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degradation in marsh sediments. Therefore, taxonomic analysis, high-throughput sequencing and 16S rRNA functional prediction were used to analyze the structure and function of
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ness and decreased diversity when exposed to petroleum contamination. The dominant

Bacterial community

class changed from Deltaproteobacteria to Gammaproteobacteria after petroleum contam-
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ination. The phylum Firmicutes increased dramatically in oil-enriched sediment by 75.78%,
346.19% and 267.26% in LP, HP and TD, respectively. One of the suspected oil-degrading genera, Dechloromonas, increased the most in oil-contaminated sediment, by 540.54%, 711.27%
and 656.78% in LP, HP and TD, respectively. Spore protease, quinate dehydrogenase (quinone)
and glutathione-independent formaldehyde dehydrogenase, three types of identified enzymes, increased enormously with the increasing petroleum concentration. In conclusion,
petroleum contamination altered the community composition and microorganism structure, and promoted some bacteria to produce the corresponding degrading enzymes. Additionally, the suspected petroleum-degrading genera should be considered when restoring
oil-contaminated sediment.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In December 2012, a tanker sank and released 400 tons
of heavy crude petroleum in the Baimaosha water area of
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the Yangtze River Estuary. Under the impact of waves and
winds, the petroleum pollutants reached the western beach
of Chongming Island. The contaminated area of the tidal flat
reached 1.5 million m2 , and seriously affected the local brackish tidal marsh ecosystem (Wu, 2017). Petroleum spills, particularly large-scale accidents, such as occurred in the Gulf
of Mexico (Kappell et al., 2014), can have catastrophic impacts on coastal and estuarine environments (Ribeiro et al.,
2013). Brackish tidal marshes are among the most produc-
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tive ecosystems (Costanza et al., 1997) and are vulnerable
to hydrocarbon contamination (Joye et al., 2016), which can
cause varying degrees of disturbance to the ecological functions of tidal marsh ecosystems, (Atlas et al., 2015; Engel et al.,
2017) such as climate regulation, nutrient recycling and pollutant degradation (Ribeiro et al., 2013; Delgado-Baquerizo et al.,
2016). Furthermore, petroleum contamination also leads to
the loss of biodiversity and destruction of breeding habitats
of aquatic organisms, and is a hazard to biota, including humans (Zhu et al., 2004).
Intensive efforts have been made to assess the impacts
of petroleum contamination on marsh ecosystems, specifically on plant species, benthonic species and biogeochemical cycles (Pezeshki et al., 2000; Bae et al., 2018). Furthermore, petroleum spills have also stimulated intensive research to understand how microbial communities respond,
with the final goal of developing bioremediation strategies for
the recovery of the most extensively affected areas (Atlas and
Hazen, 2011). Previous research has shown that when exposed to petroleum contamination, marsh microbial communities responded similarly, with increased richness, changes
in structure, and decreased diversity (Ribeiro et al., 2013;
Lee et al., 2017; Bae et al., 2018). Microbes are the main mediators of biochemical reactions that affect many important
ecosystem services, (Kearns et al., 2016) and are responsible
for nutrient recycling and pollutant degradation (Ribeiro et al.,
2013; Zhu et al., 2004). Any losses in microbial diversity will
likely affect the provision of services negatively (DelgadoBaquerizo et al., 2016).
Oil-degrading bacteria could be the key players in the
process of biodegradation of petroleum hydrocarbons under oil-contaminated marsh environments (Kostka et al.,
2011; Mahmoudi et al., 2013). Biodegradation mediated by indigenous microbial communities is a key process by which
petroleum hydrocarbons are mineralized and removed from a
contaminated environment (Atlas and Hazen, 2011; Ron and
Rosenberg, 2014). Bacteria that can degrade petroleum spills
mainly include the phyla Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria (Acosta-González et al., 2015;
Engel et al., 2017; Lee et al., 2017). Gammaproteobacteria is the
dominant class in many oil-contaminated sediments (AlonsoGutiérrez et al., 2008), and many researchers have reported
on increases in these bacteria in oil-contaminated sediment,
such as sediment contaminated by the DWH (Deepwater Horizon Oil) spill (Kostka et al., 2011). Some oil-degrading bacteria have been isolated from oil-contaminated areas, including
members of the genera Alcanivorax, Cycloclasticus, Novosphingobium, Pseudomonas, Altermonas, Acinetobacter and Fusibacter
(Lee et al., 2011; Hassanshahian et al., 2012; Jin et al., 2012;
Chaudhary and Kim, 2016; Czainy et al., 2020). Microbial degradation agents are widely used to degrade petroleum. Alcanivorax is responsible for alkane biodegradation, and Cycloclasticus
can degrade various aromatic hydrocarbons (Harayama et al.,
2004). Microbial agents prepared using Bacillus spp., Pseudomonas spp. and Corynebacterium spp. can degrade 30% of
non-hydrocarbons, 37% of aliphatic hydrocarbons and 80% of
aromatics (Yassine et al., 2013).
Microbial communities in marine sediments (Ron and
Rosenberg, 2014; Harayama et al., 2004) and salt marshes
(Ribeiro et al., 2013; Engel et al., 2017) have been studied extensively after petroleum spills, but those of brackish tidal
marshes have been less researched. Furthermore, there have
been no research studies on the microbial communities of
oil-contaminated brackish marshes in the Yangtze River Estuary so far. Additionally, several studies have investigated
the community structure, diversity of microbes (Lee et al.,
2011; Kearns et al., 2016; Lv et al., 2016), microbial activity
(Marin et al., 2005; Jiang, 2012) and degradation of petroleum
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by indigenous microbial communities in other petroleumcontaminated areas (Mahmoudi et al., 2013; Lee et al., 2017;
Fakhrzadegan et al., 2019). However, exploring changes in microorganism community structure, screening for oil-resistant
genera and calculating the abundance of enzymes in different level petroleum-contaminated areas and physical remediation areas, have been less studied in previous research.
Thus, in this study, we characterized changes in the composition and abundance of native microbial communities
in response to different petroleum contamination levels in
brackish tidal marsh sediments. We also investigated the relationship between microbes and petroleum hydrocarbon concentrations. To set up comparative analyses, tidal marsh sediments were collected from four groups: uncontaminated sediment (CK), lightly polluted sediment (LP), heavily polluted
sediment (HP) and treated sediment (TD). This allowed us to
make comparisons between the communities. We hypothesized that petroleum contamination may alter the microorganism composition and structure and promote some bacteria to produce the corresponding degrading enzymes. If so,
the lightly and heavily polluted sediments and treated sediment may have different hydrocarbon degradation potential
and would undergo different community composition shifts
following exposure to petroleum contamination.

1.

Material and methods

1.1.

Overview of the study area

The petroleum spill in this study occurred in the open water of the Yangtze River Estuary, which is the gateway to the
East China Sea and has variable water levels and complex hydrodynamic forces (Wu, 2017). The study area is a tidal estuary wetland with long and narrow bottomland that was affected by the accidental contamination. The average pH of water and soil in this area is 8.2, which is slightly alkaline. Salinity of the area is <0.5% most days of the year, with maximum
≤1.5% in the dry season, indicating a brackish estuary wetland
(Jiang, 2012). The sediments are mainly gray and taupe sandclay silty sand. Vegetation forms are mainly estuary tidal flat
marshes and planted forests. Except for the barren beach with
a small amount of Scirpus mariqueter, the underlying surface
of the intertidal zone is mainly covered by Phragmites australis
with height of 2.0–3.5 m (Mulet et al., 2011)
After the petroleum spill, emergency measures were taken
to push the contaminated tidal sediments to the high tidal flat
for subsequent disposal in order to avoid secondary contamination. According to the risk assessment on the marsh ecosystem, areas with low and high risk were identified (Wu, 2017).
The LP group was sampled from the low-risk lightly polluted
areas and HP was sampled from low-risk heavily polluted areas. The contaminated sediment in the high-risk area was excavated (at a depth of about 1 m) and disposed of outside of
the site, which was the source of the treated site. The control
group was sampled from an uncontaminated area (Fig. 1).

1.2.

Sample collection

In early June 2015, sediment samples were collected from four
sites of the Baimaosha Marsh in the Yangtze River, China. At
each sampling site, surface sediments (0–10 cm) were sampled
at five points, with a 10 m distance between each point. Four
parallel samples were collected in each site. Once sampled,
500 g was taken for each parallel sample and dried at room
temperature (20°C), ground and passed through a 100-mesh
sieve, and stored at <-4°C in a refrigerator for physical and
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1.5.

Processing of sequencing data

The following criteria were used when raw fastq files were demultiplexed, quality-filtered by Trimmomatic and merged by
FLASH: (1) reads were truncated at any site receiving an average quality score <20 over a 50 bp sliding window; (2) primers
were exactly matched, allowing two-nucleotide mismatching,
and reads containing ambiguous bases were removed; (3) sequences with an overlap >10 bp were merged according to
their overlap sequence.
UPARSE (Version 7.1; http://drive5.com/uparse/) was applied for operational taxonomic units (OTUs) to be clustered
with 97% similarity cutoff and chimeric sequences were identified and removed using UCHIME. The taxonomy of each 16S
rRNA gene sequence was analyzed by RDP Classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA
database using confidence threshold of 70%.

1.6.

Fig. 1 – The map of sampling sites of the Baimaosha Marsh
in the Yangtze River, China.

chemical analyses; 5-10 g was taken from each parallel sample
to store in a sterile EP tube at -80°C for DNA extraction.

The 16S rRNA function prediction was used to standardize the
OTU abundance table by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt),
to remove the effect of the number of copies of the 16S rRNA
marker gene in the species genome. Then, through the corresponding greengene ID of each OTU, the COG family information and KEGG Ortholog (KO) information corresponding to
the OTU were obtained. According to the KEGG database, data
of Kegg Pathway, Enzyme Commission (EC) could be obtained,
and the abundance of each functional category could be calculated according to the OTU abundance.

1.7.
1.3.

Petroleum analysis

Total petroleum hydrocarbon (TPH) analysis was carried out
using a chromatographic method (Agilent 7890A GC, Agilent
Technologies Inc., USA) according to the specification for marine monitoring (GB 17378-2007). Concentrations of light (C17 –
C21 ) and heavy (C22 –C36 ) hydrocarbons in each sample group
were examined based on the number of carbon atoms. Heavy
carbon chains in C17 –C21 and C22 –C36 petroleum hydrocarbons
were selected because the proportion of C1 –C16 represented
<10% of the TPH content and could be ignored.

1.4.

DNA extraction and sequencing

1.4.1.

DNA extraction and PCR amplification

MP kits were utilized to extract microbial DNA from sediment
samples according to the manufacturer’s protocols. A NanoDrop 2000 UV-vis spectrophotometer was used to measure
the final DNA concentration and purification (Thermo Scientific, Wilmington DE, USA), and 1% agarose gel electrophoresis was used to check DNA quality. The V3-V4 hypervariable
regions of the bacteria 16S rRNA gene were amplified with
primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’GGACTACHVGGGTWTCTAAT-3’) by thermocycler PCR system
(GeneAmp 9700, ABI, USA).

1.4.2.

16S rRNA functional prediction

Statistical analysis

All statistical analyses were performed using R packages
(V.2.15.3). Correlation analysis was performed using Spearman’s rank test. Sample data were analyzed using one-way
analysis of variance (ANOVA). The data were analyzed on the
free website of Majorbio I-Sanger Cloud Platform.

2.

Results

2.1.
The concentrations of petroleum hydrocarbons in
sediment samples
The concentration of C17 –C21 ranged from 10–23.25 mg/kg (HP
> TD > LP > CK), which varied remarkably among the four
groups (P< 0.05, Fig. 2). The lowest concentration of C22 -C36
was in the CK with 25.25 mg/kg, and the highest was in HP
with 107.75 mg/kg; the C22 -C36 concentration significantly differed among the groups (P<0.05). The concentration of C17 -C21
and C22 -C36 in the HP was significantly higher than that in
CK, TD and LP (P<0.05). The concentration of C22 -C36 in the
LP and TD groups was significantly higher than that in CK. In
addition, no significant difference was identified between the
petroleum hydrocarbon concentrations of LP and TD.

2.2.
Change in microbial abundance and bacterial
richness and diversity

Illumina Miseq sequencing

According to the standard protocols from Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China), purified amplicons
were pooled in equimolar amounts and paired-end sequenced
(2 × 300) on an Illumina MiSeq platform (Illumina, San Diego,
CA, USA). The raw reads were recorded into the NCBI Sequence
Read Archive database (Accession Number: SRP186352).

Different sediments were used to directly analyze the abundance, richness and diversity of bacterial communities
(Table 1). The quantities of OTUs in bacterial communities
from the four samples are shown in a Venn diagram (Fig. 3a).
A total pool of 2414 OTUs was detected from the four groups.
The highest OTU number was obtained in HP (2072), followed
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Fig. 2 – Concentrations of petroleum hydrocarbons, four
samples from each group: concentrations of C17 –C21 and
C22 –C36 in samples in the group were averaged. Different
letters A, B, C mean significant differences in C22 –C36
content between different groups at p<0.05; Different
letters a, b mean significant differences in C17 –C21 content
between different groups at p<0.05.

Table 1 – Richness and diversity of bacterial communities∗ .
Sample

ACE

Simpson

Coverage

CK
LP
HP
TD

1678.4166 ± 47.2503b
1832.8808 ± 60.8880a
1863.6411 ± 121.8785a
1858.1204 ± 32.4775a

0.0034 ± 0.0003c
0.0048 ± 0.0007bc
0.0087 ± 0.0040a
0.0050 ± 0.0003b

0.9641
0.9582
0.9557
0.9576

∗
Different letters a, b, c in the same column mean significant
differences in richness and diversity of bacterial communities at
p<0.05.

Fig. 4 – Composition and abundance of sediment samples
from Baimaosha, CK, LP, HP and TD groups at phylum (a)
and genus (b) levels. Relationship between samples and
phyla/genera is shown in Circus figures.

significantly higher than that in CK (P<0.05). These results
suggested that the richness of the bacterial community was
significantly increased and the diversity was remarkably decreased after petroleum contamination. The richness and diversity of communities in the TD group were between those
of CK and HP. In addition, the Simpson index in TD was significantly lower than in the HP group (P<0.05), indicating that
diversity increased to some extent after treatment.
Fig. 3 – Venn diagram (a) and PCoA diagram (b), PCoA
ordination based on Bray Curtis similarities from CK, LP, HP,
and TD groups.

by LP, and the lowest was obtained in the CK (1843). The ACE
index patterns of the four samples were similar to those of the
OTU numbers. HP contained the highest ACE index value, followed by TD and LP, while CK contained the lowest ACE index
value, significantly lower than those in the other three samples (P<0.05). The Simpson index had its lowest value in CK
and highest in HP. The Simpson indices in LP and HP were

2.3.

Change in the bacterial community structure

16S rRNA gene sequencing was applied to uncover the soil
bacterial community structure. Sediment samples from CK,
LP, HP and TD contained 5280, 14 and 18 unique OTUs. Additionally, the HP and TD groups shared the maximum of 1843
OTUs, suggesting that HP and TD had high similarity in bacterial species. The OTU composition among the four sample groups differed significantly (ANOSIM, P<0.05). The clustering of OTUs was similar in TD and HP groups (Fig. 3b),
showing no significant difference between the compositions
of bacterial communities in TD and HP. The distribution of
bacterial phyla in four sediment samples is shown in Fig. 4a.
The four sediment samples mainly contained eight phyla (rel-

164

journal of environmental sciences 99 (2021) 160–167

Fig. 5 – One-way ANOVA bar plot of bacterial communities for four sediment samples at genus (a) and phylum (b) level.
Symbols ∗, ∗∗, ∗∗∗ indicate significant correlations at the 0.05, 0.01 and 0.001 levels, respectively.

ative abundance >1%) that represented approximately 90%
of the total groups: Proteobacteria, Bacteroidetes, Chloroflexi,
Firmicutes, Verrucomicrobia, Nitrospirae, Acidosbacteria and
Planctomycetes. Proteobacteria was the most abundant phylum in all samples, accounting for 40.85%, 46.91%, 41.52% and
46.29% of effective bacteria sequences from CK, LP, TD and
HP respectively. Because Proteobacteria dominated the bacterial communities and had increased abundance in contaminated sediments, further analysis was conducted within this
phylum at the class level. The class Deltaproteobacteria was
dominant in CK, Betaproteobacteria was dominant in LP, and
Gammaproteobacteria dominated the TD and HP samples.
The four sediment samples were assessed at the genus level
(Fig. 4b). The dominant genus in all sediments was Nitrospira,
accounting for 5.37%, 7.44%, 4.92% and 4.73% of the effective
bacteria sequences from CK, LP, TD and HP, respectively; the
next most abundant genera were Geobacter and Fusibacter.
Microbial communities in each group at the phylum and
class level were compared (Fig. 5a). The relative abundance of
Firmicutes, Verrucomicrobia, Acidobacteria, Planctomycetes,
Parcubacteria and Gemmatimonadetes were significantly different among the four groups of samples (P<0.05). Among
them, the relative abundance of Firmicutes increased with
increasing petroleum hydrocarbon concentration. The highest relative abundance of Firmicutes was observed in HP
(10.04%), followed by TD (7.19%) and LP (3.88%), while the
lowest was in CK (2.22%). However, the relative abundance
in HP and TD was significantly higher than that in LP and
CK. The relative abundances of Gammaproteobacteria significantly differed among the four groups (P<0.05), while the
relative abundance of Gammaproteobacteria increased in HP
and LP, and were significantly higher than that in CK and
TD. A genus-level analysis for the samples yielded eight genera with significant differences (P < 0.05) between the four
sediment samples (Fig. 5b). Among them, the relative abundance of Dechloromonas, Fusibacter, Dinghuibacter, Pseudomonas,
Chitinophaga and Acidaminobacter in HP, LP and TD was higher
than in CK, demonstrating that these genera might be related
to petroleum degradation. Among them, HP contained the
highest abundance of these genera. Compared with CK, the
abundance of Dechloromonas in HP was 7.11 times higher, followed by Fusibacter, 5.06 times higher, and that of Pseudomonas
increased the least, only 0.55 higher. The abundance of these
genera showed no significant difference between CK and TD.

Fig. 6 – Redundancy analysis (RDA) of the microbial
communities at the phylum level. Relationship between
sample environmental parameters (C17 –C21 and C22 –C36 )
and bacterial phyla is shown. The points represent sample
cluster, the red lines represent environmental parameters
and the green lines represent the bacterial phyla.

2.4.

Correlation analysis of environmental factors

Analysis of bacterial community compositions showed that
abundances increased dramatically in oil-contaminated sediment mainly in six genera within three phyla: Dechloromonas
and Pseudomonas in Proteobacteria; Fusibacter and Acidaminobacter in Firmicutes; and Dinghuibacter and Chitinophaga
in Bacteroidetes. The correlation analysis of environmental
factors (Fig. 6) at the phylum level showed that the concentration of petroleum hydrocarbons dramatically affected
the bacterial community compositions and structures. The
abundance of Proteobacteria, Firmicutes and Bacteroidetes
was positively correlated with petroleum hydrocarbon concentration. Environmental factor correlation analysis was
applied to genera and petroleum hydrocarbons (Fig. 7). The
abundance of the above six genera was positively correlated
with the petroleum hydrocarbon concentration. In addition,
Novosphingobium, Sphingomonas, Chitinophaga and Pseudomonas
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Fig. 7 – Spearman correlations at genus level. Relationship
between environmental parameters (C17 –C21 and C22 –C36 )
and genera is showed. Symbols ∗, ∗∗ indicate significant
correlations at the 0.05 and 0.01 levels among different
genus at the same environmental parameters, respectively.

were significantly positively correlated with hydrocarbon
concentration (P<0.05).

2.5.

16S rRNA functional prediction analysis

Because lipase, protease and dehydrogenase are related to
petroleum degradation, the relative abundances of these enzymes were analyzed (Fig. 8). The abundance of most enzymes we analyzed was the highest in HP, significantly higher
than in CK, LP and TD. Meanwhile, the abundance of most
enzymes in TD and LP was significantly higher than that in
CK. The abundance of spore protease in HP, LP and TD was
2.75, 1.18 and1.18 times higher than that in CK, respectively.
Among dehydrogenases, quinate dehydrogenase (quinone)
and glutathione-independent formaldehyde dehydrogenase
increased the most, by 90.24% and 125% in LP, respectively, by
in 156.44% and 106.91% in TD, and correspondingly by 426.83%
and 300% in HP.

3.

Discussion

Bacterial communities in marsh sediment are sensitive to
petroleum hydrocarbons (Dos Santos et al., 2011; Ribeiro et al.,
2013). Therefore, the abundance and structure of microbial
communities in the sediments of different groups were quite
different. The overall microbial communities’ abundance was
higher for all oil-contaminated sediments (HP, LP and TD)
than in uncontaminated soil (Fig. 3a). In addition, the compositions of OTUs varied remarkably (Fig. 3b), indicating that
petroleum had a strong disturbing effect on bacterial composition. The traditional treatment could reduce petroleum
hydrocarbon concentrations enormously (P<0.05). However,
HP and TD clustered closely and shared the most bacterial
species. These results suggested that physical remediation
could markedly reduce the concentration of petroleum hydrocarbons, but have no significant impact on the bacterial community structure.
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Fig. 8 – Enzymes of four groups in the KEGG pathway are
predicted and the relative abundance is shown. Enzymes
with different abundance between groups are displayed.
EC3.4.24.78: spore protease; EC1.1.5.8: quinate
dehydrogenase (quinone); EC1.2.1.46:
glutathione-independent formaldehyde dehydrogenase;
EC1.3.1.25:
1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate
dehydrogenase; EC1.2.1.20: glutarate semialdehyde
dehydrogenase; EC3.1.1.3: gastric triacylglycerol lipase.
Different letters a, b, c mean significant differences of
enzymes between different groups at P<0.05.

In terms of bacterial diversity and richness, the bacterial richness in CK was significantly lower than that in HP,
LP and TD, while the bacterial diversity in CK was significantly higher than that in HP and LP. These results showed
that petroleum contamination seemed to increase the bacterial richness and decrease diversity in the brackish tidal
marsh. It was suggested that not only did the relative community richness increase in response to the hydrocarbon input, but the relative intensities of those populations already
at detectable levels responded as well (Dos Santos et al., 2011).
Ribeiro et al. (2013) collected sediments in a temperate estuary,
spiked with petroleum and incubated for 15 days, and found
that the exogenous petroleum input could increase bacterial
richness and decrease diversity. The increase in bacterial richness was probably due to the growth of diverse species on the
degradable hydrocarbon fractions (Mahmoudi et al., 2013). Decreases of diversity were also observed in highly oiled marshes
(≥10,000 TPH mg/kg soil) sampled at the northern Barataria
Bay 2–3 years after the DWH petroleum spill (Atlas et al.,
2015). It was also found in other research that tremendous
decreases occurred in the diversity of oil-contaminated areas
(Santos et al., 2010; Delgado-Baquerizo et al., 2016). Petroleum
inputs have stimulated oil-degrading bacteria, a result presented in several studies (Atlas et al., 2015). The stimulation
increased the relative importance of these bacteria within the
bacterial community, which led to a reduction in diversity. As
microbial diversity is a critical driver of biogeochemical cycles, such declines imply deterioration of the potential for the
marshes to provide ecological services (Philippot et al., 2013;
Yang et al., 2015).
Sediment microbial community structure and specific
taxa distribution were found to have been easily affected by petroleum contamination. Significant differences
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in OTU composition between the four groups indicated that
petroleum contamination had a great impact on bacterial composition, which was consistent with other findings
(Ribeiro et al., 2013; Lv et al., 2016; Abena et al., 2020). In
addition, compared with CK, the dominant species of the
bacterial community changed in the petroleum spill area.
Proteobacteria was the dominant phylum among bacterial
communities in all sediment samples. However, the dominant class of sediment was changed after petroleum contamination; the class Deltaproteobacteria dominated in CK
sediment, and Gammaproteobacteria was dominant in HP,
LP and TD. The change could be the reason Gammaproteobacteria contains oil-degrading bacteria, such as Alcanivorax (Kostka et al., 2011). A study of supratidal sediments
affected by the DWH petroleum spill reported an increase
in populations of Gammaproteobacteria during the first 4
months after the spill, especially in the most heavily polluted
samples (Acosta-González et al., 2015). Kostka et al. (2011) also
found that members of Gammaproteobacteria (Alcanivorax,
Marinobacter) and Alphaproteobacteria (Rhodobacteraceae) were
the key players in petroleum degradation in the Gulf of Mexico.
These results indicated that the change in dominant species
was due to an increase in petroleum hydrocarbon concentration.
At the genus level, Dechloromonas, Fusibacter, Novosphingobium, Sphingomonas, Pseudomonas and Acidaminobacter were
sensitive to petroleum input, and positively correlated to
the concentrations of petroleum hydrocarbons. Dechloromonas
and Fusibacter increased by six and five times in HP respectively compared with CK (Fig. 5b). Dechloromonas played
an important role in hydrolytic-acidification and oil-organics
degradation (Wang et al., 2016), and it was the main genus
in sediments contaminated by petroleum spills (Lv et al.,
2016). Fusibacter had been associated with petroleum wells
(Lee et al., 2011), and it prefers anaerobic environments and
has yet to be determined to be involved in direct degradation of polycyclic aromatic hydrocarbons (Gupta et al.,
2009). Novosphingobium was significantly and positively correlated with petroleum hydrocarbon concentration (P<0.01,
Fig. 5b). Novosphingobium could grow using diverse PAHs as
the sole carbon source (Segura et al., 2017). Many petroleumdegrading strains of Novosphingobium have been screened in
oil-contaminated areas (Gupta et al., 2009; Chaudhary and
Kim, 2016). Sphingomonas was significantly positively correlated with the petroleum hydrocarbon concentration (P <0.05,
Fig. 5b). Pseudomonas could grow on either hexadecane or
naphthalene (Mulet et al., 2011), and was easily isolated
from intertidal sediments of polluted beaches (Salam, 2016).
Sphingomonas and Acidaminobacter were also the genera that
sharply increased in abundance in oil-contaminated areas
in the present study and were positively correlated with
petroleum contamination. Sphingomonas was found to be capable of degrading a wide range of PAHs (2-4 rings) (Luo et al.,
2012) and was easily isolated from areas contaminated by
crude petroleum (Chaudhary and Kim, 2016). In addition, Acidaminobacter, which is an amino acid fermentation taxon, had
been detected in PAH-degrading methanogenic communities
(Chang et al., 2010) and was involved in biological electrontransfer, carbon and nitrogen cycles, and organic contaminant
degradation (Jiao et al., 2016).
The enzyme abundance of the microbial community in
brackish marsh sediments also changed during the oil contamination. Most lipase, protease and dehydrogenase enzymes we analyzed in CK were significantly lower than
those in TD, HP and LP (P<0.05). Protease and lipase are in
the class of enzymes performing degradative and synthetic
functions that are physiological necessities for microorganisms (Lee et al., 2015). Dehydrogenase activity was found to
be related to the degradation of TPHs and could be used

to characterize the degradation of petroleum hydrocarbons
in soils (Kong et al., 2017). Lipase, protease and dehydrogenase have often been studied in oil-contaminated areas
(Dindar et al., 2015; Lee et al., 2015). The abundance of spore
protease in HP, LP and TD was 2.75, 1.18 and 1.18 times
higher than that in CK, respectively, suggesting that the abundance of spore protease rose with increasing petroleum concentration. Lipase was found to be a valuable indicator for
the bioremediation process of petroleum-contaminated sediments (Margesin et al., 1999; Ra et al., 2019) and is one of
the most common extracellular secretions by bacteria inhabiting oil-rich soil (Lee et al., 2015). The marked increase
in sediment lipase activity or abundance is probably due
to the fact that oily substances in petroleum-contaminated
sediments stimulate the growth and metabolism of oildegrading microbial flora (Geissen et al., 2008). Spore protease was the protease with the most notable increase in relative abundance with contamination degree, indicating that
spore protease is sensitive to petroleum contamination. In
this study, the abundance of the four dehydrogenases in
petroleum hydrocarbon-contaminated sediments increased
dramatically, with the greatest increase seen for quinate dehydrogenase and glutathione-independent formaldehyde dehydrogenase, which increased by 90.24% and 125% in LP respectively, by 156.44% and 106.91% in TD, and correspondingly by 426.83% and 300% in HP. In the process of microbial degradation of petroleum hydrocarbons, hydrogen atoms
in petroleum hydrocarbons were activated through dehydrogenases and transferred to specific hydrogen acceptors to
achieve oxidation and conversion of petroleum hydrocarbons
(Neilson, 2000). Previous studies showed that dehydrogenase
activity had remarkable positive correlation with petroleum
hydrocarbon concentrations in sediments (Markowicz et al.,
2016) and significant correlation with petroleum hydrocarbon
attenuation (Marin et al., 2005).

4.

Conclusions

Microbial communities among uncontaminated, lightly
petroleum polluted, heavily petroleum polluted, and treated
sediments in a brackish tidal marsh were analyzed. The
petroleum contamination not only changed the richness
and diversity of sediment species, but also affected the
composition of sediment bacteria, which was manifested by
increased richness and reduced diversity. Physical repair had
a great influence on the concentration of petroleum hydrocarbons, but had little effect on microbial communities. The
dominant phylum of bacteria in each sediment group was
Proteobacteria, within which the dominant class changed
from Deltaproteobacteria to Gammaproteobacteria after the
petroleum spill. The abundance of Firmicutes increased
markedly with petroleum contamination, and six suspected oil-degrading genera were identified: Dechloromonas,
Fusibacter, Novosphingobium, Pseudomonas, Sphingomonas and
Acidaminobacter. Dechloromonas and Fusibacter were the two
genera that increased the most in oil-contaminated sediment.
The abundances of spore protease, quinate dehydrogenase
and glutathione-independent formaldehyde dehydrogenase
increased enormously with the increased petroleum concentration. In this study, the influence of sediment contamination
on the tidal flat wetland and the composition and response of
the microbial community under contamination stress were
analyzed. The suspected petroleum-degrading genera also
provide a basis for further investigation and assessment,
treatment and restoration, technology and management of
the estuarine petroleum spill accident.
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