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Marine oil spill pollution was one of the factors affecting the marine ecology of the
northeastern South China Sea (nNSCS). The submarine oil produced after the oil spill
had a long-term impact on the microbial community in the sediment. In this study, 16S
rRNA genes high-throughput sequencing and quantitative PCR were used to study the
composition and distribution of bacterial communities in deep-sea sediments; meanwhile,
petroleum hydrocarbon degrading bacteria were isolated, of which activity were detected.
Proteobacteria and Planctomycetota were the main bacterial phyla found in the samples
studied in this study. 29 bacterial strains capable of degrading petroleum hydrocarbons
were isolated from S02 and S39 sediment samples, belonging to genus
Stenotrophomonas, Pseudidiomarina, Sulfitobacter, Pseudomonas, Halomonas and so
on. Strains from Stenotrophomonas degraded petroleum hydrocarbons efficiently. This
research provided new insights into distribution pattern of benthic microbial community in
the nSCS, and validated the degradation potential of petroleum hydrocarbons by
indigenous bacteria.

Keywords: deep-sea sediments, the northeastern South China Sea, bacterial communities, petroleum hydrocarbon
degrading bacteria, low temperature

INTRODUCTION

Deep-sea sediments were the largest ecosystem on Earth and contained rich biological resources
(Cinzia, 2015). The environment of marine sediments was characterized by low temperature, high
pressure, and lack of oxygen, and there were also special areas such as high pH and high salinity
(Louvado et al., 2015; Danovaro et al., 2016; Perez Calderon et al., 2019). The source of organic
matter in the deep sea mainly included surface water with organics and died marine organisms
(Biddle, 2012; Azpiroz-Zabala et al., 2017). These factors resulted in significant differences among
community composition of deep-sea sediments (Kirkpatrick et al., 2019). Extensive investigation of
this difference was essential for further research on the distribution of marine microorganisms
(Webb et al., 2010).

The extraction and transportation of offshore oil resulted in the release of large quantities of
petroleum hydrocarbons into the environment (Duran and Cravo-Laureau, 2016). Oil spills would
not only have a toxic effect on organisms in water, but would also form submarine oil under the
action of particle aggregation, etc., which would be toxic to benthic organisms and affect the benthic
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ecosystem for a long time (Jacketti et al., 2020; Xue et al., 2021; Yu
etal., 2021). After the oil spill in the Gulf of Mexico, the detriment
and treatment of deep-sea oil spills and submarine oil aroused
people’s attention (Kostka et al., 2011; Kimes et al., 2013). The
remediation of oil pollution in the deep sea was still a difficult
problem, and the isolation of high-efficiency deep-sea petroleum
hydrocarbon degrading bacteria was the key to remediate
polluted environment in deep-sea (Agarwal and Liu, 2015).
Moreover, the low temperature in deep-sea would significantly
affect the degradation performance of petroleum hydrocarbon
degrading bacteria (Ferguson et al., 2017; Fasca et al, 2018).
Recent studies demonstrated there were plenty of hydrocarbon
degrading bacteria in the Mariana Trench (Liu J. et al,, 2019).
Although several petroleum hydrocarbon degrading bacteria had
been isolated from deep-sea sediments (Gao et al, 2015;
Tomasino et al, 2021), the current research on their
degradation potential was still limited.

The northeastern South China Sea (nSCS) was surrounded by
the coastal sedimentary belt of the Pearl River, the southwest side
of Taiwan Island, and the west side of the Philippines Island
(Luan et al., 2012). The nSCS water was affected by the Kuroshio
Current and the deep cold water of the Pacific flowing from the
Luzon Strait (Wang et al., 2018; Zhao, 2020). The change of
microbial community in this area was greatly affected by
exogenous pollutants (Graw et al., 2018). At the same time,
this sea area was major for oil exploration and transportation.
The distribution of petroleum hydrocarbons was affected by
ocean dynamics and sedimentation (Yang et al., 2015). In the
investigation of the distribution and source tracing of petroleum
hydrocarbons in this area, Gong et al. (2020) found that the
northeastern part of the SCS might have been polluted by oil for a
long time. Therefore, studying the microbial community
structure and diversity in the nSCS as well as isolating
potential native petroleum hydrocarbon degrading bacteria
were of great significance for the assessment and remediation
of environmental pollution.

In this study, according to the complex environmental
characteristics of the nSCS, a large-scale sediment sampling
method was adopted. After that, high-throughput sequencing
and quantitative PCR were used to study bacterial communities
in sediments at different regions and water depths. In this non-
culturing approach, the microbial diversity of indigenous deep-
sea sediments was explored. Two sampling sites with the largest
difference in water depths were selected for the isolation of low-
temperature petroleum hydrocarbon degrading bacteria, and the
petroleum hydrocarbon degradation potential of isolated bacteria
were investigated.

MATERIALS AND METHODS

Field Sampling and Chemical

Samples were collected by the R/V Xiang Yang Hong 18 during a
cruise in the SCS from August to September, 2020. The sediment
samples were collected with a box corer, then 0.5 cm thick surface
layer of sediment was scraped with a sterile spatula and placed in
steriled tubs. Sediment samples were stored at 4°C (for
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cultivation) and —-80°C (for DNA extraction). The distribution
of sampling sites in the study area was shown in Figure 1, and
details of sampling sites was listed in Supplementary Table S1.

Diesel was selected as target material for microbial
degradation of petroleum hydrocarbon pollutants in this study.
Diesel (0#) was obtained by PetroChina and filtered with a
0.22 um filter membrane. All chemicals, if not mentioned,
were of analytical grade.

Microbial Community and Genetic Analysis
One aliquot of the sediment was sent to Shanghai Meiji
Biomedical Technology Co., Ltd., for DNA extraction, high-
throughput sequencing and quantitative PCR. Primers and
PCR cycling conditions were shown in Table 1. Microbial
community structure and diversity were analyzed using the
online platform of Majorbio I-Sanger cloud platform (www.i-
sanger.com). The sequencing data had been uploaded to NCBI
SRA database (PRJNA802797) (https://www.ncbi.nlm.nih.gov/
sra/PRJNA802797).

Isolation, Screening and Activity Detection
of Petroleum Hydrocarbon Degrading

Bacteria

Medium

Four culture media were used: Artificial seawater (AS) media,
Mineral salt medium (MSM), simplified 2216E medium and 1/50
2216E medium. Formulas are shown in Supplementary Table S2.

Isolation and Culture

Concerned on the water depths and geographical differences of
sampling points, the sediments of S02 (S) and S39 (Q) sites were
selected for bacterial isolation and culture in order to explore the
abundance and ability of cultivable petroleum hydrocarbon
degrading bacteria in deep and shallow sediments.

Cultivable bacteria were measured using three methods. Y
method was inoculating 1 g sediment directly into AS medium
containing 1% diesel (v/v) and incubating at 10°C, 140 rpm for
30 days. The bacteria suspension was coated on the 2216E agar
plate. C method was to dilute the sediment and to spread
supernatant on 2216E agar plate coated with 200 pl diesel. G
method was to dilute the sediment and to spread supernatant on
1/50 2216E agar plate.

Bacteria in these samples were cultured at 10°C. Individual
colonies were purified by repeated streaking on 2216E agar plate,
and biodegradability test was conducted with purified isolates.

Screening With DCPIP

Biodegradability test used the 2,6-Dichloroindophenol and
sodium salt hydrate (DCPIP) redox indicator. Isolated
strains were pre-cultured in 5ml of 2216E (28°C, 140 rpm)
until the optical density at 600 nm became >1.0. After
centrifugation at 4000 rpm for 10 min, samples were washed
with AS, and then the cell density was adjusted to 1.0 according
to the optical density at 600 nm. 4 ml sterilized AS medium,
200 pl bacterial suspension, 400 ul 1 g/L DCPIP, 1% (v/v) diesel
and 0.05% Tween 80 were added into the test tube. The control
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FIGURE 1 | Water depths (unit: m) and sampling points in the northeastern South China Sea.
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TABLE 1 | Primers and PCR cycling conditions.

Primer name and sequence

For sequencing 515F 5'-GTGCCAGCMGCCGCGG-3'
907R  5'-CCGTCAATTCMTTTRAGTTT-3'
For quantitative PCR  338F 5'-ACTCCTACGGGAGGCAGC
AG-3'
518R  5'-ATTACCGCGGCTGCTGG-3'
For strain 27F 5-AGAGTTTGATCMTGGCTCAG-3'
identification 1492R  5'-

TACGGYTACCTTGTTACGACTT-3'

experiment was prepared without inoculum (Kubota et al,
2008; Montagnolli et al., 2015). The above system was
divided into two groups and incubated at 28 and 10°C in
shaker at 140 rpm for 5 days, respectively. The experiment
was observed daily, and color changed from blue to colorless
gradually. After 5 days, 2 ml of liquid was taken from each tube
into an EP tube and centrifuged at 8000 rpm for 15 min. The
supernatant was then analysed at 600 nm using the ultra violet-
visible (UV-VIS) spectrophotometer (Obi et al, 2016).
According to the equation, the decolorization rate was
calculated as follows:

AO _Ai

D=
Ay

x 100% (1)

Where D is the decolorization rate (%), A, is the absorbance of
control and A; is the absorbance of treated sample.

The degradation effect of diesel was evaluated according to the
decolorization rate. The strains with decolorization ability were
selected for further identification.

Strain Identification

After DNA extraction from purified target strains, PCR was
performed using the MiniAmp thermal cycler (Applied
Biosystems, United States). The PCR amplification system was

Thermal cycle

95°C for 3 min, then 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with an extension
at 72°C for 10 min
95°C for 3 min, then 40 cycles of 95°C for 5 s, 58°C for 30 s, and 72°C for 1 min

98°C for 2 min, then 30 cycles of 98°C for 10's, 55°C for 10's, 72°C for 25 s, and 72°C for 2 min

to mix 20 pl T3 Super PCR Mix, 1 pl Primer 27F, 1 ul Primer
1492R, and 3 pl DNA templates. The PCR products were sent to
the Qingke Biotechnology Co., Ltd., (Qingdao, China) for
sequencing. The 16S rRNA genes were performed by
comparing with EzBioCloud databases (Yoon et al, 2017)
(http://www.ezbiocloud.net/). The phylogenetic co-relation of
each isolate was analyzed by using MEGA 7.0 (Hall, 2013).

Diesel Degradation Effect Analysis
The biodegradation experiments were conducted in 100 ml
Erlenmeyer flasks with 50 ml of sterilized MSM supplemented
and 1% (v/v) diesel. Then, 1% (v/v) of the single bacteria
suspension was added into the Erlenmeyer flasks and
incubated at 28 and 10°C on a shaker at 140 rpm for 5 days.
After 5 days, the remaining diesel was examined through UV
spectrophotometry (Liu et al., 2018). The remaining diesel at 10°C
for control and experimental groups on day 5 was detected by gas
chromatography-mass spectrometry (GC-MS) (Agilent 19091S-
433, United States) (Shi et al., 2019).

Statistical Analysis

Community composition was based on the data table in the
tax_summary_a folder, using R programming (v.3.3.1) tools to
map. Sequences were clustered into distance-based (97%
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FIGURE 2 | Bacterial community similarity and composition in 12 samples. Dendrogram (left) based on Bray-Curtis similarity of bacterial communities on OTU level.
Bar charts (right) represented the relative abundance of bacterial phyla in each sample.
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similarity) operational taxonomic units (OTUs) using mothur
(version v.1.30.2). Microbial diversity was assessed using alpha
and beta diversity using QIIME. Samples were clustered based on
beta diversity, using Bray-curtis as a distance measure and
hierarchical UPGMA as a clustering method. Principal co-
ordinates analysis (PCoA) was to use R language PCoA
statistical analysis and mapping. The difference in species
abundance between the two samples was compared with the
chi-square test. Analysis of similarities (ANOSIM) was
performed using the anosim function from the R package
“vegan” with the Bray-Curtis metric. Differences in species
abundance between the two samples were compared between
arms using Fisher exact test and 95% exact ClIs. PICRUSt was
used to infer gene representation using taxanomic information
from 16S rRNA genes sequencing (Langille et al., 2013). Surfer
v17 (Golden Software) was used to visualize the nSCS geographic
distribution of the species diversity and functional pathways.

RESULTS AND DISCUSSION

Benthic Bacterial Community Composition
and Distribution Pattern in the nSCS

To estimate the community richness and diversity of the
communities, the a-diversity indices were analyzed at the
OTU level. The coverage index was greater than 97%
(Supplementary Table S3), which indicated that the
sequencing results in this run could represent the real
situation of microorganisms in the sample. The Shannon
curve tended to be flat, indicating that the amount of
sequencing data could reflect the vast majority of microbial
diversity information in a sample (Supplementary Figure S1).
In total, 64 phyla were observed in the 12 sediment samples.
Proteobacteria was the most dominant phylum, of which the
abundances of y-proteobacteria and a-proteobacteria was 16.45

PCoA on OTU level
0.6
0.4
X 024
B -
) :
= N31 :
N A .
TR PNRRRPRRRRRIP A
S39 2
e A :
0.2
0.4 :
06 04 02 0 02 04
PC1(21.35%)
FIGURE 3 | Principal coordinate analysis (PCoA) based on unweighted
UniFrac. (Yellow represents >1000 m group, blue represents <1000 m
group).

and 13.05%, respectively. This was followed by abundance of
Planctomycetota (15.26%), Acidobacteriota (11.26%),
Actinobacteriota (9.61%), Chloroflexi (7.14%), NBI-j (5.05%)
and Bacteroidota (4.01%). The differences in bacterial
communities of sediments were mostly related to factors such
as organic matter deposition (Giovannelli et al, 2013),
temperature, salinity, and oxygen content (Conte et al., 2018).
Combined with the hydrological characteristics of this sea area,
this difference was speculated to be mainly related to the influence
of water depths and exogenous organic matter (Graw et al., 2018).
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The sample similarity analysis based on the Bray-Curtis
dissimilarity at the OTU level showed that the community
composition of the samples was associated with water depths
(Figure 2). Sampling sites with similar water depths showed
stronger clustering relationships. All samples were clustered by
water depths (shallow:< 1000 m, deep:> 1000 m) (ANOSIM, r =
0.4138, p = 0.006). Similarly, PCoA based on unweighted UniFrac
distances showed that samples could be clustered into two
categories according to the water depths (Figure 3). The above
results could clearly show that water depths was an important
factor affecting the composition of bacterial communities in this
study. This conclusion was different from the study of the nSCS
sediments by Zhang et al. (2019). The reason of the difference
might be the deeper sampling water depths of this study.

From Figure 4A, it could be seen that both richness and
diversity were higher in sites near shore than sites far from shore.
This phenomenon could be explained by the source of exogenous
pollutants. S02 and S03 were affected by the terrigenous organic
matter transported by the Pearl River (Wang et al, 2021),
resulting in higher microbial diversity there. The study by
Yuan et al. (2015) confirmed the impact of petroleum
hydrocarbons input from the Pearl River on surface sediments.
Liu X. et al. (2019) also confirmed that the microbial community
at the estuary was largely affected by terrigenous organic matter.

The higher bacterial diversity of N31 and N36 was influenced by
various factors. They were located near the port on the southwest
side of Taiwan, existing obvious submarine landslides (Zhang
et al,, 2021) and being close to the production site of natural gas
hydrate (Han et al., 2021). The deep Pacific ocean current flowing
in from the Luzon Strait passed through the area first which might
carry organic pollutants from the east side of Taiwan Island
(Wang et al,, 2018),. These factors contributed to the complex
diversity of exogenous organic matter here, resulting in high
bacterial diversity. Compared with other sites, N36 and N31 had a
higher abundance of Bacteroidota (10.67%) (Figure 2).
Bacteroidota also showed high abundance in studies of the
Arctic and deep waters of the Indian Ocean (Gao et al., 2021).

At the deepest site in this study, S39, which was also the
furthest offshore site, different community abundance
compositions was observed. In site S39, the Planctomycetota
(31.48%) was the dominant phyla, and the second dominant
phylum was Chloroflexi (20.16%) (Figure 2). Planctomycetota
was widely present in marine sediments, and was able to utilize a
variety of organic and inorganic substances, which played an
important role in the global nitrogen and sulfur cycles
(Anantharaman et al., 2018). Chloroflexi was highly diverse in
sediments, utilizing hydrocarbons through anaerobic and aerobic
pathways and effectively promoting carbon cycling in sediments
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(Hug et al., 2013; Vuillemin et al., 2020). In the study of nearby
locations by Kong et al. (2021), Chloroflexi was also found to have
high abundance. S39 located in a deep-sea basin, where sediments
were transported here due to geological processes (Cao et al,
2015), resulting in changes of bacterial communities.

When the 16S gene abundance was studied by quantitative
PCR, it was found that the gene abundance was higher in the basins
deeper than 1000 m, and the overall performance was high in the
east and low in the west (Figure 4D). Functional pathways were
inferred from OTUs using PICRUSt and annotated with KEGG
database. It was found that “Xenobiotics Biodegradation and
Metabolism” and “Metabolism of xenobiotics by cytochrome
P450” also showed similar distribution (Figures 4B,C). Kaiser
et al. (2018) found that the content of petroleum hydrocarbons in
the sediments of this sea area was extremely low, but it also showed
high in the east and low in the west. Petroleum hydrocarbons could
be deposited on the surface of particles such as sediment in the
ocean, and the migration or resuspension of these sediments would
significantly affect the distribution of petroleum hydrocarbons (Jia
et al, 2019). The organic matter would be brought by the deep
Pacific currents flowing into the Luzon Strait, and might be
influenced by the internal currents of the SCS. Luna et al.
(2016) proposed that ocean currents near the continental shelf
could significantly influence on microbial function and
biogeochemical cycles. Therefore, the impact of ocean currents
on microbial communities in deep-sea sediments in the nSCS was
speculated to be greater than former thought (Lo et al., 2014; Sun
et al., 2021).

Screening and Identification of Petroleum

Hydrocarbon Degrading Bacteria
In subsequent study, S02 and S39 were selected to compare the
diversity of potential low temperature petroleum hydrocarbon

degrading bacteria in sediments at different water depths. The
species composition of two samples, S02 and S39, differed
significantly (Figure 5). In this study, three cultivation
methods with different characteristics were used. Method Y
was used to isolate strains that only relied on petroleum
hydrocarbons as carbon source for growth. Moreover, Method
C was to observe bacteria that can grow under oil pollution in the
presence of other carbon sources, whereas Method G was to
explore the ability of strains to grow under oligotrophic
conditions, and to study whether it could degrade petroleum
hydrocarbons.

Total 47 strains were isolated by three cultivation methods.
In order to efficiently screen out the strains with the ability to
degrade petroleum hydrocarbons, the DCPIP method was used
for preliminary screening. This method had been verified by
Kubota et al. (2008) and Montagnolli et al. (2015), and could
screen out potential petroleum hydrocarbon degrading
bacteria quickly and accurately. According to the screening
results of DCPIP evaluation method, the strains with
decolorization rate over 60% could be considered to have
degradation effect, and 29 strains were obtained that still
had the degradation performance of petroleum
hydrocarbons at low temperature (Figure 6).

Most of the 29 petroleum hydrocarbon degrading strains
belonged to Proteobacteria (Supplementary Figure S2).
Among them, the diversity of y-Proteobacteria was
relatively high, which was also the main bacteria responsible
for petroleum degradation in previous studies (Kostka et al.,
2011; Mason et al, 2012). The petroleum hydrocarbon
degrading bacterial strains isolated in this study mainly
belonged to genus Stenotrophomonas, Pseudidiomarina,
Sulfitobacter, Pseudomonas, and Halomonas, which all had
been widely isolated in the study of petroleum hydrocarbon
degradation (Varjani, 2017). In this study, Stenotrophomonas
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was more abundant, which was able to grow in harsh
environments and use a variety of substances (Ryan et al,
2009). There were more low temperature petroleum
hydrocarbon degrading strains isolated from S39 than from
S02. Hydrocarbon degrading microorganisms were more
abundant in the deep sea basin due to the accumulation of
organic matter and low temperature (Tomasino et al., 2021).
According to the results of decolorization rate and
identification results, the following 10 strains (YQ2, YQ3, YS3,
YS4, CQ3, CS3, CS4, CS9, GQ10, GQ13) were selected as low-
temperature petroleum hydrocarbon degrading strains in the
comprehensive site for diesel degradation rate experiments.

Diesel Degradation Effect Analysis

As shown in Figure 7, the screened strains all had some
degradation ability under both 10 and 28°C conditions. The
degradation rate of CQ3, GQ13, YQ3 and YS3 was higher at
28°C, but they were significantly inhibited at 10°C. However,
YQ2, YS4, CS3 and GQ10, showed paradoxical increase in
degradation rate at 10°C, and also showed more than 30%
degradation rate at 28°C. Among them, GQ10 had the highest
degradation rate (51.42% at 10°C), and shared 99.8%

FIGURE 8 | GC-MS of residual diesel. (Peak heights of n-alkanes C1o-
Cypy in GC-MS spectrum).

similarity with Pseudomonas zhaodongensis. This species
had been isolated in Heilongjiang Province, China (Zhang
et al.,, 2015) and the South Shetland Trench sediment in
Antarctica (Abdel-Mageed et al., 2020), and been proved to
have high low temperature growth activity. In this study, the
petroleum hydrocarbon degradation ability of Pseudomonas
zhaodongensis was unambiguously determined for the first
time. To further analyze the differences in the degradation of
specific petroleum hydrocarbons by the strains, GC-MS
analysis was used to study the degradation ability of 10
strains to diesel components at 10°C. The main alkane
components of diesel used in this experiment are C;o-C,;.
After alkanes were released into the environment, it could be
degraded by microorganisms fastest (Varjani, 2017). For full
GC-MS spectra, see Supplementary Figure S3. Figure 8
showed the peak heights of these alkanes in the GC-MS
spectrum, ordered from lowest to highest. It could be seen
that YQ2, CS3, YS4, GQ10 and CQ3 had obvious degradation
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to the petroleum alkane components in diesel, which matched
the degradation rate measurement results. C;; remained the
most abundant after degradation. Compared with other
n-alkane, the degradation degree of C;; by the strain was
low, but the difference was not obvious. The reason might be
that C;; was the most abundant in diesel, and the degradation
of the strains was relatively average for the degradation of
different alkane, and did not show specific degradation of a
certain n-alkane. Specifically, YQ2 had the strongest
degradation ability (>60%) to long and medium-chain
alkanes after 5days at 10°C, followed by YS4 and CS3.
They were all belonged to Stenotrophomonas. It also had
degradation ability to polycyclic aromatic hydrocarbons
(PAHs) (Arulazhagan et al., 2017). Stenotrophomonas was
widely used in environmental remediation due to good ability
to degrade petroleum hydrocarbons (Gargouri et al., 2011;
Elufisan et al., 2020). So, our study clearly shows the potential
of native microbial communities present in deep-sea
sediments in the nSCS for applications in petroleum
hydrocarbon pollution remediation.

CONCLUSION

There were obvious regional differences in bacterial community
composition and diversity in deep-sea sediments in the nSCS,
which were related to the influence of water depths and
exogenous organic matter. Proteobacteria and
Planctomycetota were the main bacterial phyla found in the
samples in this paper. Strains of y-proteobacteria
(Stenotrophomonas, Pseudidiomarina, Sulfitobacter,
Pseudomonas, and Halomonas) were isolated as the key
degrading bacteria of petroleum hydrocarbons in two
sediments (S02, S39). More potential petroleum hydrocarbon
degrading bacteria were present in deep-sea sediments. Under
low temperature conditions, Stenotrophomonas showed a
stronger ability to degrade petroleum hydrocarbons.
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