box for preservation and transported back to the laboratory within 24 h for water
quality analysis and microbial filtration collection. The filter membranes collected by filtration were
stored in the refrigerator at -80°C for 16S rRNA high-throughput sequencing.

The sediment was sampled at each sample point using the five-point method, taking 0-5 cm of
surface sediment and mixing it evenly. Two parallel samples were taken from each station in the
benthic-culture area (there was no in sediment in the raft-culture area), and 1 kg of sediment was
taken from each sample, totaling six mud samples. One part of the subsoil samples were packed in a
self-sealing bag and put into a 4°C insulated box to be brought back to the laboratory and stored in a
-80°C refrigerator for 165 rRNA high-throughput sequencing, and the other part of the subsoil samples
were dried, ground and sieved for determining the soil physicochemical properties.

Nine healthy clams were taken from each of the bottom-seeding and raft-culture areas, and a
total of 68 clams were collected for 16S rRNA high-throughput sequencing(Due to adverse weather
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conditions during sample collection,Only 5 healthy clams were collected in the summer benthic-culture
area).

2.2. Determination of Physicochemical Parameters of Seawater

Seawater nitrite (NO,), nitrate (NO,), ammonium (NH; ) and phosphate (PO3), COD
concentration determination follow the "Marine Monitoring Specification of China Part 4: Seawater
Analysis" (GB17378.4-2007), IN concentration for nitrite , nitrate and ammonium.

2.3. Determination of Physical and Chemical Parameters of the Sediment

sediment pH was determined by pH meter, water content (W) was determined by drying method,
and the concentration of TP was determined by the Specification for Marine Monitoring of China Part
5: sediment Analysis (GB17378.5-2007).

2.4. Intestinal Treatment of R. philippinarum

Before dissection, clams were wiped with 75% alcohol, the closed-shell muscle was opened using
a sterilized scalpel, rinsed three times with sterile seawater, and the intestinal was removed and the
contents were extruded and preserved in anhydrous ethanol.

2.5. DNA Extraction and High-Throughput Sequencing

After the samples were transported back to the laboratory, 1 L of seawater was taken from each
sample to collect microbial samples from the water onto a 0.22 um polycarbonate membrane (47
mm in diameter) using negative pressure filtration; the filter membrane samples were cut up and
DNA extraction was performed according to the step-by-step instructions in the Water DNA Isolation
Kit (absin, China). The sediment was subjected to DNA extraction according to the step-by-step
instructions of the TITANamp Soil DNA Kit (TTANGEN, China). Clam intestinal were subjected to
DNA extraction according to the step-by-step instructions of the TTANamp Marine Animals DNA Kit.

PCR amplification of the V3-V4 region of the 16S rRNA gene was performed using
extracted DNA as a template and 338F and 806R as primers. The forward primer was 338F
(5’-ACTCCTACGGGGAGGCAGCAG-3), the reverse primer was 806R (5'-GGACTACHVGGGT
WTCTAAT-3'), and the amplicon length was about 460 bp. The PCR reaction system was 30 uL: 2xTaq
PCR MasterMix (Takara, China) 15 L, DNA template 2 uL, 10 pmol/L forward and reverse primers 2
uL each, ddH,O supplement. Reaction conditions: pre-denaturation at 95°C for 2 min; denaturation
at 95°C for 30 s, denaturation at 55°C for 30 s, 72°C, extension for 90 s, repeat 35 cycles, extension at
72°C for 7 min, and storage at 20°C. The PCR products obtained by amplification were detected by 1%
agarose gel electrophoresis and then entrusted to Biomarker Technologies Co., Ltd (Beijing, China).

2.6. Data Analysis and Processing

Based on the Illumina NovaSeq sequencing platform, small fragment libraries were constructed
for sequencing using the Paired-End sequencing method. The raw data obtained from high-throughput
sequencing were de-noised, de-chimerized, spliced, and quality-controlled to obtain high-quality valid
sequences.

Using Usearch [28]software to cluster and obtain Operational Taxonomic Units (OTUs)
classification for Tags at a 97% similarity level. The microbial diversity analysis platform in BMK
Cloud (www.biocloud.net) was used to further analyze the Shannon index, Simpson index, Chao 1
and Abundance-based Coverage Estimator (ACE) for Alpha Diversity, and the species community
structure for Beta Diversity.

R language (3.6.2) was used to perform redundancy analysis (RDA) on the relative abundance
and environmental parameters of dominant taxa. In this paper, the average value of physical and
chemical parameters measured by water and mud samples at each sampling station and its microbial
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community structure describe the environmental characteristics of the region and the differences and
parallelism between the sampling stations.
The test of significance was performed using the software SPSS (27.0).

3. Results

3.1. Physicochemical Properties of Seawater in R. philippinarum Culture Areas

As shown in Table 1, the IN content of seawater in the benthic-culture area ranged from 0.046-0.232
mg/L; the POZ_content of seawater ranged from 0.002-0.223 mg/L; and the COD content of seawater
ranged from 0.859-3.433 mg/L. The IN content of seawater in the raft-culture area ranged from
0.049-0.359 mg/L; the POi* content of seawater ranged from 0.001-0.026 mg/L; and the COD content
of seawater ranged from 0.511-2.461 mg/L. There were no significant differences (P>0.05) between
the benthic-culture area and the raft-culture area in terms of POZ_ and COD content among the four
seasons. IN content was significantly lower (P<0.05) in the benthic-culture area than in the suspended
area in the autumn, and there was no significant effect (P>0.05) in the other three seasons.

Table 1. Characteristics of physical and chemical factors of seawater in the breeding area.

Stations Index (mg/L) Spring Summer Autumn Winter
IN 0.159+0.021a  0.050+0.004a  0.217+0.025a  0.102+0.008a
DB POi* 0.025+0.009a  0.005+0.003a  0.217+0.006a  0.126+0.128a
COD 1.182+0.284a 2.036+0.091a 2.214+1.219a  1.047+0.188a
IN 0.129+0.013a  0.052+0.003a  0.318+0.041b  0.104+0.013a
DY PO;E_ 0.023+£0.003a  0.002+£0.001a  0.015+0.005a  0.012+0.006a
COD 0.853+0.342a  1.607+0.351a  2.209+0.252a  1.286+0.255a

IDifferent lowercase letters in the same industry indicate significant differences in P<0.05 levels between different
samples.

3.2. Physicochemical Properties of Sediment in R. philippinarum Culture Areas

As shown in Table 2, the pH of the substrate in the benthic-culture area was in the range of
6.480-7.817, the TP content of the substrate was in the range of 0.008-0.095 mg/L, and the water content
of the substrate was in the range of 28.095%-32.131%.

Table 2. Characteristics of physical and chemical factors of sediment in the breeding area.

Index Spring Summer Autumn Winter
pH 7.303+£0.102  7.693+0.124  7.120+£0.640  7.690+0.115
TP (mg/L)  0.089+0.006  0.011+0.003  0.012+0.0007  0.030+0.0009
W (%) 30.237+0.949  30.241+1.890 32.305+1.390 30.027+1.932

3.3. Seasonal Variation in Seawater Bacterial Diversity

Seasonal variations in the proportional contributions of dominant phyla in seawater are depicted
in Figure 2. Dominant phyla occurring throughout the year include Proteobacteria, Bacteroidetes,
Actinobacteria, Cyanobacteria, and Verrucomicrobia. Numbers of phyla and genera identified each
season were 28 and 466 (spring), 23 and 308 (summer), 27 and 510 (autumn), and 29 and 609 (winter).
Dominant bacteria in seawater above benthic-culture area in spring included Proteobacteria (66.42%),
Bacteroidetes (17.28%), Cyanobacteria (8.48%), Actinobacteria (2.77%), and Firmicutes(1.71%). In
seawater in clam raft-culture habitat these were Proteobacteria (56.57%), Bacteroidetes (25.47%),
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Cyanobacteria (12.52%), Actinobacteria (2.88%), and Firmicutes (1.27%). Dominant phyla were the
same in spring in benthic- and raft-culture areas, and decreased in descending percentage in the order
Proteobacteria, Bacteroidetes, Cyanobacteria, Actinobacteria and Firmicutes.

Dominant bacteria in seawater above benthic-culture area in summer included Proteobacteria
(49.51%), Bacteroidetes (31.76%), Actinobacteria (8.01%), Verrucomicrobia (5.61%), and Cyanobacteria
(4.14%). In seawater in clam-raft-culture habitat these were Proteobacteria (53.91%), Bacteroidetes
(19.72%), Cyanobacteria (8.34%), Verrucomicrobia (7.99%), and Actinobacteria (7.29%). Dominant
bacteria in summer benthic- and raft-culture areas were the same, but differed slightly in their
proportional contributions to the total bacterial assemblage.

Dominant bacteria in seawater above benthic-culture area in autumn were Proteobacteria (71.82%),
Cyanobacteria (13.82%), Actinobacteria (4.81%), Bacteroidetes (4.36%), and Firmicutes (2.58%). In
seawater in clam-raft-culture habitat these were Proteobacteria (59.97%), Cyanobacteria (12.19%),
Bacteroidetes (10.05%), Actinobacteria (8.29%), and Firmicutes (5.23%). Dominant bacteria in the
autumn benthic-and raft-culture areas were the same, but differed slightly in their proportional
contributions to the total bacterial assemblage.

Dominant bacteria in seawater above benthic-culture area in winter were Proteobacteria (51.31%),
Cyanobacteria (20.74%), Firmicutes (17.11%), Bacteroidetes (12.21%), and Verrucomicrobia (5.19%).
In seawater in raft-culture habitat these were Proteobacteria (38.97%), Cyanobacteria (18.70%),
Bacteroidetes (14.94%), Verrucomicrobia (4.68%), and Firmicutes (4.01%). Dominant flora in the
autumn benthic culturedand raft-culture areas were the same, but differed slightly in proportional
contributions to the total bacterial assemblage.
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Figure 2. Proportional contributions of dominant bacterial phyla to assemblages in seawater: (a) spring;
(b) summer; (c) autumn; (d) winter. Non-dominant species = ‘Others.” “Unassigned’ = species without
taxonomic annotation.
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3.4. Seasonal Variation in Sediment Bacterial

Seasonal variations in the proportional contributions of dominant phyla in sediment are shown in
Figure 3. Numbers of phyla and genera identified each season were 27 and 340 (spring), 38 and 402
(summer), 21 and 400 (autumn), and 22 and 397 (winter), respectively. Dominant sediment-dwelling
bacterial phyla in spring in benthic-culture areas were Proteobacteria (62.72%), Bacteroidetes (8.23%),
Acidobacteriota (8.18%), Chloroflexi (6.76%), and Actinobacteria (5.59%); in summer these were
Proteobacteria (38.82%), Chloroflexi (13.15%), Firmicutes (12.04%), Bacteroidetes (11.50%), and
Acidobacteriota (6.24%); in autumn these were Proteobacteria (85.5%), Bacteroidetes (5.16%), Firmicutes
(4.39%), Actinobacteria (2.51%), and Cyanobacteria (0.85%); and in winter, Proteobacteria (64.88%),
Bacteroidetes (8.28%), Acidobacteriota (6.45%), Chloroflexi (6.23%), and Actinobacteria (4.77%).
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Figure 3. Proportional contributions of dominant bacterial phyla to assemblages in sediment: (a) spring;
(b) summer; (c) autumn; (d) winter. Non-dominant species = ‘Others.” “Unassigned’ = species without
taxonomic annotation.

3.5. Seasonal Variation of Intestinal Bacteria Diversity in R. philippinarum

Five phyla dominate clam intestinal each season: Proteobacteria, Bacteroidetes, Firmicutes,
Actinobacteria, and Cyanobacteria Figure 4. Numbers of phyla and genera identified each season were
29 and 475 (spring), 26 and 565 (summer), 23 and 490 (autumn), and 28 and 692 (winter), respectively.
Dominant bacterial phyla during spring in benthic-clam-culture habitat were Proteobacteria (46.92%),
Bacteroidetes (37.62%), Cyanobacteria (5.05%), Actinobacteria (3.06%), and Fusobacteria (1.75%). Those
in areas where clams were cultured on rafts were Proteobacteria (50.43%), Bacteroidetes (15.54%),
Cyanobacteria (9.21%), Actinobacteria (8.19%), and Firmicutes (4.83%). The four most-dominant phyla
during spring in benthic- and raft-culture habitat were Proteobacteria, Bacteroidetes, Cyanobacteria,
and Actinobacteria.
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Dominant bacterial phyla in clam intestinal during summer in benthic-culture areas were
Proteobacteria (40.28%), Firmicutes (20.07%), Bacteroidetes (13.65%), Actinobacteria (10.26%), and
Cyanobacteria (4.88%). Dominant bacterial phyla in clam intestinal in raft-culture habitat were
Proteobacteria (38.35%), Firmicutes (18.87%), Bacteroidetes (16.62%), Actinobacteria (6.91%), and
Spirochaetes (4.17%). The four-most dominant phyla during summer in both the benthic- and
raft-culture areas were Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria.

Dominant phyla in autumn in clam intestinal in the benthic-culture area were Firmicutes (39.55%),
Cyanobacteria (24.12%), Proteobacteria (20.75%), Bacteroidetes (6.79%), and Actinobacteria (4.62%).
Dominant phyla in clam intestinal in the raft-culture area were Firmicutes (53.19%), Proteobacteria
(20.07%), Cyanobacteria (24.12%), Bacteroidetes (10.58%), and Actinobacteria (3.38%). Dominant
bacterial phyla in clam intestinal were the same in the benthic- and raft-culture areas in autumn, but
differed slightly in their proportional contributions to the total bacterial assemblage. Dominant bacteria
in clam intestinal in both benthic- and raft-culture areas were Firmicutes, and the least-dominant was
Actinobacteria.

Dominant intestinal-dwelling bacterial phyla during winter in the benthic-culture area were
Cyanobacteria (46.50%), Proteobacteria (20.98%), Verrucomicrobia (10.08%), Bacteroidetes (9.96%),
and Firmicutes (6.79%). Dominant intestinal bacteria in the raft-culture area were Cyanobacteria
(48.36%), Proteobacteria (24.92%), Firmicutes (9.94%), Bacteroidetes (7.52%), and Actinobacteria (4.62%).
During winter, four dominant phyla in clam intestinal s from both benthic-and raft-culture areas were
Cyanobacteria (most dominant), Proteobacteria, Bacteroidetes, and Firmicutes.
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Figure 4. Proportional contributions of dominant bacterial phyla to assemblages in clam intestinal s: (a)
spring; (b) summer; (c) autumn; (d) winter. Non-dominant species = ‘Others.” ‘Unassigned’ = species
without taxonomic annotation.
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3.6. Alpha Diversity of the Intestinal Bacteria in R. philippinarum

The Alpha diversity indices of the bacterial communities in the intestinal tract of clams in different
seasons are shown in Table 3 and Table 4, respectively. The sequencing coverage was above 99%,
indicating that the sequencing results could reflect the real microbial community structure composition
and diversity in the samples.

Species diversity indices, including Simpson’s index and Shannon’s index, were listed in Table 3,
with intervals of 0.02-0.30 and 2.92-5.03 for the benthic-culture area, and 0.02-0.29 and 2.92-5.48 for the
raft-culture area, respectively. The Simpson’s index of the benthic-culture area was significantly lower
than that of the raft-culture area in winter. Simpson’s index was significantly lower (P< 0.05) in the
winter benthic-culture area than in the raft-culture area, indicating that the diversity of communities
in the winter benthic-culture area was higher than that in the raft-culture area. Simpson’s index and
Shannon’s index were not significant (P> 0.05) in other seasons in the bottom-seeded and raft-culture

areas.
Table 3. Simpson and Shannon indices of intestinal bacterial communities in clams culture area.
Stations Spring Summer Autumn Winter
p h Coverage Simpson 1 Coverage p h Coverage imp Shannon Coverage
DB 0.04+0.01a 4.55+0.36a 0.99 0.03+0.01a 5.00+0.03a 0.99 0.17+0.13a 3.66+0.74a 0.99 0.13+0.03a 3.64+0.29a 0.99
DY 0.06+0.02a 4.02+0.23a 0.99 0.02+0.00a 4.78+0.70a 0.99 0.11+0.03a 3.80+0.33a 0.99 0.27+0.02b 3.08+0.16a 0.99

IDifferent lowercase letters in the same industry indicate significant differences in P<0.05 levels between different samples.

The richness indices, including ACE and Chao 1 indices, are presented in Table 4, with intervals
ranging from 373.69-1203.33 and 403.74-1053.61 in the benthic-culture area and 280.59-1153.18 and
293.09-1051.23 in the raft-culture area, respectively. The peaks of the number of species in ACE indices
for the benthic-culture area and the raft-culture area were observed in the summer months, and the
lows were observed in the spring months. occurred in spring. The peaks of Chao 1 index species
counts in both benthic- and raft-culture areas occurred in summer, and the low peaks of species counts
occurred in spring. The above results indicated that the spring culture area was the least species-rich
and the summer culture area was the most species-rich. There was no significant effect (P> 0.05) of the
ACE index and Chao 1 in both benthic- and raft-culture areas with the same season.

Table 4. Simpson and Shannon indices of intestinal bacterial communities in clams culture area.

Stations Spring Summer Autumn Winter
ACE Chao 1 ACE Chao 1 ACE Chao 1 ACE Chao 1
DB 496.70+123.01a 523.19+119.35a 1159.52+43.81a 1042.6+11.01a 641.90+25.3a 660.78+14.57a 686.14+19.63a 700.22+21.61a
DY 292.83+12.24a 303.86+10.77a 1097.87+55.31a 1035.44+15.79a 648.12+81.60a 676.58+70.12a 683.77+18.33a 689.32+20.92a

IDifferent lowercase letters in the same industry indicate significant differences in P<0.05 levels between different
samples.

As can be illustrated, the Simpson index was analyzed for the diversity of clam intestinal
samples in different seasons based on phylum classification level to compare the diversity of OTUs
within each bacterial community. The box plot represents the Alpha diversity, reflecting the species
diversity between the intestinal of clams, seawater, and sediment under different seasons and culture
methods [29]. As shown in Figure 5, the Simpson index in spring and summer in the benthic-culture
area showed that the contents of OTU in the intestinal of clams were more than those of marine
bacteria (P<0.05), and there was no significant difference in the Alpha diversity of intestinal and
sediment (P>0.05). In autumn, the intestinal of clams had more OTUs content than that of seawater
and sediment, and there was a significant difference (P<0.05). There was no significant difference in
the Alpha diversity between the intestinal of clams, seawater, and sediment in winter.

The spring Simpson index of the raft-culture area shows that showed that the intestinal tract
of clams was more than that of marine bacteria, and there was a significant difference (P<0.05), but
there was no significant difference in the Alpha diversity of clam intestinal and seawater in summer,
autumn, and winter (P>0.05).
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Figure 5. Alpha diversity index of the gut, seawater, and sediment of clam larvae in the raft-culture
area: DB, benthic-culture area; DY, raft-culture area;(a) spring; (b) summer; (c) autumn; (d) winter.

3.7. Beta Diversity of the Intestinal Bacteria in R. philippinarum

It can be seen from Figure 6 that the distribution of f-NTI values in the intestinal tract of clams
in the benthic-culture area and the raft-culture area in different seasons. The -NTI values of clam
intestinal samples in the spring bottom-sowing area were mainly distributed in the range of -2-4. The
B-NTI value of the intestinal samples of clams in the raft-culture area was concentrated in the range of
-2-5. Most of the -NTI values were distributed in the range of -2-2, indicating that the community
changes in the spring bottom-sowing area and the raft-culture area were affected by both random and
deterministic factors. The B-NTI values of clam intestinal samples in the summer bottom-sowing area
were concentrated in the range of -1-4. The B-NTI values of clam intestinal samples in the raft-culture
area were concentrated in the range of -1-5. Most of the B-NTI values were distributed between -2-2,
indicating that the community changes in the summer benthic-culture area and raft-culture area were
affected by both random and deterministic factors. The B-NTI values of clam intestinal samples in
the autumn bottom-sowing area were concentrated in the range of -1-4. The B-NTI values of clam
intestinal samples in the raft-culture area were concentrated in the range of -1-2. Most of the 3-NTI
values were distributed in the range of -2-2, indicating that the community changes in the autumn
bottom-sowing area and the raft-culture area were affected by both random and deterministic factors.
The B-NTI values of clam intestinal samples in the winter bottom-sowing area were concentrated in the
range of -2.5-6, and most of the B-NTI values were distributed in the range of -2-2, indicating that the
community change in the winter bottom-sowing area was affected by both random and deterministic
factors. The B-NTI values of the intestinal samples of clams in the raft-culture area were mainly
distributed in the range of -2.5-7.5, and most of the B-NTI values were > 2 or <-2, indicating that the
community change in the winter raft-culture area was affected by deterministic factors [30].
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Figure 6. Analysis of gut community structure of clams: (a) spring; (b) summer; (c) autumn; (d) winter.

3.8. Correlation Analysis of the R. philippinarum Intestinal Bacterial Communities and Environmental
variables

3.8.1. Correlation Analysis of the R. philippinarum Intestinal Bacterial Community and Environmental
Factors

As known from Figure 7 seawater PO43>~was not significant (P>0.05), seawater IN (R?=0.505,
P<0.01), substrate TP (R?=0.700, P<0.01), substrate pH (R?=0.283, P<0.01) were highly significantly
correlated with the structure of the clam enterobacterial community in the bottomed area, and substrate
water content (R?= 0.187, P<0.05) was significantly correlated with clam intestinal bacterial community
structure in the bottom-seeded area.

The first two RDA axes explained 71.63% of variation in bacterial composition in benthic-culture
areas. The correlations between clam-intestinal bacteria and environmental variables in the
benthic-culture area were, in descending order: sediment TP > seawater IN > sediment pH > seawater
COD > sediment water content. Seawater IN and sediment TP greatly influenced clam-intestinal
bacteria in the benthic-culture area. August and November G-DB samples were mainly affected by
sediment pH, moisture content, and seawater COD, and were concentrated in the negative semi-axis
of the first axis. April and January G-DB samples were mainly affected by seawater IN and sediment
TP, and were concentrated in the positive half axis of the first axis.

In the benthic-culture area during spring, seawater pH and sediment TP were highly, significantly
correlated with clam intestinal bacteria; they were also highly, significantly negatively correlated
with sediment water content, and negatively correlated with seawater IN. In summer, seawater COD
and sediment pH mainly affected clam intestinal bacterial communities, with the correlation with
seawater COD being positive, and that with pH highly significantly correlated; intestinal bacteria
correlated negatively with sediment water content, and highly significantly negatively correlated with
total phosphorus and seawater IN. During autumn, seawater COD, IN, and sediment water content
main affected clam intestinal bacteria, and were highly significantly correlated with seawater IN;
these communities were positively correlated with seawater COD and sediment water content, and
negatively correlated with total phosphorus and sediment pH. During winter, sediment pH and TP
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principally, significantly affected intestinal bacteria, with negative (sediment water content, seawater
COD) and significantly negative (seawater IN) correlations.
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Figure 7. Redundancy analysis plot of clam intestine bacterial phyla and environmental variables in
the benthic-culture area. Sea-IN seawater inorganic nitrogen; Sed-TP, total phosphorus in sediment;
Sed-pH, sediment pH; Sea-PO43~, seawater phosphate; Sea-COD, seawater COD; Sed-W, sediment

water content.

As known from Figure 8 seawater IN (R?=0.624, P<0.01), PO43~ (R?=0.506, P<0.01), and COD
(R?=0.409, P<0.01) were highly significantly correlated with the structure of the intestinal bacterial
community of clams in the hanging culture area.

Axes 1 and 2 explain 87.11% of variation in clam-intestinal bacterial communities. Correlations
between clam-intestinal bacterial communities and environmental variables are ordered seawater IN >
seawater PO43~ > seawater COD. April, November and January G-DY samples were mainly influenced
by seawater IN and PO43~ and were concentrated on the positive half axis of the first axis. During
spring, seawater PO~ and IN were significantly correlated and mainly affected clam-intestinal
bacterial abundance; they were also significantly, negatively correlated with seawater COD. During
summer, seawater COD mainly affected intestinal bacterial abundance, and was significantly negatively
correlated with seawater PO4*~ and IN. During autumn, seawater COD and IN were significantly
correlated, and mainly affected intestinal bacterial abundance, and highly, significantly, negatively
correlated with seawater PO43~. During winter, seawater IN and PO43~ mainly affected intestinal
bacterial abundance, which was significantly and negatively correlated with seawater COD.
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Figure 8. Redundancy analysis plot of clam intestine bacterial phyla and environmental variables
in raft-culture area. Sea-IN, seawater inorganic nitrogen; Sea—PO43*, seawater phosphate; Sea-COD,
seawater COD.

3.8.2. Correlation Analysis of the Seawater Bacteria Community Strucutre and Environmental Factors

As known from Figure 9 seawater PO43~, COD, and bottom mud water content (P>0.05) were
not significant. Seawater IN (R2=0.494, P<0.01), substrate TP (R?=0.727, P<0.01), and substrate
pH (R?>=0.454, P<0.01) were highly significantly correlated with the structure of seawater bacterial
community in the benthic zone.

Axes 1 and 2 explain 77.42% of variation in communities. Correlations between seawater bacterial
communities and environmental variables in descending order were seawater IN > sediment TP >
sediment pH. August, April and January W-DB were mainly affected by sediment pH and TP, and
were concentrated in the negative half axis of the first axis. November W-DB samples were mainly
affected by seawater IN and are concentrated on the positive semi-axis of the first axis. During spring,
correlations between seawater IN and sediment TP and seawater bacterial communities were highly
significant, and that with sediment pH was highly, negatively significant. During summer, sediment
pH mainly affected seawater bacterial communities, and there was a highly significant negative
correlation with seawater IN and sediment TP. During autumn, seawater IN mainly affected seawater
bacterial communities, and a highly significant correlation with seawater IN existed; there was a highly
significant negative correlation with sediment TP and pH. During winter, sediment pH mainly affected
seawater bacterial communities, with a highly significant correlation; a highly significant negative
correlation also existed between seawater IN and sediment TP.
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Figure 9. Redundancy analysis plot of clam gut bacterial phyla and environmental variables in the
benthic-culture area. Sea-IN seawater inorganic nitrogen; Sea-PO,3~, seawater phosphate; Sea-COD
seawater COD; Sed TP, total phosphorus in sediment; Sed pH, sediment pH.

As known from Figure 10 seawater PO,3~ (P>0.05) was not significant. The correlation between
seawater IN (R?=0.445, P<0.01) and COD (R?=0.626, P<0.01) and the structure of seawater bacterial
community in the hanging area was highly significant. The correlation between seawater bacterial
community structure and environmental factors in the hanging area was seawater COD>seawater IN
in descending order.

The correlation between seawater bacterial community structure and environmental factors in
the hanging area was seawater COD>seawater IN in descending order. The first two axes of the
RDA plot explained 90.41% of variation in bacterial communities. January, August and April W-DY
samples clustered in the negative half of the first axis, whereas November W-DY samples were mainly
influenced by seawater IN and COD and cluster in the positive half of the first axis. During spring,
seawater IN mainly, and highly significantly affected seawater bacterial communities; the correlation
with seawater COD was highly significant and negative. During summer, seawater COD mainly
affected seawater bacterial communities, with a highly significant correlation; the correlation with
seawater IN was also highly significant but negative. During both autumn and winter, there were no
significant correlations between environmental variables and seawater bacterial communities.
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Figure 10. Redundancy analysis plot of seawater bacterial phyla and environmental variables in the
raft-culture area. Sea-IN, seawater inorganic nitrogen; Sea-PO43*, seawater phosphate; Sea-COD,
seawater COD.

3.8.3. Correlation Analysis of the Sediment Bacteria Community Structure and Environmental Factors

According to Figure 11, the pH and moisture content of seawater PO4%~, sediment pH and
moisture content (P>0.05) were not significant, and seawater IN (R?=0.415, P<0.01), COD (R?=0.442,
P<0.01), and sediment TP (R?=0.767, P<0.01) were significantly correlated with the sediment in the
benthic culturedarea.

In descending order, correlations were seawater IN > sediment TP > seawater COD. The first two
axes explained 76.94% of variation in sediment-dwelling bacterial communities. January, November
and April S-DB samples clustered in the negative half of the first axis and were mainly influenced by
seawater IN and sediment TP; August S-DB samples were mainly influenced by seawater COD and
clustered in the positive half of the first axis. During spring, seawater IN and sediment TP mainly
affected sediment-dwelling bacterial communities, with highly significant correlations; correlations
with seawater COD were highly significantly negative. During summer, seawater COD mainly
affected bacterial communities in sediment, and the correlation was significant; correlations with
seawater IN and sediment TP were significantly negative. During autumn, seawater IN and sediment
TP mainly affected sediment-dwelling bacterial communities; the correlation with seawater COD
was highly significant and negative.During winter, sediment TP and seawater IN mainly affected
sediment-dwelling bacterial communities, with highly significant correlations; the correlation with
seawater COD was negative.
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Figure 11. Redundancy analysis plot of sediment-dwelling bacterial phyla and environmental variables
in the benthic -culture area. Sea-IN, seawater inorganic nitrogen; Sed-TP, total phosphorus in sediment;
Sed-pH, sediment pH; Sea-PO,3~, seawater phosphate; Sea-COD, seawater COD; Sed-W, sediment

water content.
4. Discussion

The lack of correlation analysis of environmental factors and fungal community structure in the
samples is the shortcoming of this study. In this context, the seawater, sediment, and clam intestinal of
the R. philippinarum culture area with different culture methods were monitored for one year, their
microbial diversity was studied, and the relationship between environmental factors and bacterial
community structure and diversity was analyzed.

4.1. Effects of Environmental Factors on Bacterial Community Structure in Seawater and Sediment

The results showed that the bacterial community structure of seawater and sediment in the
aquaculture area was significantly affected by the season, but the influence of different aquaculture
methods was not obvious (Figures 2 and 3). The season was the same, and the dominant bacteria in the
seawater and sediment in the benthic-culture area and the raft-culture area were similar, but the relative
abundance was slightly different. The culture methods were the same, but the distribution of dominant
bacteria in seawater and sediment in the four seasons was different and there were differences [31]. The
abundance of dominant phyla in water, and sediment changed, which was consistent with previous
studies [32-34]. The analysis results at the phylum level showed that the dominant bacteria in seawater
mainly included Proteobacteria, Bacteroidetes, and Cyanobacteria. The main bacterial communities in
the sediment were Proteobacteria, Bacteroidetes, and Firmicutes [23,35]. Pseudomonas, Actinomycetes,
and Bacteroidetes are the most abundant phyla in the aquatic environment [36-38].

Sun et al. [39]The most common and dominant bacterial phyla studied in the intestinal and
surrounding environment of crabs in both feeding regimes were Bacteroidetes and Proteobacteria.
These abundant phyla have also been reported as dominant phyla in shrimp or other aquatic
animals [40-44]. Proteobacteria have emerged as a potential bacterial signature of bacterial community
dysbiosis that can reflect fish health through fluctuations in their relative abundance [45,46].

Many environmental factors in water and sediment have been characterized in fish [47],
shrimp [22]and crabs [48]The results of RDA showed that environmental factors showed different
correlations on the composition of seawater and substrate bacterial community structure as affected
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by seasons and culture methods (Figures 12-14).IN was the most important environmental factor
affecting the bacterial community structure of seawater in the benthic-culture area, and COD was the
most important environmental factor affecting the bacterial community structure of seawater in the
raft-culture area. IN was the most important environmental factor affecting the bacterial community
structure of seawater in the benthic-culture area. IN was the most important environmental factor
affecting the structure of the bacterial community in the benthic-culture area. Some environmental
factors are limiting factors in a certain period of time, but their limitations also change with seasons
and times [49]. H. Zhang et al. [50]NH4+-N and TN were found to be the main factors forming water
microbial communities in shrimp aquaculture ecosystems. Zhang et al. [48]showed that TN was the
main environmental factor influencing the differentiation of water microbial communities.

4.2. Effects of Environmental Factors on the Intestinal Bacteria Community Structure of Clams Collected from
Benthic-Culture Area and Raft-Culture Area

Environmental microbiota can influence and significantly differ in the microbial composition of
aquatic animals due to continuous contact with water or sediment [26,51]. The bivalve microbiota
is highly diverse and susceptible to environmental factors [52-54]. Environmental factors were
found to show different correlations in the composition of the intestinal bacterial community
structure of clams as affected by season and by culture method (Figures 10 and 11).TP was the
most important environmental factor affecting the intestinal bacterial community structure of clams
in the benthic-culture area, and IN was the most important environmental factor affecting the
intestinal bacterial community structure of clams in the raft-culture area. In summary, clams in
the benthic-culture area lived in the substrate, and the structure of the intestinal bacterial community
of clams was most significantly affected by environmental factors of the substrate, while clams in the
raft-culture area lived in seawater, and the structure of the intestinal bacterial community of clams
was most significantly affected by environmental factors of seawater. The high spatial and temporal
similarity of oyster microbiomes, with some seasonal variation, and the results of the current study are
also consistent with characterization studies of other bivalve species [55].

Host-associated microbiota may be limited by many biological factors, such as the host immune
system [56], and abiotic factors such as nutrition and salinity [5] (Sun et al., 2019). Previous studies
have reported that the shrimp intestinal microbiota exhibits a closer relationship with the sediment
microbiota [26]. Fish intestinal microbiota has a direct relationship with fish health and aquaculture
efficiency. Feed composition, environmental conditions, and culture methods affect the structure
of fish intestinal microbial communities. Establishing and maintaining a "healthy" fish microbial
community requires a basic understanding of the diversity and spatial and temporal dynamics of
fish-associated microbial communities and their impact on host growth and health [57]. Aquatic
organisms all have habitats in the water column or sediment, and while intestinal microbes vary
widely among organisms, the structural characteristics of their mucosal microbial communities can
be significantly influenced by habitat conditions [37,51]. Nikapitiya [58]In his study, the relationship
between microorganisms in the intestinal environment of clams was investigated to find the differences
in the structure of seawater, substrate, and intestinal community of clams, and correlation analysis was
performed. The results showed that the environmental factors affecting the distribution of the bacterial
community structure of seawater and substrate clams in the aquaculture area were different and varied
significantly. Comparative analyses of water, sediment, and intestinal microbial communities revealed
the differences and effects of host species, body parts, and habitats on microbial communities [37].

4.3. Comparison of Alpha Diversity of Environmental Bacteria and Intestinal Bacteria of Benthic Cultured
Clams and Raft Cultured Clams

Environmental microbial communities have high bacterial diversity, which may favor the
colonization and expansion of aquatic organism-associated microbial communities [51,59,60].
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The results showed that the bacterial diversity of clams in spring and summer was significantly
greater than that in seawater in the benthic-culture area (6, 7), significantly greater than that in autumn
and in sediment, and there was no significant difference in winter. There is little seasonal variation in
the diversity of bacterial communities in aggregates [61], a finding similar to the results of the current
study. Compared with the external environment, the species abundance of bacterial species in the
intestinal tract of clams in the benthic-culture area was more abundant, and there was no significant
difference in the intestinal bacterial community of clams in the raft-culture area compared with the
external environment, and the species diversity of the internal and external environments was the
same. Highly diverse populations can improve the stability of aquatic ecosystems [62], and the more
complete the structure and function of the intestinal environment of clams in the bottom-sowing area,
the better the adaptability to changing environmental conditions, but once the ecological environment
is damaged, the ecosystem is difficult to recover.

4.4. Comparison of Intestinal Bacterial Community Structure between Benthic Cultured Clams and Raft
Cultured Clams

The clams’ intestinal tract was not significantly affected by season and culture mode in the culture
area (Figure 4). The structural composition of the bacterial community in the intestinal tract of clams
under different culture modes was similar, with slight differences in distribution, and the dominant
phyla were mainly Proteobacteria, Bacteroidetes, Firmicutes and Actinomycetes [63].The bacterial
composition found in the digestive glands and stomachs of mussels consisted mainly of Proteobacteria,
Firmicutes, and Bacteroidetes, which is in agreement with the results of a previous microbiota study
conducted on this species [64-66]. Cultivation practices were the same, and the structural composition
of the clam intestinal bacterial community was similar between seasons, with slight differences in
distribution, and the dominant phyla were mainly Proteobacteria and Bacteroidetes. These two phyla
were also the dominant phyla for the presence of seawater, sediment and clam intestinal bacterial
communities in each sampling season.

There was a clear association between the microbiota in the intestinal of clams and the microbiota
in the cultured seawater and sediment (Figures 3 and 4), and the coexistence of intestinal microbes
in the culture environment [67], indicating that the microbiota in the intestinal of clams was affected
by the culture environment and that the microbiota in the host may be different from the microbiota
in the environment [68,69]. The complexity of the intestinal microbiome brings several benefits to
its host [70]. The interaction of the intestinal microbiome is dynamic rather than static in nature [71].
Depending on how long the bacteria stay in the intestinal, they are referred to as transient or permanent
microbiota [72,73].

In the present study, two-by-two comparisons of 8-NTI values of intestinal bacterial communities
of clams were made under different farming practices (Figure 9). These results showed that the
relative influence of stochastic and deterministic processes did not shift much with season and farming
methods. Deterministic and stochastic processes are the 2 main ecological processes of microbial
community construction. However, the relative impacts on microbial communities may vary with
geographic scale, habitat, and species type [74-76]. As succession progresses, the relative impact
of randomness in the winter suspension zone decreases, and the relative impact of homogeneous
selection increases [77]. The reason for this may be analyzed as the clam intestinal bacterial community
in the winter hangar area is only affected by seawater and not by the substrate, and the clam intestinal
and seawater bacterial communities are structurally similar. In these cases, the stronger the effect of
bacterial taxa by the homogeneous selection, the weaker their stochastic process and the stronger the
homogeneous selection [78].

5. Conclusions

This is the first comprehensive investigation on seasonal variations of the environmental
physicochemical properties, environmental bacteria community structure and intestinal bacteria
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community structure of R. philippinarum from the benthic culture area as well as the raft culture
area. Composition of the intestinal bacteria from benthic cultured clams was significantly affected by
inorganic nitrogen content of seawater, total phosphorus content of sediment and pH of sediment.
Composition of the intestinal bacteria from raft cultured area was significantly affected by COD of
seawater and inorganic nitrogen content of seawater. As compared with raft cultured clams, benthic
cultured clams were more susceptible to environmental disturbance, which might contribute to its
relatively lower survival rate.
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