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Abstract

This study investigated differences in the community structure and environmental responses of the bacterial
community in sediments of the Bohai Sea. Illumina high-throughput sequencing technology and real-time PCR
were used to assay the bacterial 16S rRNA genes in the surface sediments of 13 sampling stations in the Bohai Sea.
The results showed that sediments at the majority of the 13 sampling stations were contaminated by heavy metal
mercury.  The  main  phyla  of  bacteria  recorded  included  Proteobacteria  (52.92%),  Bacteroidetes  (11.76%),
Planctomycetes (7.39%), Acidobacteria (6.53%) and Chloroflexi (4.97%). The genus with the highest relative
abundance was Desulfobulbus (4.99%), which was the dominant genus at most sampling stations, followed by
Lutimonas  and Halioglobus.  The main factors influencing bacterial community structure were total organic
carbon, followed by depth and total phosphorus. The content of lead, cadmium, chromium, copper and zinc had
a consistent effect on community structure. Arsenic showed a negative correlation with bacterial community
structure in most samples, while the impact of mercury on community structure was not significant. The bacterial
community in sediment samples from the Bohai Sea was rich in diversity and displayed an increase in diversity
from high to low latitudes. The data indicated that the Bohai Sea had abundant microbial resources and was rich
in bacteria with the potential to metabolize many types of pollutants.
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1  Introduction
Coastal ecosystems are extremely important, both in terms of

their ecological significance and their economic value to hu-
mans (Lv et al., 2016). Sediments comprise an important part of
this ecosystem and are subject to interactions between geologic-
al, hydrodynamic, biological and chemical factors (Köster and
Meyer-Reil, 2001). Offshore sediments are both a source and sink
for a large number of pollutants, including nutrients, heavy
metals, and petroleum or pesticide residues (Lofrano et al.,
2017). Microorganisms participate in various biogeochemical
cycles in sediments such as carbon fixation (Jing et al., 2018),
methanogens (Tian et al., 2014), nitrification and denitrification
(Fan et al., 2011), and biotransformation for a variety of organic
pollutants (Wada et al., 2012). Microbial communities are known
to be impacted by various ecological factors (Wang et al., 2018),
with human activities also producing changes in sediment mi-
crobial communities (Yang et al., 2000). Studies of microbial di-
versity in marine sediments are critical to understanding the
evolutionary and ecological processes that affect global microbi-
al diversity, and the response of marine ecosystems to environ-
mental change.

As a semi-open sea in northern China, a large number of pop-

ulation centers have become established on the shores of the Bo-
hai Sea. The GDP of surrounding cities has grown rapidly with
the development of industry and agriculture. Recent studies have
reported that the Bohai Bay is polluted by heavy metals to vary-
ing degrees (Zhou et al., 2017; Li et al., 2017). Heavy metals have
also been reported in the nutrient salts of the Bohai Sea. Microbi-
al communities are often considered to have better adaptability
and tolerance because they have metabolic pathways that can
utilize various resources (Dai et al., 2016; Marshall et al., 2018).
Changes in the microbial community under the influence of
long-term ecological factors and the potential for selective expos-
ure to different heavy metal contaminants in the environment re-
mains unclear. In this study, the Bohai Sea was selected as the re-
search area. Real-time quantitative PCR and high-throughput se-
quencing of bacterial 16S rRNA genes were used to study the
community abundance and structure of bacteria in the sedi-
ments, and the influence of ecological factors was explored. The
interrelationship between bacterial communities and ecosys-
tems in sediments aids our understanding of the geographical
distribution patterns of marine microbes and the niche differen-
tiation of various microbial communities.  
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2  Materials and methods

2.1  Sample collection
The collection of experimental samples was carried out in late

May 2017. A total of 13 stations (Fig. 1), were located throughout
the Liaodong Bay, the Huanghe (Yellow) River Estuary, the peri-
phery of the Laizhou Bay and the central part of the Bohai Sea.
The average depth of the sampling stations was 20 m. The sedi-
ments at 0–10 cm of the surface layer were collected using a grab
sampler. Three replicate samples were collected at each station.
The three samples from each station were mixed together and
dispensed into two labelled sterile valve bags, shipped back to
the laboratory and stored at –20°C for future analysis.

2.2  Determination of environmental factors and concentration of
heavy metals
Station depth was measured at each sampling site and the

particle size of the sediment was measured using a LS13320 laser
diffraction particle size analyzer (Beckman Coulter, USA). Total
organic carbon (TOC), total phosphorus (TP) and total nitrogen
(TN) in the sediment, as well as heavy metals including cadmi-
um (Cd), chromium (Cr), copper (Cu), lead (Pb), zinc (Zn), mer-
cury (Hg), arsenic (As), were determined following “Marine
Monitoring Specification Part  5:  Sediment Analysis  GB
17378.5–2007”(General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China and
Standardization Administration of China, 2008). Determination
of nutrient salts the nitrates and nitrous acid salt and ammonia
nitrogen content in the sediments were determined by the meth-
od of “Measurement of Soil Ammonium, Nitrite and Nitrate
Chloride Solution Extraction-spectrophotometry HJ 634–2012”
(Ministry of Environmental Protection of the People’s Republic of
China, 2012).

2.3  DNA extraction and high-throughput sequencing
Total bacterial DNA was extracted from sediment samples us-

ing the DNeasy PowerSoil Kit (Qiagen, Germany). After the sedi-

ment was mixed, 0.35 g of each sample was taken for total DNA
extraction, according to the kit extraction instructions. This was
carried out in triplicate. After extraction, the quality of the DNA
was tested by 1.5% agarose gel electrophoresis. Three DNA
samples were then combined into one and stored at –80°C.

The extracted total DNA template was subjected to two-step
PCR amplification using a V4-V5 region-specific primer of the
bacterial 16S rRNA gene to construct a 16S rRNA gene library (Liu
et al., 2008). The first step uses specific primer amplification:
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 926R (5′-CCGT-
CAATTCMTTTGAGTTT-3′). PCR amplification conditions: 5×
buffer, 10 μL; dNTP (10 mmol/L), 1 μL; Phusion ultra-fidelity
DNA polymerase 1 U; 1 μL of each primer (10 μmol/L); 5 μL of
total DNA template; and finally supplemented with 50 μL ddH2O.
The initial PCR procedures were: 94°C for 2 min; follow by 25
cycles of denaturation at 94°C for 30 s; 56°C annealing for 30 s;
72°C for 30 s; and final extension at 72°C for 5 min. The first PCR
product was electrophoresed using a 2% detection agarose gel
and recovered using the AxyPrep DNA Gel Extraction Kit (Axy-
gen, USA). The second PCR amplification was then performed, to
add the linker barcode required for sequencing the Illumina high
throughput sequencing platform to the target fragment. After the
product was purified, the quantitative control was carried out. Fi-
nally, the 16S rRNA gene v4-v5 region was sequenced by Tiny-
Gene Bio-Tech (Shanghai) Co., Ltd. through the Illumina MiSeq
platform using 2×300 bp end pairing sequencing.

2.4  Data statistics and analysis
Using the sequencing data, the sample was first distinguished

according to the barcode, and the optimized sequence was ob-
tained by splicing, quality control and filtering. The optimized se-
quence was then clustered using Mothur (version 1.39.5) and
USEARCH programs, these sequences were clustered to OTUs
(operational taxonomic units) at 97% sequence identity (furthest
neighbor method), and then the classification level of OTU in
each sample was classified according to the species level. Mo-
thur and R language were used to plot the dilution curve and
abundance level map of OTUs, and multi-sample similarity ana-
lysis, principal component analysis and alpha diversity were
completed by OTU classification level results. Environmental
factors and RDA analysis between heavy metals and samples
were performed using CANOCO 5.0 software, and SPSS 23.0 for
correlation analysis between various factors.

The heavy metal pollution assessment was calculated by the
geoaccumulation index (Igeo) method (Muller, 1969), and the cal-
culation equation is as follows:

Igeo = log

[
ρn

k× Bn

]
. (1)

where ρn represents the concentration of metal (n) in the sample,
Bn is the background value of the element in the sediment, k is
used to correct the background value of the region, and the sedi-
ment environment is usually taken as 1.5 (Müller and Förstner,
1976).

The original sequence of the bacterial 16S rRNA gene ob-
tained by high-throughput sequencing in this study has been re-
gistered in the NCBI database, and the gene sequence accession
number is SRR6323824 to SRR6323836 (13 samples).

3  Results

3.1  Spatial distribution of environmental factors
The environmental factors of sediment samples from 13 sta-
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Fig.  1.     Map  of  sample  collection  stations  in  the  Bohai  Sea,
China.
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tions in the Bohai Sea are shown in Table 1. Nitrate content in the
sediments of the Bohai Sea region was between 138–513 μg/g and
the ammonia nitrogen content was 72–197 μg/g. Nitrate and am-
monia nitrogen were highest in the southern region, with lowest
values recorded in the central region. Nitrous acid salt content
ranged from 27.6–103 μg/g in the central region. TP was higher
near sampling Stas S69 and S104. Overall TP values were highest
in the southern region, followed by the northern region, and were
lowest in the central region. Highest values for TN, TOC and grid
size were recorded at sampling Sta. C83 near Qinhuangdao. The
sampling stations ranged in depth from 10 to 34 m, and the cent-
ral region was significantly deeper than other areas. According to
the on-site measurement data, there was no significant differ-
ence in salinity and pH between stations, so it was not included
in the analysis.

3.2  Evaluation of heavy metal pollution in sediments
According to the results of the geoaccumulation index meth-

od in the sediment (Fig. 2), heavy metals such as Cr, Zn and As in
the sediment of the 13 sampling sites in the Bohai Sea could be
classified as unpolluted (Igeo≤0). Cu was present at low pollu-
tion levels at sampling Stas N79 and C83 (0＜Igeo≤1), while Pb
was also recorded as slightly polluting at three sampling stations
(0＜Igeo≤1). Six sampling stations were found to be moderately
polluted by Cd. In particular, Sta. N79 near the coast of Jinzhou in
the Liaodong Bay was highly polluted. Hg was detected at all

sampling stations. Stations S104 and S101 in the Laizhou Bay
area had the highest concentrations of Hg. The degree of Hg pol-
lution was highest in the southern region, followed by the north-
ern region, and was lowest in the central region. Stations N77,
C64 and C73 had low levels of heavy metal pollution, with only
mild contamination of Hg. Sampling Sta. C83 was affected by a
variety of heavy metal pollutants.

3.3  Bacterial community structure
The gene abundance of the bacterial 16S rRNA gene V4–V5

region from the 13 sampling stations was determined by real-
time PCR (qPCR) as shown in Fig. 3. The gene abundance of the
16S rRNA gene V4–V5 region in the sediment at sampling sta-
tions in the Bohai Sea ranged from 8.83×109 to 6.71×1010 copy/g,
with an average abundance of 3.17×1010 copy/g. The gene
abundance in the northern region was found to be lower than
that in the southern and central regions. Sampling Sta. C63 in the
central region, located close to the northern region, had the low-
est gene abundance. The sediments of sampling Stas C83 and
S104 were rich in bacterial 16S abundance. The only ecological
factor that showed a significant correlation with the gene abund-
ance at each sampling station was TN (P<0.05).

Samples from the 13 sampling sites in the Bohai area were se-
quenced by high-throughput sequencing of the bacterial 16S
rRNA gene V4–V5 region of the extracted total DNA. As shown in
Table 2, the number of optimized sequences obtained was 22

Table 1.   Environmental factor parameters
Station NO3

–/μg·g–1 NO2
–/μg·g–1 NH4

+/μg·g–1 TOC/% TP/μg·g–1 TN/μg·g–1 depth/m Grid size (Mz, Φ)

S67 421 29.9 153 0.66 143 130 23 6.63

S69 513 27.6 173 0.43 386 122 10 5.76

S101 482 59 140 0.36 174 93.6 27 5.64

S104 256 29.9 121 0.53 348 135 17.5 6.11

C63 217 68.9 96.2 0.49 255 97.3 28 6.22

C64 149 85.3 101 0.24 181 91.6 19.8 4.99

C65 228 70.7 104 0.39 208 93.6 19 4.64

C73 183 103 68.3 0.62 221 145 34 6.21

C83 330 83.4 93.3 0.92 269 157 23 7.37

N62 185 75 84.9 0.36 212 95.8 26 5.43

N76 350 75.4 112 0.84 290 114 13 6.3

N77 256 67.4 72 0.53 219 100 12.7 5.81

N79 138 58.5 197 0.75 245 111 12.5 6.52
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Fig. 2.   Heat map showing the geoaccumulation index (Igeo) in
sediments collected at sampling stations.
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Fig. 3.   Gene abundance of the bacterial 16S rRNA gene V4-V5
region in each station.
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514–32 385. All sequences were clustered by 97% similarity to ob-
tain 3 041 different OTUs. The number of OTUs at each sampling
station ranged from 1 585 to 2 182, and the highest value was re-
corded at Sta. S67. This indicated that the sediments at this site
had rich bacterial diversity, while Sta. S69 near the Huanghe
River Estuary had the lowest number of OTUs (1 585). A maxim-
um of 1 937 OTUs was recorded in the southern region, which
was significantly higher than that in the northern region. The
coverage of all samples was above 97.7%, indicating that the
sample library coverage was high, and most of the bacterial 16S
rRNA gene sequences were detected at all sites. The sequencing
results were well representative and reliable. The Chao1 index
showed that Sta. S67 had the highest total number of species,
while the Shannon index showed that Sta. C83 had the highest
bacterial diversity. The Shannon index of all stations was
between 5.59 and 6.24. The Shannon index value was highest for
the southern region, followed by the northern region, with the
lowest value obtained for the central region, meaning that the re-
lative average bacterial diversity in the central region was lower
than that in the southern and northern regions. The Chao1 index
showed a significant correlation with the Shannon index between
stations (P<0.05).

The Venn diagram shows the number of common and unique
OTUs in each sediment sample. As shown in Fig. 4a, 2 439 OTUs
were common to all three regions. The southern and central re-
gions had 222 common OTUs, which is higher than the overlap of
the northern and central and northern and southern regions.
There were 56 unique OTUs in the northern region, indicating
that the northern region had relatively more endemic microbial
species than the central or southern regions. The petal diagram
in Fig. 4b shows the number of OTUs shared between the 13
sampling stations. The core microbiome analysis found 100% of
the OTUs covering the 13 samples. The number of core OTUs was
540. Station S69, near the mouth of the Huanghe River in the
southern region, had the highest number of unique OTUs (21),
followed by Sta. C63 in the central region, which had 14 unique
OTUs.

3.4  Bacterial community species composition
The OTUs of the bacterial communities in the sediments of

the 13 sampling stations were clustered into 36 phyla, 49 classes,
77 orders, 109 families, 181 genera and 198 species. The main
taxonomic results are shown in Fig. 5a, in which Proteobacteria
dominated the sediment samples from the Bohai Sea, with an av-

Table 2.   High-throughput sequencing results and diversity indices between each station
Station Reads OTU Ace Chao1 Shannon Simpson Coverage/%

S67 28 770 2 182 2 547 2 520 6.13 0.008 2 98.2

S69 22 563 1 585 2 029 2 079 5.83 0.009 9 97.9

S101 32 385 1 963 2 299 2 328 5.94 0.008 7 98.6

S104 22 514 2 017 2 395 2 397 6.1   0.008 6 97.7

C63 26 467 2 011 2 371 2 347 6.07 0.008 8 98.2

C64 24 761 1 812 2 245 2 208 5.59 0.016 1 97.9

C65 25 325 1 825 2 282 2 248 5.78 0.009 8 98.0

C73 28 309 1 838 2 345 2 370 5.62 0.014 7 98.1

C83 24 577 2 117 2 473 2 505 6.24 0.007 2 98.0

N62 24 563 1 727 2 135 2 113 5.78 0.010 8 98.1

N76 26 143 2 065 2 457 2 428 6.07 0.009 2 98.0

N77 24 527 1 892 2 325 2 279 5.92 0.011 3 97.9

N79 26 312 1 873 2 257 2 239 5.93 0.009 3 98.2
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Fig. 4.   OTU distribution Venn diagram (a) and petal picture (b). A, B and C represent the Venn diagram southern region, the central
region and the northern region Petal picture, respectively.
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erage relative abundance of 52.92%. The average relative abund-
ance of Bacteroidetes was 11.76%. The relative abundance of
Planctomycetes was 7.39%, Acidobacteria had a relative abund-
ance of 6.53%, while Chloroflexi had a relative abundance of
4.97%. The remaining bacteria had a relative abundance of less
than 4.0%. In the central region, at Sta. S69, Bacteroidetes were
most abundant (22.29%), and were significantly more abundant
here than other sampling stations. A total of 77 bacterial orders
(including unclassified parts) were detected at the 13 sampling
stations. The main orders are shown in Fig. 5b. Xanthomon-
adales were dominant at all sampling stations (average relative
abundance of 12.29%), followed by Desulfobacterales (9.23%),
Flavobacteriales (6.41%) and Desulfuromonadales (2.83%). Sta-
tion S69 had the lowest relative abundance of Desulfobacterales
(3.59%) and the highest relative abundance of Flavobacteriales
(14.07%).

As shown in Fig. 6, at the genus level, the Desulfobulbus of the
δ-Proteobacteria was the only genus with a relative abundance
higher than 1%. Desulfobulbus had a relative abundance of
4.99%, followed by the genus Lutimonas (0.88%) of the family Fla-
vobacteriia, the genus Halioglobus (0.84%) of the γ-proteobac-
teria, and the genus Lutibacter of the family Flavobacteriia
(0.83%). Nitrosomonas, a functional microbe involved in the ni-
trogen cycle, was recorded at various sampling stations, with an
average relative abundance of (0.13%). The genus Nitrospira had
an average relative abundance of 0.37%. In addition, Blastop-
irellula (0.39%) and Rhodopirellula (0.30%) of the Planctomy-
cetacia, which are involved in anaerobic ammonium oxidation
was detected at various stations, and some genera (Streptococcus,
Bacillus and Kangiella) that may have a mercury reductase
(merA) gene were also detected. Unclassified genera accounted
for 78.13% of all sequences.
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Fig. 5.   Histogram of community structure of bacteria at the phylum level (a) and order level (b).
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3.5  Correlation analysis between bacterial community structure
and ecological factors

3.5.1  Redundancy analysis of environmental factors and com-
munity structure

Some of the environmental factors of the sediments in the Bo-
hai Sea region varied greatly and were influenced by bacterial
community structure. Redundancy analysis of environmental
factors and the bacterial community structure at each sampling
station was carried out using CANOCO 5.0 software (Fig. 7a). The
degree of interpretation of the sorting axes RDA1 and RDA2 were
31.63% and 21.24%, respectively. The composition of the bacteri-
al community at Sta. S69 was quite different from the other
sampling stations, and was mainly affected by the positive correl-
ation of nitrate content. The environmental factors that were pos-
itively correlated with the community structure at Stas N76, N77
and N79 were TOC and sediment size, followed by ammonia ni-
trogen, TN and TP. Stations C62, C64, C73 and S101 had a signi-
ficant positive correlation with sediment depth and a significant
negative correlation with TOC and grid size. For all environment-
al factors, TOC had the highest significant correlation with bac-
terial community structure (P=0.027, P<0.05), while there was no
significant correlation with ammonium (P=0.738), nitrate
(P=0.394) and nitrite (P=0.269) and the bacterial community in

the sediments of the Bohai Sea. The results showed that the main
factor influencing bacterial community structure in the sedi-
ments of the Bohai Sea was the TOC content in the sediment, fol-
lowed by depth and TP.

3.5.2  Redundancy analysis of heavy metals and community struc-
ture

Redundancy analysis of heavy metal content and bacterial
community structure at each sampling station was also carried
out with CANOCO 5.0 software (Fig. 7b). The degree of interpret-
ation of the sorting axes RDA1 and RDA2 were 22.42% and
15.22%, respectively. It can be seen that the sequence of influ-
ence of heavy metals on the microbial community structure in
the sediment was Zn, Cr, As, Cu, Pb, Hg and Cd. Correlation with
bacterial communities showed consistency in the effects of Pb,
Cd, Cr, Cu and Zn. There was a positive correlation between the
bacterial community at Stas C83 and S104 and heavy metals
(P<0.05). The sediments at these two sampling stations were
heavily contaminated by heavy metals. The negative correlation
between Stas C65, C64 and C73 and most heavy metals were not
significantly associated with Hg. The bacterial community struc-
ture at Sta. S101 was significantly negatively correlated with As.
In the majority of samples the content of arsenic was negatively
correlated with bacterial community structure; however, the in-
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Fig. 6.   Heat map of the community composition of bacteria at the genus level.
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fluence of Hg on community structure was not significant. Al-
though the pollution of Hg and Cd was the most obvious in each
sediment samples, the effects of these two heavy metals on the
bacterial community structure were not significant, this result
may be the stress response of bacterial community structure to
heavy metals, and is a long-term accumulation and evolution
process, but this conclusion needs to be further confirmed by
metagenomics data in the future.

4  Discussion

4.1  Bacterial community structure diversity
The bacterial community structure in marine sediments

drives a variety of biogeochemical cycles. The study of the poten-
tial distribution patterns of these microorganisms and the mech-
anisms by which their community structure changes in the envir-
onment has always received much attention (Shade, 2018). The
results of the current study showed that a large number of bac-
terial OTUs (1 585–2 182) were detected in sediments of the Bo-
hai Sea. Diversity was highest in the southern and central re-
gions, with bacterial 16S rRNA gene abundance showing the
same trend. In studies of the Liaohe Estuary of the Bohai Sea, us-
ing high-throughput sequencing of the bacterial 16S rRNA gene
V3-V4 region our laboratory found that the diversity of bacterial
communities in the sediments farther from the shore was lower
than estuarine, freshwater and mixed areas. A total of 32 phyla
were recorded in the previous studies, lower than the 36 phyla in
the current study. The diversity of sedimentary bacterial com-
munities in the northern region of the current study coincided
with the previous results from the Liaohe Estuary (Zhang et al.,
2018). A relatively high number of OTUs (2 590–3 777) has been
reported from the sediments of the Liaodong Bay in the Bohai
Sea (Zheng et al., 2014). The number of OTUs obtained by 454
pyrosequencing from three sediment deposits in the Bohai Sea
ranged from 3 371–5 224 (Liu et al., 2015). The main reason for
the difference was that intertidal sediments had more abundant
dissolved oxygen and stronger bioturbation than the distant sea
sediments, and compared with Illumina sequencing, 454
pyrosequencing results were more prone to higher mismatch

rates and the emergence of artificial amplification products
(Gomez-Alvarez et al., 2009; Quince et al., 2009).

A variety of taxa were detected at all sampling stations;
however, Proteobacteria were the most abundant and extensive
in sediments. These findings were consistent with results from
the Hangzhou Bay (Su et al., 2018), Jiaozhou Bay (Zhao et al.,
2014) and the Changjiang (Yangtze) River Estuary (Feng et al.,
2009). In the current study, the average relative abundances of γ-
proteobacteria, δ-proteobacteria and α-proteobacteria were
24.6%, 22.9% and 4.7%, respectively. Bacterial community struc-
ture was similar to that reported from previous studies of coastal
marine sediments (Guan et al., 2014; Lv et al., 2016). At Sta. S69
near the Huanghe River Estuary, γ-proteobacteria and α-proteo-
bacteria accounted for high relative abundances of 30.2% and
8.5%, respectively, while δ-proteobacteria accounted for only
10.6%. Studies have found that the input of freshwater at the
Changjiang River Estuary impacts the microbial community in
the estuarine sediments (Guo et al., 2018). The relative abund-
ance indicated that the bacterial community structure in S69 sed-
iments with continuous freshwater and sediment input from the
Huanghe River Estuary was significantly different from that in
marine sediments. Higher levels of sediment in the southern re-
gion originated from the Huanghe River, and the impact of fresh-
water input on bacterial community structure provided a pos-
sible explanation for this difference. The current study also re-
vealed that there were a large number of diverse microbial re-
sources in the semi-open seas of the Bohai Sea.

The distribution pattern of bacteria was mainly driven by two
factors, geographical distance and environmental variables.
There was an obvious negative correlation between the distribu-
tion of bacterial communities and geographical distance (Mar-
tiny et al., 2011). Geographical barriers, such as ocean currents,
water masses, and depth (pressure) (Brown et al., 2009; Zhang et
al., 2014), constrain bacterial spread, and so the effects of con-
structing bacterial communities at small spatial scales such as
the Bohai Sea were significant. Studies have found that Firmi-
cutes occupy an important role in coastal sediments (Zinger et
al., 2011). However, the average abundance of Firmicutes in sedi-
ments of the Bohai Sea was found to be 0.35%, far lower than the
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relative abundance of Bacteroidetes. Bacteroidetes accounted for
11.8% of the surface sediment in the Bohai Sea, and may play a
role in the degradation of molecular organic matter in the envir-
onment (Sinkko et al., 2013). The discovery of Chloroflex (5.0%)
at the 13 sampling stations means that sediments in the Bohai
Sea were subjected to oil pollution, as it has been noted in previ-
ous studies that the bacteria within this phylum play a key role in
petroleum degradation (Woese, 1987). Therefore, although the
Bohai Sea is a geographically small area, it comprises various
ecosystems, and the microbial community diversity of the area is
a rich resource, which warrants further study. The microbial pro-
cesses lay a solid foundation for revealing the geochemical cycles
in which microbes participate.

4.2  Analysis of dominant flora under different pollutants
In addition to environmental factors, the presence of pollut-

ants (including oil pollution and heavy metal pollution) at vari-
ous concentrations in marine sediments can also have signific-
ant effects on bacterial community structure (Wang and Tam,
2012). Therefore, the analysis of bacterial community structure is
of great significance, because it can indirectly reflect multiple
changes in the marine environment. Desulfuromonadales of δ-
proteobacteria, detected in the current study, were often found in
an environment under metal stress, which means that they have
metal reducing ability (Cabrera et al., 2006; Vandieken et al.,
2012). In the current study, Desulfuromonadales had an average
abundance of 2.83% overall; however, the relative abundance of
Desulfuromonadales at Stas S69, S104, C63, C83 and N79, which
are more seriously polluted by heavy metals, was lower than oth-
ers. Stations S101, C64 and C73 had relatively unpolluted sedi-
ments. Xanthomonadales was the dominant order, accounting
for 12.28% of all orders. This order is generally detectable in mar-
ine sediments; however, these organisms use various other car-
bon substrates as carbon sources, and are classified as a general
hydrocarbon degrading microorganisms (Gutierrez, 2017).
Therefore, it is possible that the high abundance in the northern
region may be due to a higher oil content in the sediment than in
the central and southern regions. Desulfobacterales in the δ-Pro-
teobacteria were the second most abundant order, accounting
for an average relative abundance of 9.23%. Desulfobacterales
may play a role in the sulfate reduction process, indicating that
sulfate reduction processes are common in sediments of the Bo-
hai Sea. These sediments are mainly affected by human activities.
These results may reveal that the organic pollution caused by the
industrial and agricultural development of the surrounding
coastal cities in the Bohai Sea environment was significant and
different, with contamination of regional sediments significantly
affecting patterns of microbial community composition.

Desulfobulbus was the most abundant genus at most samp-
ling stations, as shown in Fig. 8. All members of this genus can re-
duce sulfate and thiosulfate to hydrogen sulfide gas (Kuever et
al., 2015). Among the dominant species, Lutimonas, Halioglobus
and Caldithrix were significantly associated with Cr, Cu, Pb, Cd
and Zn (P<0.05). Some Lutimonas have been found to contain
catalase and oxidase, and have the ability to reduce nitrate to ni-
trite (Kim et al., 2014). In the ocean, the genus Halioglobus is
found to reduce nitrate to nitrogen (Park et al., 2012). Caldithrix
is a common genus in the ocean, which is associated with anaer-
obic respiration with molecular hydrogen or acetate as an elec-
tron donor and nitrate as an electron acceptor, especially in ther-
mophilic, halophilic and sulfide-rich environments. It can be
present in large amounts in petroleum-containing sediments and
participates in the nitrogen cycle, forming ammonium salts

(Alauzet and Jumas-Bilak, 2014; Miroshnichenko et al., 2003). In
the current study, it was also found that Caldithrix was signific-
antly correlated with sediment particle size (P<0.01) and TOC
(P<0.05). At Stas S104 and S101, which were most polluted by Hg,
the relative abundance of the Eudoraea genus was significantly
higher than that of other stations. As one of the dominant genera,
it is speculated that the genus may have a better Hg tolerance.
Some studies found that the Eudoraea genus has no effect on ni-
trates, but can use various carbon compounds as the sole carbon
source (Alain et al., 2008). The sediment of sampling Sta. 83 was
found to be polluted by various heavy metals. The relative
abundance of Desulfoconvexum was found to be four times high-
er at Sta. 83 than the average relative abundance of other sta-
tions, and was found to be abundant in the southern region
where heavy metal pollution was relatively serious. It was signi-
ficantly correlated with nitrate (P<0.05). Within this genus, some
species were found to be able to utilize organic matter in a vari-
ety of environments and eventually completely oxidized to car-
bon dioxide (Könneke et al., 2013).

5  Conclusions
(1) The main groups of bacteria in the sediments of the Bohai

Sea included Proteobacteria, Bacteroidetes, Planctomycetes,
Acidobacteria and Chloroflexi. At the genus level, Desulfobulbus
was most abundant, followed by Lutimonas, Halioglobus and
Caldithrix, with abundance significantly related to the presence
of heavy metals.

(2) Using real-time PCR and high-throughput sequencing of
bacterial 16S rRNA genes in sediment samples from 13 sampling
stations in the Bohai Sea, community structure diversity and
abundance of bacteria in the sediment were found to increase
from the northern region to the central region, and further in-
crease in the southern region.
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Fig. 8.   Star map analysis of the ten genera with the highest relat-
ive abundance.
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(3) In the Bohai Sea sediments were mainly polluted by Hg,
with highest levels of Hg pollution in the southern region, partic-
ularly at Stas S101 and S104, where the Hg the Hg concentration
was extremely high, an issue which deserves attention. In addi-
tion, sediments in the sea around Qinhuangdao were also af-
fected by a variety of heavy metals.

(4) The main factors influencing bacterial community struc-
ture in the sediments of the Bohai Sea were TOC content in the
sediment, followed by the depth and TP. The correlation between
heavy metals and bacterial communities showed the consistency
of the effects of Pb, Cd, Cr, Cu and Zn on the community, while
the effect of Hg on the community structure was not significant.
Arsenic content also showed a negative correlation with bacteri-
al community structure in the majority of samples.
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