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Benthic sediment bacteria are important drivers for material circulation and energy
flow in aquatic ecosystem, and they are sensitive to environmental changes. Large
scale suspended mariculture in coastal waters induces high organic loading to the
sediment through biodeposition, and causes changes in sediment biogeochemical
features. However, the impacts of mariculture on sediment bacterial communities
are not fully understood. In the present study, sediment samples were collected
from three coastal semi-enclosed bays of China, i.e., Sanggou Bay, Daya Bay, and
Maniao Bay, where large scale mariculture were carried out since the 1980s. High-
throughput sequencing was used to examine the spatial and seasonal variations of
bacterial communities. The results indicated that the dominant phyla of three bays were
Proteobacteria (39.18–47.21%), Bacteroidetes (9.91–19.25%), and Planctomycetes
(7.12–13.88%). Spatial variations played a greater role in shaping the bacterial
communities than seasonal variation. The bacterial diversity indices (Chao1, Pielou’s
evenness, and Shannon-Wiener index) of Sanggou Bay were significantly lower
than those of Daya Bay and Maniao Bay. For seasonal variation, bacterial diversity
indices in spring were significantly lower than that in autumn. Five keystone taxa
belonging to Planctomycetes, Alphaproteobacteria, and Acidobacteria were identified
in Sanggou Bay. Temperature, particulate organic carbon, pH, and salinity were the
most important environmental factors shaping the spatial and seasonal variations of
bacterial communities in the studied areas. The abundances of bacteria, particularly
Bacteroidetes, Gammaproteobacteria, and Deltaproteobacteria, were significantly
correlated with the mariculture-driven chemical properties of the sediment. These
results indicated that intensive mariculture could induce profound and diverse impacts
on the bacterial communities, and therefore modify their role in marine ecosystem.
The interactions between mariculture and sediment bacterial communities should be
considered in regard to mariculture management and carrying capacity.
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INTRODUCTION

Bacteria are the most abundant and diverse organisms in marine
ecosystems. They are major drivers of biogeochemical cycles
in aquatic ecosystems, and facilitate the cycling of organic
matter and nutrients by maintaining the marine ecosystem’s
health, balance, and ability of recovering from degradation
(DeLong, 1992; Pedrós-Alió, 2006). Their essential role in organic
matter decomposition and recycling has been well recognized
(Faulwetter et al., 2013; Ibekwe et al., 2016). The community
composition, biomass, and activity of these organisms have been
shown to critically influence carbon fluxes of marine ecosystems
(Mou et al., 2008; Xia et al., 2015).

With increased understanding of the bacterial importance in
energy and organic matter cycling, knowledge of the structure
and diversity of bacterial communities has become essential
for understanding the relationship between ecosystem functions
and the environment (Kolukirik et al., 2011; Olsen et al.,
2017). Various environmental factors (salinity, temperature,
organic matter, etc.) in marine environments have been shown
to influence several aspects of bacterial communities such as
abundance, activity, and exoenzyme profiles (Hou et al., 2017;
Türetken, 2021). Large scale suspended aquaculture, e.g., floating
cage farming of fish, longline culture of bivalves (e.g., oyster,
mussel, and scallop, etc.), and seaweeds (e.g., kelp Saccharina spp.
and Gracilaria spp.), in coastal waters have rapidly developed
in many regions of the world, particularly in southeast Asia,
like in China, where intensive aquaculture has been carried out
since 1980s. Intensive mariculture induce high organic loading to
the sediment through biodeposition (Gray and Langdon, 2019).
The organic enrichment has various influences on sediment
biogeochemical features, and could be an important aspect for the
bacterial community structure and sediment metabolic capacity.

To date, most of the studies investigating the spatial variation
of bacterial communities have been focused on a certain region,
e.g., in one bay (Leon et al., 2017; Olsen et al., 2017; Zhu
et al., 2018) or in one river (Ibekwe et al., 2016; Jordaan and
Bezuidenhout, 2016; Zhang et al., 2019). However, if we want a
more comprehensive understanding on the spatial distribution of
bacterial communities and their relationship with environmental
factors, the specific existing regional data is insufficient. Studies
across a relatively larger spatial scale are needed. Comparison
of different regions may provide a broader view and better
understanding (Kolukirik et al., 2011; Beaulne et al., 2020; Yi
et al., 2021). Therefore, in the present study, we investigated
the spatial distribution characteristics of bacterial communities
in three mariculture bays, i.e., Sanggou Bay (in the Yellow Sea,
northern China, a temperate zone), and Daya Bay and Maniao
Bay (in the South China Sea, southern China, subtropical and
tropical zones).

High-throughput sequencing was used to examine the
temporal and spatial variation of bacteria in sediments from
the three bays. The objectives were: (1) to investigate the
seasonal patterns of the bacteria inhabiting the sediment of
Sanggou Bay and (2) to examine the spatial variation and
key environmental factors driving the spatial heterogeneities of
bacteria in sediments of the three bays. We aimed to obtain useful

information for further understanding about the mariculture
and environment interactions, and provide implications for
mariculture management in coastal waters.

MATERIALS AND METHODS

Study Areas and Sediment Sample
Collection
Sediment samples were collected from the three mariculture
bays of Sanggou Bay, Daya Bay, and Maniao Bay. Sanggou
Bay is a typical semi-enclosed bay in the northern part of the
Yellow Sea, located on the eastern side of Shandong Peninsula.
Sanggou Bay covers an area of 150.3 km2, with an average
water depth of 7.5 m. The minimum sea surface temperature
of Sanggou Bay occurs in winter (1.8◦C), and the maximum
in summer (23.3◦C). In the bay, suspended cultures of kelp
(Saccharina japonica), bivalves, e.g., oyster (Crassostrea gigas),
and scallops (Chlamys farreri and Mizuhopecten yessoensis) have
been established on a large scale from the 1980s (see Jiang et al.
(2015), Zhu et al. (2017), Sui et al. (2020) for more detailed
information). Daya Bay is a 650 km2 semi-enclosed subtropical
embayment, located in the northeast South China Sea. The
minimum sea surface temperature of Daya Bay occurs in winter
(15◦C), and the maximum in summer and autumn (30◦C) [see
Wang et al. (2006) for more detailed information]. Maniao
Bay is located in northern Hainan Province. The minimum sea
surface temperature of the bay occurs in autumn and winter
(22.5◦C), and the maximum in summer (32.5◦C). Suspended
fish cage cultures have been established in Daya Bay and
Maniao Bay, the famed fish species include Paralichthys olivaceus,
Trachinotus ovatus, and Lutjanus erythropterus [for more detailed
information see Qi et al. (2019)]. These three bays were chosen
because the seasonal differences in temperature in Sanggou Bay
made it suitable for comparing the seasonal variation in the
bacterial community, and the distances among the three bays
could provide a spatial comparison.

Surface sediments were collected using an Ekman-Birge type
bottom sampler in spring (April 2020), summer (July 2020),
autumn (October 2020), and winter (December 2020) from 21
stations in Sanggou Bay (Figure 1). Samples from Daya Bay and
Maniao Bay were obtained in summer (August and July 2020,
respectively) from 15 stations in each bay.

Triplicate sediment samples were collected from each
site. Samples were gently placed on a white enamel tray
(30 cm × 60 cm), and the top 2 cm of sediment was collected
and blended using a stainless-steel ruler. Sediment samples were
homogenized and further separated into two subsamples: one was
stored at −80◦C for DNA extraction, and another was stored at
−20◦C for physical and chemical analyses. During the sampling
period, the temperature, pH, dissolved oxygen (DO), and salinity
of the water were measured with a multiprobe sonde (Yellow
Springs Instrument Co., Dayton, OH, United States).

Physical and Chemical Analyses
For particulate organic carbon (POC) and particulate organic
nitrogen (PON) analysis, sediment samples (∼6 g) were weighed
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FIGURE 1 | Sediment sampling stations (•) in Sanggou Bay, Daya Bay, and Maniao Bay.

and then dried at 60◦C for 24 h until a constant weight was
obtained. After that, samples were homogenized and ground
to fine powder in an agate ball mill, and were immersed into
30 mL HCl (1M) and oscillated for 2 h to remove carbonates.
Solid samples were then rinsed with deionized water for several
times until the pH of washing fluid became neutral. After drying
at 60◦C for 24 h, the samples were ground for POC and PON
analysis using elementary analyzer (EuroVector, Italy).

Sediment samples (∼100 g) were centrifuged at 3,000 × g
for 10 min, and supernatant was then filtered through
membrane (0.45 µm, 47 mm). The NO3

−, NO2
−, NH4

+ and
PO4

3− concentrations of porewater from the sediments were
measured according to marine monitoring specifications method
(GB/T 12763.4-2007, 2007) with a spectrophotometer (Shanghai
Precision Science Instrument Co., Ltd., Shanghai, China).

DNA Extraction and High-Throughput
Sequencing
Samples (0.25 g, wet weight) were used for DNA extraction with
the E.Z.N.A. R© soil DNA Kit (Omega Bio-Tek, Norcross, GA,
United States) following the manufacturer’s instructions. The
DNA concentration was determined by NanoDrop 2000 UV-vis
spectrophotometer (Thermo Fisher Scientific, Wilmington, MA,
United States), and DNA quality was checked by 1% agarose gel
electrophoresis. The V4-V5 hypervariable regions of the bacterial

16S rRNA gene were amplified with the universal bacterial
primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 926R
(5′-CCGYCAATTYMTTTRAGTTT-3′) by a GeneAmp 9700
(ABI, United States) thermocycler (Parada et al., 2015). PCR
reactions were performed in triplicate 20 µL mixture containing
4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of
each primer (5 µM), 0.4 µL of FastPfu Polymerase, 0.2 µL of BSA
and 10 ng of template DNA. The PCR reactions were conducted
using the following program: 3 min of denaturation at 95◦C, 30
cycles of 30 s at 95◦C, 30 s for annealing at 53◦C, and 45 s for
elongation at 72◦C, and a final extension at 72◦C for 10 min.
The resulted PCR products were extracted from a 2% agarose
gel and further purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, United States) and
quantified using QuantiFluorTM-ST (Promega, United States)
according to the manufacturer’s protocol. Purified amplicons
were pooled in equimolar and paired-end sequenced (2 × 300)
on an Illumina MiSeq platform (Illumina, San Diego, CA,
United States) according to the standard protocols by Shanghai
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
All the sequences used in this study are publicly available at
the NCBI Sequence Read Archive1 under BioProject accession
number PRJNA734373.

1http://www.ncbi.nlm.nih.gov/Traces/sra
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Data Analysis
The raw 16S rRNA gene sequencing reads were demultiplexed,
quality-filtered by fastp version 0.20.0 (Chen et al., 2018) and
merged by FLASH version 1.2.7 (Magoč and Salzberg, 2011)
with the following criteria: (i) the 300 bp reads were truncated
at any site receiving an average quality score of <20 over a
50 bp sliding window, and the truncated reads shorter than
50 bp were discarded, reads containing ambiguous characters
were also discarded; (ii) only overlapping sequences longer than
10 bp were assembled according to their overlapped sequence.
The maximum mismatch ratio of overlap region is 0.2. Reads
that could not be assembled were discarded; (iii) samples were
distinguished according to the barcode and primers, and the
sequence direction was adjusted, exact barcode matching, 2
nucleotide mismatch in primer matching. Operational taxonomic
units (OTUs) with 97% similarity cutoff were clustered using
UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were
identified and removed. The sequences of samples were rarefied
based on the minimum sequence (20393) to standardize uneven
sequence depth, and the taxonomy of each OTU representative
sequence was analyzed by RDP Classifier version 2.2 against the
16S rRNA database (Silva v138) using confidence threshold of 0.7
(Wang et al., 2007).

Statistical analyses were performed using R software (R Core
Team, 2018). Three diversity indices including Chao1 which is
referred as to estimator of species richness based on abundance,
Pielou’s evenness which is referred as to equitability of species
and Shannon-Wiener indices which is referred as to estimator
of both species richness and evenness, were calculated by
mothur (Schloss et al., 2009). Multiple Comparisons of Alpha
diversity indices were generated by the package “multcomp”
of R (Hothorn et al., 2008). Non-metric multidimensional
scaling (NMDS) of the bacterial community structure was run
in package “vegan” of R based on Bray-Curtis distance and
followed by ANOSIM with 999 permutations (Oksanen et al.,
2020). NMDS was used to visualize the beta diversity of the
bacterial communities among the bays and across seasons and
ANOSIM was used to compare the difference between and
within groups. Correlation coefficients between environmental
factors and bacterial α-diversity indices, dominant bacterial
lineages in three bays were visualized in heatmaps generated
by package “pheatmap” of R (Kolde, 2019). The influence of
environmental factors on bacterial community structure from
sediments was shown in RDA generated by package “vegan” of
R, and in order to find a reduced form model and to avoid
collinearity among environmental factors, forward selection was
used to select a parsimonious set of significant environmental
variables based on permutation test. Co-occurrence network were
conducted by the packages of “psych” and “igraph” in R software
and based on the OTUs level with mean proportions >0.01%
in all samples to simplify the network (Csardi and Nepusz,
2006; Revelle, 2021). Co-occurrence pairs with a Spearman’s
correlation coefficient >0.7 or <−0.7 and a p-value < 0.01
(Benjamini and Hochberg adjusted) were considered as a valid
co-occurrence event (Benjamini et al., 2006; Ma et al., 2016).
Network topological features including degree (the number
of adjacent edges) and betweenness centrality (the number of

shortest paths going through a node) for each node in the
network were calculated with package “igraph” in R software.
Nodes with high degree and low betweenness centrality values
are recognized as keystone species in co-occurrence networks
(Berry and Widder, 2014; Banerjee et al., 2018; Tian et al.,
2020). The difference significance tests (ANOVA) of bacterial
distribution and adjusted p-values (Benjamini and Hochberg
false discovery rate) were calculated using STAMP (Parks et al.,
2014). In addition, a two-way ANOVA analysis was applied to
compare the variances among environmental factors by package
“multcomp” of R.

RESULTS

Sediment Chemical Characteristics
A two-way analysis of variance revealed that seasonal variation
had significant effects on the temperature, salinity, DO, NO2

−,
NO3

−, NH4
+, and POC in Sanggou Bay (p < 0.05, Table 1).

The temperature varied significantly among the four seasons;
however, DO and POC values in spring were significantly higher
than those in autumn and winter (p < 0.05). The NO2

− and
NO3

− contents in spring and winter were higher than those in
summer and autumn, but the NH4

+ content was lowest in spring.
Temperature, salinity, pH, PO4

3−, PON, and POC were
significantly different among three bays (p < 0.05). The
temperatures in Daya Bay and Maniao Bay were significantly
higher than that in Sanggou Bay, the pH and PO4

3− were highest
in Daya Bay, but the salinity in Sanggou Bay was significantly
higher (p < 0.05). In addition, PON and POC contents were
significantly higher in Daya Bay, followed, in descending order,
by Maniao Bay and Sanggou Bay (p < 0.05).

Bacterial Community Composition
The 16S rRNA sequences obtained from sediment samples
were clustered into 18,085 OTUs, which belong to 63 different
phyla. The dominant phyla of the three bays were similar and
included Proteobacteria (relative abundance ranged from 39.18
to 47.21% for the six groups), Bacteroidetes (9.91–19.25%),
and Planctomycetes (7.12–13.88%), and the identified members
of Proteobacteria mainly belonged to Gammaproteobacteria,
Deltaproteobacteria, and Alphaproteobacteria (Supplementary
Figure 1 and Supplementary Table 1).

In Sanggou Bay, the abundances of Planctomycetes,
Acidobacteria, Chloroflexi, Firmicutes, Nitrospinae, and
Actinobacteria were generally lower in spring and then
slightly increased thereafter (p < 0.01). On the other hand,
the abundances of Gammaproteobacteria, Bacteroidetes,
Verrucomicrobia, and Cyanobacteria showed an inverse trend.
The abundances of Deltaproteobacteria, Kiritimatiellaeota,
Latescibacteria, Schekmanbacteria, Spirochaetes, and
Calditrichaeota were highest in summer, significantly
higher than the other seasons (p < 0.01, Figure 2). In
summer, the abundances of Planctomycetes, Acidobacteria,
Alphaproteobacteria, Actinobacteria, and Nitrospirae were
significantly higher in Maniao Bay than the two other
bays, especially the abundances of Alphaproteobacteria
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and Nitrospirae which were significantly higher in Maniao
Bay than Daya Bay (p < 0.01). Whereas, the abundances
of Gammaproteobacteria, Bacteroidetes, Verrucomicrobia,
Kiritimatiellaeota, Schekmanbacteria, and Deinococcus
Thermus were highest in Sanggou Bay. The abundances of
Deltaproteobacteria Chloroflexi, Latescibacteria, Firmicutes,
Cyanobacteria, Spirochaetes, Calditrichaeota, Patescibacteria,
Zixibacteria, and Nitrospinae were significantly higher in Daya
Bay than in the two other bays (p < 0.01, Figure 3).

Bacterial α-Diversity and Community
Structure
For seasonal variations in Sanggou Bay, its Chao1 index
was lowest in spring and highest in autumn and summer,
with a significant difference observed between the spring and
autumn (Figure 4A1). The values of Shannon-Wiener index and
Pielou’s evenness index were lowest in spring and continuously
increased thereafter, with highest values observed in autumn
and winter, significantly higher than that in spring (p < 0.05,
Figures 4B1,C1).

For spatial variations in summer, the three diversity indices
were lowest in Sanggou Bay, and were comparable in Daya
Bay and Maniao Bay. The Chao1 index was significantly lower
in Sanggou Bay than in Daya Bay (Figure 4A2), while the
Shannon-Wiener and Pielou’s evenness indices were significantly
lower in Sanggou Bay than in the two other bays (p < 0.05,
Figures 4B2,C2).

Spatial distributions of bacterial communities at the OTU level
using NMDS were shown in Figure 5A. The results indicated that
the bacterial community structure varied gradually throughout
the four seasons in Sanggou Bay (Figures 5B,C). There
were bigger between-group variance in bacterial community
structure among the three bays than among four seasons
(0.93 > 0.40), indicated that the differences between bacterial
communities were more attributed to spatial separation rather
than seasonal variations.

Bacterial Inter-Taxa Relationship
Network
A co-occurrence network was created for bacteria at the OTU
level using a Spearman’s coefficient threshold of ±0.7 and a
p-value threshold of 0.01. Based on a high degree (>90) and low
betweenness centrality (<5,000) in the co-occurrence networks,
five OTUs were identified as keystone taxa three of them
belong to the Planctomycetes phylum (two Rubripirellula sp., one
Blastopirellula sp.), one of them belongs to Alphaproteobacteria,
and one belongs to Subgroup 10 of Acidobacteria (Table 2). In
addition, the maximal relative abundances of all keystone OTUs
were lower than 2% and the max values were all detected in the
winter (Table 2).

Relationship Between Bacteria and
Environmental Factors
As exhibited in Supplementary Table 2, six environmental
factors were selected to obtain reduced form models of RDA.
Temperature, POC, pH, NO3

−, salinity, and NH4
+ were selected
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FIGURE 2 | Boxplots of top 20 phyla and the dominant classes of Proteobacteria in all samples whose proportions were significantly different among the four
seasons of Sanggou Bay (adjusted p < 0.01). The “star” and “+” represented the mean value and abnormal value, respectively. The abnormal values refer to outliers
of the boxplot.

based on p-values < 0.05 to analyze the bacteria distribution
of four seasons in Sanggou Bay (Figure 6A). The RDA plot
showed that the variances in bacterial community structure in
the winter were positively correlated with salinity and NH4

+. In
addition, temperature, POC, pH, salinity, PO4

3−, and DO were
selected to analyze the bacteria distribution of three regions in
summer (Figure 6B). The RDA plot showed that the bacterial
communities in Sanggou Bay were positively correlated with
salinity and DO, and the bacterial communities in Daya Bay and
Maniao Bay were positively correlated with temperature, POC,
pH, and PO4

3−. In summary, temperature, POC, pH, and salinity
were the most important environmental factors influencing the
spatial and seasonal variations of bacterial communities, but the
influences of environmental factors on bacterial spatial variations
were stronger than bacterial seasonal variations (Figure 6).

The values of Chao1, Shannon-Wiener, and Pielou’s
evenness indices were significantly positively correlated
with PON, POC, PO4

3−, and temperature (Figure 7), but were
negatively correlated with DO and salinity (p < 0.01). The
abundances of Latescibacterota, Spirochaetes, Calditrichaeota,
Deltaproteobacteria, Chloroflexi and Zixibacteria were
significantly positively correlated with PON, POC, PO4

3−,
and temperature, but negatively correlated with DO, salinity and

NO3
− (p < 0.01). The abundances of Gammaproteobacteria,

Verrucomicrobia and Alphaproteobacteria were significantly
negatively correlated with PON, POC, PO4

3−, and temperature,
but positively correlated with DO and salinity (p < 0.05).

DISCUSSION

It has been well demonstrated that extensive suspended culture of
fish and/or bivalves has various impacts on the physicochemical
of sediments including increased organic loading under and
around the farms (Gray and Langdon, 2019; Sanz-Lazaro et al.,
2021). It is reasonable that since the mariculture activities
and physiological parameters of cultured species vary among
seasons, the environment and microbial communities influenced
by them would also vary correspondingly. This has been proved
by previous studies which showed that sediment microbial
communities are subject to seasonal changes (Vetterli et al.,
2015; Fu et al., 2020; Yi et al., 2021). Therefore, it is necessary
to examine the seasonal variations of microbial communities
and the corresponding environmental parameters, so that to
reveal the possible impacts of mariculture activities. Furthermore,
spatial comparison among mariculture areas is also necessary
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FIGURE 3 | Boxplots of top 20 phyla and the dominant classes of Proteobacteria in all samples whose proportions were significantly different among Sanggou Bay,
Daya Bay, and Maniao Bay in the summer (adjusted p < 0.01). The “star” and “+” represented the mean value and abnormal value, respectively. The abnormal
values refer to outliers of the boxplot.

to achieve an insight into the underlying mechanisms of how
mariculture exerts influences on microbial communities.

In the present study, we examined the bacterial communities
characteristics in three typical mariculture bays, i.e., Sanggou Bay,
Daya Bay, and Maniao Bay, located from Northern to Southern
China. The seasonal variations of bacterial communities in
Sanggou Bay and their relationship with key environmental
factors were analyzed. Bacterial communities among the three
bays were also compared. It is possible that the geographical
distance may contribute to a geographical isolation of bacteria
species and community dissimilarity. Even though, however,
the spatial comparison is feasible Firstly, the differentiation
in habitat in ocean is much less evident than the terrestrial
differentiation, since the ocean current and sea shippings cause
mixing, transition and exchange among different seas, the km
scale dispersal effects in the oceans should not be an obstacle
as on land. Secondly, large scale mariculture activities have
been carried out since 1980s in all of the three bays. There
are frequently “culture products exchange” among them, such
as buying or selling of fish fry, bivalves (e.g., oyster, clam,
and scallop, etc.) seedlings, and seaweeds/macroalgae seedlings,
between each other. For example, the seedlings of oyster C. gigas,
clam Ruditapes philippinarum, and Gracilaria lemaneiformis, etc.,
cultured in Sanggou Bay and Maniao Bay were bought from

Fujian province and Guangdong province (where the Daya Bay
located). Another example is the “relay race” culture mode of
abalone Haliotis discus hannai Ino. The abalone are cultured in
Sanggou Bay during summer and autumn (from June to late
October), and then transported to subtropical waters like Fujian
province which is adjacent to Guangdong province, and cultured
there during winter and spring (from November to May). By
doing this, abalone can reach to a commercial market size in
a shorter time. It is reasonable that these frequently exchange
improved communication and transplantation of bacteria species
among these bays, and to some extent, weakened the dispersal
limitation. In this regard, the bacterial communities among these
three bays are comparable.

In Sanggou Bay, the bacteria abundances did not change
drastically among the four seasons (the values were highest in
winter, whereas, they were only about 1.5–3 times higher than
the lowest values observed in spring). By comparing with Daya
Bay and Maniao Bay, the comprehensive results suggested that
the bacterial communities were more impacted by spatial factors
than by seasonal variations in the present study. The mariculture
activities and their influences on the environment among the
three study regions are different. For example, POC content
in sediment from Daya Bay and Maniao Bay was significantly
higher than that in Sanggou Bay (p < 0.05). This is because
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FIGURE 4 | Boxplot of α-diversity indices on OTUs level (A–C). Data of α-diversity indices in each group with the same letters were not significantly different among
four seasons and among three bays (p > 0.05). SSp, spring of Sanggou Bay; SSu, summer of Sanggou Bay; SAu, Autumn of Sanggou Bay; SWi, winter of Sanggou
Bay; DSu, summer of Daya Bay; MSu, summer of Maniao Bay.

FIGURE 5 | NMDS (A) and ANOSIM plots (B,C) on OTUs level. The gray arrow of (A) represents the variation trend of bacterial community structure from spring to
winter of Sanggou Bay. SSp, spring of Sanggou Bay; SSu, summer of Sanggou Bay; SAu, Autumn of Sanggou Bay; SWi, winter of Sanggou Bay; DSu, summer of
Daya Bay; MSu, summer of Maniao Bay.

the main mariculture species are fish in Daya Bay and Maniao
Bay, which lead to a much higher POC and PON enrichment
on sediment (Qi et al., 2019). On the other hand, the main

mariculture species in Sanggou Bay are bivalves, such as scallops
and oysters, which are non-feeding species and deposit much
fewer particulate matters onto the sediment (Xia et al., 2019).
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TABLE 2 | The keystone taxa of Sanggou Bay.

OTU Degree Betweenness
centrality

Maximal relative
abundance (%)

Season of this
max detected

Taxonomic affiliation

OTU2741 102 4659 1.51 Winter p_Planctomycetes; c_Planctomycetes;
o_Pirellulales; f_Pirellulaceae; g_RubripirellulaOTU2838 97 2691 0.47 Winter

OTU18079 99 2179 0.43 Winter p_Planctomycetes; c_Planctomycetes;
o_Pirellulales; f_Pirellulaceae; g_Blastopirellula

OTU5164 92 2780 1.20 Winter p_Acidobacteria; c_Thermoanaerobaculia;
o_Thermoanaerobaculales;

f_Thermoanaerobaculaceae; g_Subgroup 10

OTU2149 90 2304 1.01 Winter p_Proteobacteria; c_Alphaproteobacteria;
o_Rhizobiales; f_Hyphomicrobiaceae

Degree, the number of adjacent edges and referred to the node value in the co-occurrence network.
Betweenness centrality, the number of shortest paths going through a node, reflected the importance of control that the taxon exerts over the interactions of other
taxons in the network.

FIGURE 6 | RDA of environmental factors and bacterial community structure from sediments of Sanggou Bay in four seasons (A) and from sediments of Sanggou
Bay, Daya Bay, and Maniao Bay in summer (B).

Additionally, the high quantity of farmed seaweeds like kelp in
Sanggou Bay acted as biological carbon pump and sequestrated
carbon (Jiang et al., 2015). Since carbon and nitrogen are the
crucial elements for bacteria, the different POC and PON profile
might be a possible reason for the significant differences in
bacterial community structure observed among the three bays.
The diversity and evenness of bacterial communities in Daya
Bay and Maniao Bay were significantly higher than those in
Sanggou Bay, probably due to the abundant POC that provided
carbon and/or energy to the bacteria (Burton and Johnston, 2010;
Xie et al., 2016).

The chemical properties of organic matters in sediment are
important factors for bacterial degradation (Koho et al., 2013).
The organic matter mineralization rate is usually limited by
extracellular enzyme-associated hydrolysis of macromolecules,
because their biological structure might too large to be readily
transported into bacterial cells (Arnosti and Holmer, 2003;
Koho et al., 2013). Under this circumstance, Bacteroidetes have

an advantage in organic decomposition. They can hydrolyze
insoluble organics into soluble macromolecular organics, and
further convert them into fatty acids and alcohols, which are
preferential substrates for most microorganisms (Erik et al.,
1995; Ibekwe et al., 2016; Jordaan and Bezuidenhout, 2016).
Therefore, in this respect, Bacteroidetes have a comparative
advantage in sediments with a higher proportion of structural
complicated organic maters, which are difficult for degradation
by other species. However, for the three bays in the present
study, all the suspended culture species, e.g., fish, bivalves and
seaweed deposited considerable amount of organic matters to
the surface sediments in the mariculture areas. Most of these
organic matters are chemical labile and biological degradable for
microorganisms. Under this circumstance, Bacteroidetes did not
have competitive edge in POC utilization. This could be a possible
explanation for why there is no significant negative correlation
between the abundance of Bacteroidetes and POC content
observed in the present study. The abundance of Bacteroidetes
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FIGURE 7 | Correlation coefficients between environmental factors and bacterial α-diversity indices (A), between environmental factors and dominant bacterial
lineages [phylum and classes for Proteobacteria, (B)] in three bays. * and ** represent significant correlations (p < 0.05) and extremely significant correlations
(p < 0.01), respectively. PON, particle organic nitrogen; POC, particle organic carbon; T, temperature; DO, dissolved oxygen.

was negatively correlated with temperature, thus compared to
Daya Bay and Maniao Bay, which are located in subtropical
and tropical regions, respectively, Bacteroidetes were the most
abundant in Sanggou Bay.

In regard to Gammaproteobacteria, their abundances showed
a similar variation trend with Bacteroidetes, which was negatively
correlated with PO4

3− content in the sediment. This could be
due to Gammaproteobacteria species are mostly affiliated with
S2− oxidization and prefer surface sediment-harbored O2
or Mn/Fe oxides (Julies Elsabé et al., 2012). When there are
sufficient O2 or Mn oxides available, they can oxidize Fe2+

into Fe3+, which could couple with PO4
3− and precipitate

into the sediment. This could explain why the abundance

of Gammaproteobacteria was negatively correlated with
PO4

3− content, and positively correlated with DO concentration
in all of the three bays. Regarding another dominant class of
Proteobacteria, the relative abundance of Deltaproteobacteria
was the highest in the suspended mariculture areas of fish and
oysters in Daya Bay. This could be due to the fact that there is a
higher POC deposition rate in this area, as the aerobic oxidation
of POC resulted in a lower DO concentration in porewater
(Castine et al., 2009; Faulwetter et al., 2013). Since members of
Deltaproteobacteria are mostly belong to strict anaerobic genera
and are known sulfate-reducing bacteria, it is reasonable that
their abundances were highest in Daya Bay. These results were in
accordance with previous findings showing that the abundances
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of bacterial communities in POC-driven coastal sediments are
linked to their functions, such as sulfur and carbon cycling
(Alongi, 2005; Muyzer and Stams, 2008; Zhu et al., 2018).

Co-occurrence pattern, based on statistical correlations
among bacterial community, provide a new insight into potential
biotic interactions and reveal niche spaces shared by community
members (Kara et al., 2013; Ma et al., 2016; Tian et al., 2020).
In the present study, the co-occurrence network showed that
there were 3,457 positive correlations, whereas, 76 negative ones
only. This indicated that the predominant relationships between
bacterial populations were mutualistic interactions, rather than
competitive ones for substrates or habitats. For instance, aerobic
nitrogen – fixing bacteria use organic acids produced by
cellulose-decomposing bacteria as their carbon source, and
in return they provide fixed organic nitrogen compounds
for cellulose-decomposing bacteria (Jensen and Swaby, 1941).
Similarly, sulfate-reducing bacteria such as Desulfuromonas
acetoxidans decompose organic matter and provide substrates for
photosynthetic bacteria such as Chlorobium sp., and in return the
S2− produced by photosynthetic bacteria can be used by sulfate-
reducing bacteria. These results together with the statements on
bacterial functions mentioned above suggested that the functions
of bacteria and their inter-species mutualistic interactions
were strongly linked with important geochemical processes in
sediments. In addition, the network method could help identify
which species play the most important role in maintaining the
structure and interactions of microbial communities in sediments
(Lupatini et al., 2014). The most widely used definition for
keystone taxa is “whose impact on its community or ecosystem
is huge and disproportionately large relative to its abundance”
(Power et al., 1996). Therefore, OTUs with high degree and low
betweenness centrality values are recognized as keystone taxa
in co-occurrence networks (Berry and Widder, 2014; Banerjee
et al., 2018; Tian et al., 2020). In the present study, five OTUs
were identified as keystone taxa based on a high degree (>90)
and low betweenness centrality (<5,000). Three of them belong
to phylum of Planctomycetes phylum (two Rubripirellula sp.,
and one Blastopirellula sp.). It was reported that aquatic bacteria
belonging to the Planctomycetes phylum could oxidize organic
substrates through nitrate reduction and some are also capable
of anaerobic ammonium oxidation (Kallscheuer et al., 2020). In
the present study, we found that Planctomycetes was significantly
positively correlated with NH4

+ in all of the three bays, indicating
that Planctomycetes probably play a major role in carbon and
nitrogen circulations.

CONCLUSION

This study revealed the characteristics of bacterial communities
in three typical mariculture bays. We found that the bacterial
communities were influenced by both seasonal and spatial
variation, with the spatial variation has a greater impact.
The abundances of bacteria, particularly Bacteroidetes,
Gammaproteobacteria, and Deltaproteobacteria, were
significantly correlated with the mariculture-driven chemical
properties of the sediment. The extent and pattern of mariculture

derived impacts on sediment bacteria communities varied
among regions, and were correlated with culture pattern and
culture species. Our findings suggest that intensive mariculture
could induce various impacts on the bacterial communities,
and therefore modify their role in marine ecosystem, such
as drive elements (e.g., carbon, nitrogen, and phosphorus)
biogeochemical circulations and sediment metabolic capacity.
The interactions between aquaculture and sediment bacterial
communities should be considered in regard to aquaculture
management and carrying capacity. Further studies are in need.
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