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Abstract
Marine bacteria have recently been identiﬁed as a potent solution for petroleum hydrocarbon
degradation in response to hazardous oceanic oil spills. In this study, a mesocosm experiment simulating a
petroleum spill event was performed to investigate changes in the abundance, structure, and productivity of
bacterial communities in response to oil pollution. Cultured heterotrophic bacteria and total bacteria showed
a consistent trend involving an immediate decrease in abundance, followed by a slight increase, and a steady
low-level thereafter. However, the changing trend of bacterial productivity based on bacterial biomass and
bacterial volume showed the opposite trend. In addition, the density of oil-degrading bacteria increased
initially, then subsequently declined. The change in the bacterial community structure at day 0 and day 28
were also analyzed by ampliﬁed ribosomal DNA restriction analysis (ARDRA), which indicated that the
species diversity of the bacterial community changed greatly after oil pollution. Alphaproteobacteria (40.98%)
replaced Epsilonproteobacteria (51.10%) as the most abundant class, and Gammaproteobacteria (38.80%)
became the second most dominant class in the whole bacterial community. The bacterial communities in
oil-contaminated seawater (32 genera) became much more complex than those found in the natural seawater
sample (16 genera). The proportion of petroleum-degrading bacteria in the oil-contaminated seawater also
increased. In this study, culture-dependent and culture-independent approaches were combined to elucidate
changes in both bacterial productivity and community structure. These ﬁndings will contribute to a better
understanding of the role that bacteria play in material cycling and degradation in response to oil pollution.
Keyword: petroleum pollution; bacterial community; bacterial growth; ampliﬁed ribosomal DNA restriction
analysis (ARDRA)

1 INTRODUCTION
Given the frequency of oil spills worldwide,
petroleum pollution has become a serious problem in
many marine ecosystems. Thus, eﬀective treatments
in response to oil pollution has become a primary
concern.
Typically,
mechanical
methods,
bioremediation, and surfactant chemical methods are
used to remove hydrocarbons from contaminated
marine sites. Among them, biodegradation through
bioremediation processes is the most promising
technology since it is more economical and
environmentally friendly than other methods (Varjani

and Srivastava, 2015). Bacteria are the primary
degraders in the natural biodegradation process of
hydrocarbons, and as such have become the focus of
research on petroleum remediation and treatment
(Meckenstock et al., 2016).
Over the past decade, most studies have been
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conducted on the types of oil-degrading bacteria and
their oil degrading eﬃciency. Many studies focus on
which bacterial species were most eﬃcient in oil
degradation and under which speciﬁc conditions
(Yakimov et al., 2007; Mishamandani et al., 2016;
Zhou et al., 2016). These studies also showed that oildegrading bacteria typically bloom and become
dominant members of the prevailing bacterial
communities thus amplifying the bioremediation
process (Yakimov et al., 2007; Mishamandani et al.,
2016; Zhou et al., 2016). To date, more than 79 genera
of oil-degrading bacteria have been identiﬁed, and the
number of species is still growing (Prince et al.,
2010). The eﬃciency of oil-degrading bacteria can
reach approximately 90%, however, it may be aﬀected
by many factors including salinity and nutrients (Bai
et al., 2007).
Studies have also shown the impact of oil pollution
on changes in abundance and structure of bacterial
communities (Brakstad and Lødeng, 2005; Cappello
et al., 2007). Changes in heterotrophic cultured
bacteria, hydrocarbon-degrading bacteria, and total
bacterial in oil-contaminated ecosystems have been
primarily monitored by culturing techniques or Most
Probable Number (MPN) analysis (Brakstad and
Lødeng, 2005; Cappello et al., 2007). Previous studies
have shown that the growth of bacteria, especially oildegrading bacteria, is stimulated by oil pollution in
the initial stages, followed by a variety of trends that
range from an overall decline to a series of ﬂuctuations
(Brakstad and Lødeng, 2005; Cappello et al., 2007).
This was largely due to diﬀerences in experimental
conditions among the various studies. Likewise,
analysis of bacterial communities present in oilcontaminated ecosystems originally relied upon using
culture-dependent methods. One downside was that
the cultivation approaches used in these studies could
only cultivate less than 1% of bacterial species
(Amann et al., 1995). However, knowledge of
bacterial diversity was greatly improved by advanced
molecular technologies (Scopa et al., 2006; Wu et al.,
2017). Previous studies indicated that the diversity of
bacterial communities is greatly aﬀected by oil
pollution, but that the changing trend over time clearly
diﬀered. For example, some studies indicated that the
diversity of bacterial communities decreased during
the ﬁrst 1–3 weeks (Brakstad and Lødeng, 2005;
Zraﬁ-Nouira et al., 2009), whereas Cappello et al.
(2007) reported that the bacterial communities
responded with increased diversity during the ﬁrst
15 d. These discrepancies indicate that there are

Vol. 37

several factors to be considered in studying bacterial
degradation in oil pollution. These factors include
type of oil involved, location of the oil exposure,
factors in the exposed ecosystem, and the addition of
nutrients such as nitrogen, phosphorus, and iron
(Viggor et al., 2013; Acosta-González et al., 2015). In
most of these studies, reported changes in bacterial
community structure after oil pollution designated the
bacteria as decomposers. However, the role of bacteria
as “producers” in these systems was rarely noticed.
Bacterial productivity plays an important role in the
energy transfer of marine ecosystems and needs to be
considered. The study of bacterial productivity is
crucial to understanding material circulation after oil
pollution to ascertain the impact of oil pollution on
bacterial productivity.
In recent years, in situ tests and laboratory
experiments designed to simulate petroleum spill
events have been used to study changes in bacterial
communities after oil pollution. Due to the frequent
occurrence of oil pollution accidents worldwide, in
situ investigations have become a common test.
Although in situ investigation is preferred, an opensea oil slick is easily dissipated, thus containing the
slick for this type of study is not feasible (Brussaard
et al., 2010). In addition, this method is susceptible to
the eﬀects caused by advection, diﬀusion, and mixing
under natural ocean conditions and is also susceptible
to human factors when sampling from inside the
experimental spill (Chronopoulou et al., 2015).
However, controlled laboratory studies such as
microcosms and mesocosms may reduce the inﬂuence
of uncontrollable environmental variables (Wu et al.,
2017), while also allowing for the proper collection
and disposal of contaminants at the end of the
experiment (Prince, 2015). In terms of microcosms
and mesocosms, a microcosm is simple and convenient
to operate, but the experimental volume of a
microcosm is relatively small, and as such cannot
eﬀectively simulate in situ research. In contrast,
compared with small-scale laboratory microcosms,
mesocosms, which are typically within the range of
1–10 m3 seawater, are closer to real environmental
situations and may be optimal in obtaining
representative bacterial data isolated from larger
volumes (Lebaron et al., 2001).
In this study, a mesocosm experiment was selected
to analyze changes in bacterial communities from
three diﬀerent perspectives: quantity, structure, and
productivity. Changes in bacterial communities
during the biodegradation processes may provide a
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scientiﬁc basis for bioremediation of petroleum
pollution.

2 MATERIAL AND METHOD
2.1 Material
Five liters of Boxi crude petroleum was used in this
study as the test oil. The test pool was a marine oil
spill weathering process simulation pool which was
5-m long, 3-m wide, 0.4-m high, with a water depth
of 0.2 m. Three hundred liters of seawater from the
surface of the Shilaoren Sea in Qingdao was collected
and used in the test pool.
2.2 Experimental treatment
The temperature and illumination were kept at
25°C and 1 000 lux, respectively. Three liters of
seawater was collected from the test pool at 0, 7, 14,
21, and 28 d. Fifty milliliters samples were ﬁxed with
sterile formaldehyde at a ﬁnal concentration of 2%
(v/v) for cell counts. All samples were stored at 4°C in
the dark, transported to the laboratory for processing
and immediately analyzed for bacterial abundance.
Samples for bacterial community analysis were
ﬁltered through a 0.2-μm ﬁlter membrane and then
stored at -80°C until DNA extraction.
2.3 Analysis
productivity

of

bacterial

abundance

and

Heterotrophic plate count (HPC) was used to count
the cultured bacteria from collected samples. Colonyforming bacteria were isolated by a marine agar 2216
medium (Xu et al., 1999). Colonies were counted
after 7 d of incubation at 28°C. The abundance of
total bacteria was determined by using the standard
methods of Acridine Orange Direct Counts (AODC)
(Xu et al., 1999). The bacterial biomass and volume
were also calculated in this study according to
following formula.
V=π/4(L–W/3)W2,
where V: bacterial volume (μm3); L: bacterial length
(μm); W: bacterial width (μm).
BB=8.9910-8Vm0.59BN
where BB: bacterial biomass (μg/L); Vm: bacterial
volume (μm3/cell); BN: the number of bacteria
(cell/L).
In addition, based on the bacterial biomass and
bacterial volume, bacterial productivity was also
calculated (Fuhrman and Azam, 1980; Porter and
Feig, 1980).
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The abundance of oil-degrading bacteria was
determined by the Most Probable Number (MPN)
method (Wrenn and Venosa, 1996). The medium
consisted of (per liter of distilled water): NH4NO3,
1.0 g; K2HPO4, 1.0 g; MgS04∙7H2O, 0.1 g; trace
amount of FePO4; NaCl, 15 g; No. 20 diesel 1%
(W/V); pH 7.2.
2.4 Analysis of change in bacterial community
structure at day 0 and day 28 by ampliﬁed
ribosomal DNA restriction analysis (ARDRA)
Samples were collected from the test pool on day 0
and day 28 of the study and subsequently labeled A
and B, respectively. Approximately 1 L of sample was
ﬁltered through a 0.2-μm pore-size ﬁlter membrane.
Bacteria were collected on ﬁlter membrane and the
total genomic DNA was extracted as previously
described (Osborn et al., 2000).
Bacterial universal primers were used to amplify
the 16S rRNA, namely 5′-AGAGTTTGATCCTGGCTCAG-3′ (27F) and 5′-GGTTACCTTGTTACGACTT-3′ (1492R). DNA ampliﬁcation was conducted in
50 μL PCR mixture containing 500 μmol/L dNTP,
2 μL of each primer, 20 mmol/L Tris-HCl pH 8.3,
100 mmol/L KCl, 3 mmol/L MgCl2, 0.1 U of Taq
polymerase and 2 μL of template DNA. Negative
control reactions were executed without DNA. Touchdown PCR was performed to improve speciﬁcity of
the ampliﬁcations. After initial denaturation for 5 min
at 95°C, a touch-down PCR was conducted with
20 cycles consisting of 1 min denaturation at 95°C,
1 min annealing at 65°C and 1 min elongation at
72°C. In the next 20 cycles the temperature of
annealing was lowered by approximately 0.5 degrees,
followed by 10 cycles of 1 min at 95°C, 1 min at 55°C
and 1 min at 72°C. A ﬁnal extension step was done for
10 min at 72°C.
The PCR products were subjected to 1% agarose
gel electrophoresis. The target DNA bands were
extracted with a DNA gel extraction kit (TIANGEN,
Beijing) and ligated to the pGM-T Vectors. Then, the
ligation mixture was transformed into competent
E. coli strain TOP10. Positive clones were screened
using ampicillin and by PCR. Primers T7
(5′-TAATACGACTCACTATAGGG-3′) and SP6
(5′-GATTTAGGTGACACTATAG-3′) were used to
ﬁltrate positive clones. Five microliters of PCR
products were subjected to 1% agarose gel
electrophoresis. The PCR products of positive clones
were used as template DNA, and 27F and 1492R were
used as primers for the second ampliﬁcation. Finally,
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complete digestions. Digests were separated on 3%
(wt/vol) agarose Tris-Boric acid-EDTA (TBE) gels
and analyzed.
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Restriction patterns of individual isolates and
clones were handled by the software of DNASTAR.
Lasergene.v7.1 and SeqMed program. In addition,
CHIMERA-CHECK was also used to eliminate
chimera sequences. The ﬁnal sequences were
compared to known sequences in GenBank. The most
similar sequences of each construct were selected for
DNA sequence comparison by using the Clustal X
(1.8) software. Shannon-Weiner, Evenness, and
Simpson indices and the Margalef index were
calculated as described (Elshahed et al., 2003).
Diversity coverage was also calculated as described
by Good (1953).

3 RESULT
3.1 Changes
productivity
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Fig.1 Changes in the abundance of cultured heterotrophic
bacteria and total bacteria (a), bacterial biomass and
bacterial productivity (b), bacterial volume (c)

PCR products were subjected to restriction enzyme
analysis.
The ampliﬁed DNA was digested with RsaI and
MspI to generate restriction proﬁles. Restriction
analysis of ampliﬁed DNA was done with 10 μL of
PCR mix, which contained 0.25 μL of the restriction
enzyme (RsaI and MspI), 1 μL of 10× NEBuﬀer
(New England Biolabs) and 5 μL of PCR product.
Incubations were done for 1 h at 37°C to ensure

in

bacterial

abundance

and

Changes in abundance of cultured heterotrophic
bacteria and total bacteria showed a similar trend
during the 28 d of the experiment. The trend involved
a decrease in the ﬁrst 7-d, then a slight increase from
the 7th to the 14th day, followed by relatively low
steady-state levels afterwards. The number of cultured
heterotrophic bacteria and total bacteria ranged from
2.9105 cfu/mLto 7.5105 cfu/mL and 5.41010 cell/mL
to 1.11011 cell/mL, respectively. Changes in the
abundance of bacterial biomass (3.9102 μg/L to
5.3102 μg/L) showed a similar trend with that of
cultured heterotrophic bacteria and total bacteria.
However, changes in the trend of bacterial volume
and bacterial productivity (calculated according to
bacterial biomass and bacterial volume) were
inconsistent. The levels of bacterial volume and
bacterial productivity increased with time, and peaked
on the 7th day at 0.110-1 μm3 and 40.92 μg C/(L∙h)
from 0.710-2 μm3 and 22.19 μgC/(L∙h), respectively
(Fig.1). The partial ﬂuorescence micrograph of
bacteria is shown in Suppl. Fig.1.
Besides, the abundance of oil-degrading bacteria
increased with time and reached a peak of 9.5102 cell/
mL on the 21st day with a subsequent decline later in
the period. In addition, a similar trend was observed
in the ratio of oil-degrading bacteria to the total
number of bacteria (Fig.2).
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Fig.2 Changes in the abundance of oil-degrading bacteria (a) and the ratio of oil-degrading bacteria to the total number of
bacteria (b)

3.2 ARDRA
3.2.1 16S rRNA PCR ampliﬁcation results of samples
A and B
The 16S rRNA PCR reaction products of samples
A and B were 1 500 bp. The 16 s rDNA PCR
ampliﬁcation results of samples A and B are shown in
Suppl. Fig.2. A1-A4 were the 16 s rRNA PCR
ampliﬁcations of sample A, and B1-B4 were the 16 s
rDNA PCR ampliﬁcations of sample B.
3.2.2 The construction of 16S rRNA clone libraries
Two hundred clones from each sample were
randomly selected for positive clones. Libraries A
and B yielded 167 and 183 positive clones,
respectively. The coverage of the two libraries were
80.5% and 76.5%, which may reﬂect the bacterial
diversity of the samples (Table 1). For sample A, the
Margalef index was 7.42, there was an Evenness of
1.49, and the Shannon-Weiner and Simpson indices
were 4.30 and 0.91, respectively. For sample B, the
Margalef index was 8.83, there was an Evenness of
1.58, and the Shannon-Weiner and Simpson indices
were 4.97 and 0.96, respectively (Table 1). The
electrophoretic proﬁle of partial 16S rRNA PCR
ampliﬁcation of screened positive clones is shown in
Suppl. Fig.3. The size of fragments was approximately
1 600 bp.
3.2.3 Whole community ARDRA patterns of the two
samples
As shown in Fig.3, 157 and 183 positive clones of
samples A and B were digested by two restriction
endonucleases: RsaI and MspI. There were 39 and 60
diﬀerent restriction patterns obtained from samples A
and B, respectively.

Table 1 Coverage and the diversity indices of four composts
0d

28 d

Margalef Index

7.42

8.83

Evenness

1.49

1.58

Coverage (%)

80.5

76.5

Shannon-Weiner

4.30

4.97

Simpson

0.91

0.96

3.3 Bacterial community structures in sample A
At phylum level, three prokaryotic phyla were
found in sample A: Proteobacteria (80.84%),
Bacteroidetes (14.37%) and Actinobacteria (4.79%).
Proteobacteria was the dominant phylum, followed
by Bacteroidetes. At the class level, six classes of
prokaryotes were found overall (Fig.4a). Of the entire
bacterial community, Epsilonproteobacteria (51.10%)
was the most abundant class, with Alphaproteobacteria
(17.96%) and Betaproteobacteria (7.19%) being the
second and third most abundant. Sixteen genera were
identiﬁed (Fig.5a). Arcobacter (51.50%) was the most
abundant, followed by Lentibacter (8.98%) and
Lutibacter (7.78%). Other genera were well
represented, such as Aquimarina (5.99%) and
Aquiluna (4.79%). Based on these data, a
representative of each genus was selected to perform
a phylogenetic analysis for 16S rRNA gene sequence
analysis (Fig.6a).
3.4 Bacterial community structures in sample B
At phylum level, three prokaryotic phyla were
found in sample B: Proteobacteria (97.81%),
Bacteroidetes (1.64%) and Actinobacteria (0.55%).
At the class level, eight prokaryotes classes were
found (Fig.4b). Of the entire bacterial community,
Alphaproteobacteria (40.98%) was the most abundant
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b

Fig.3 Partial ARDRA patterns of sample A (a) and sample B (b) obtained after restriction of the ampliﬁed 16S rRNA gene
with two diﬀerent enzymes (RsaI and MspI)

class, with Gammaproteobacteria (38.80%) and
Betaproteobacteria (13.66%) being the second and
the third most dominant classes, respectively. There
were 32 genera identiﬁed (Fig.5b). Legionella
(16.94%) was the most abundant genus, followed by
Methylotenera (11.48%) and then Cycloclasticus
(10.38%). Other genera were well represented, such
as Oceanibaculum (9.84%). They all appeared
regularly in oil-contaminated environments and were
regarded as oil-degrading bacteria. In addition, some
other bacteria related to petroleum-degradation also
appeared, such as Thalassospira (2.73%), and
Alteromonas spp. (1.64%). These were not found in
sample A. Furthermore, based on these data, a
representative of each genus was also selected to
perform a phylogenetic analysis for 16S rRNA gene
sequence analysis (Fig.6b).
In this study some species, which were regarded as
oil-degrading bacteria in previous studies, emerged
28 d after oil pollution. These organisms included
Cycloclasticus (Yakimov et al., 2007), Thalassospira
(Zhou et al., 2016), Porticoccus (Gutierrez et al.,
2012), Arenibacter (Mishamandani et al., 2016),
Sulfurimonas (Sun et al., 2017), Pusillimonas (Lladó
et al., 2013) and Azoarcus (Ruan et al., 2016). Among
them, Cycloclasticus, Thalassospira, and Porticoccus
are common oil-degrading bacteria.

4 DISCUSSION
4.1 Analysis of changes in abundance and bacterial
productivity
Recent

studies

have

shown

that

bacterial

communities in oil-contaminated ecosystems are
greatly aﬀected by oil pollution. In this study, there
was a rapid decline in the abundance of bacteria from
day zero to day seven. However, previous studies
have shown that the abundance of bacteria increases
in the initial stages of petroleum pollution
(Hassanshahian et al., 2014; Wu et al., 2017). One
signiﬁcant diﬀerence is that in previous studies
nutrients were added to oil-contaminated seawater.
The addition of nutrients provided the necessary
conditions for signiﬁcant bacterial growth, leading to
an increase in the abundance of bacteria (Röling et al.
2002). However, to accurately simulate the natural
environment, we performed the experiment without
adding additional nutrients to the seawater. The
decreased bacterial abundance may also be caused by
the toxicity of the oil used, as diﬀerent types of oil
may have diﬀerent eﬀects (Zanaroli et al., 2010).
Moreover, the change in trend of bacterial productivity
increased with time in the beginning stages. Piehler et
al. (2002) also reported that bacterial productivity
was elevated to some extent after adding diesel fuel.
Chronic petroleum pollution has been found to have
diﬀerent eﬀects on bacterial productivity, ranging
from stimulation to inhibition (Montagna et al., 1987;
Long et al., 1995). It is well known that bacterial
productivity is closely linked to bacterial biomass and
bacterial volume. As bacterial volume and productivity
have a consistent changing trend, we speculate that
bacterial volume has a greater impact on productivity
than bacterial biomass. The increase in bacterial
volume was caused by the absorption and utilization
of oil components.
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Fig.5 Relative abundance of bacterial 16S rRNA gene sequences presented at the genus level
a. 0 d; b. 28 d.

Furthermore, the abundance of oil-degrading
bacteria increased apparently in the initial stage and
was followed with a subsequent decline later in the
period. The proportion of oil-degrading bacteria to
the number of cultured heterotrophic bacteria
increased from 0.1% to 30.75% (Fig.2), which is

consistent with previous reports (Atlas, 1981, 1991;
de la Cueva et al., 2016). Oil-degrading bacteria
accounted for less than 0.1% of the total population in
unpolluted ecosystems. However, oil-degrading
bacteria were often seen to increase from 1%–10% of
the microbial communities in an environment
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AB180657 Thiobacter subterraneus (T)
B-67
CP001672 Methylotenera mobilis (T)
B-86
B-57
ARVU01000001 Cycloclasticus pugetii (T)
B-176
EF468719 Porticoccus litoralis (T)
B-183
AF529060 Alteromonas marina (T)
B-142
B-80
B-16
B-72
AF122883 Legionella gresilensis (T)
LBAY0100006 Fluoribacter gormanii (T)
LNYW01000074 Legionella shakespearei (T)
B-49
B-198
FQ312005 Halobacteriovorax marinus (T)
B-15
CP007490 Rhodoluna lacicola (T)
B-159
ABXD01000011 Sulfurimonas gotlandica (T)
B-9
JN118552 Arcobacter pacificus (T)
B-185
EU999955 Arenibacter nanhaiticus (T)
B-107
JX978785 Pedobacter pituitosus (T)
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Fig.6 Neighbor joining phylogenetic trees based on 16S rRNA sequences (a representative of each genus) of the bacteria
a. sample A and related GenBank species; b. sample B and related GenBank species. Numerical values indicate bootstrap percentile from 1 000 replicates.
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contaminated with oil pollution, even increasing to
100% of the total viable bacteria (Atlas, 1981, 1991;
Jean et al., 2008). The proportion of oil-degrading
bacteria rose in varying degrees depending on factors
such as diﬀerences in bacterial types, variations in the
amount of oil, and changing environmental conditions.
The percentage of oil-degrading bacteria may reﬂect
the degree or extent of exposure to hydrocarbon
contaminants (Atlas, 1981).
4.2 Analysis of changes in the bacterial community
structure
Numerous research studies have indicated that
bacterial diversity is aﬀected by oil contamination
(Liao et al., 2015; de la Cueva et al., 2016). Most
studies observed a decrease in bacterial biodiversity
after oil pollution due to the toxic eﬀects of petroleum
on bacterial communities (Zraﬁ-Nouira et al., 2009;
de la Cueva et al., 2016). Conversely, some studies
found that the bacterial biodiversity increased (dos
Santos et al., 2011; Liao et al., 2015), which was like
our study. First, the types of oil aﬀected the diversity
of bacterial communities as a single species that can
only biodegrade a limited range of petroleum
hydrocarbons (Zanaroli et al., 2010). In this study,
the experimental oil was crude oil whose composition
is complex and leads to a wider range of oildegrading bacteria resulting in higher bacterial
diversity. Liao et al. (2015) also found that the
bacterial biodiversity was signiﬁcantly increased
after Daqing oil and Huabei oil contamination.
However, either diesel or gasoline is typically used,
representing a relatively simple composition.
Second, the concentration of oil had a great inﬂuence
on the diversity of bacterial communities. Dos
Santos et al. (2011) reported that both 2% and 5% oil
could increase the bacterial diversity, but that the
change caused by 5% oil was reduced. This
observation was probably due to the toxicity of the
higher oil content. Third, the size of the experiment
also had a certain impact on the experimental results.
Compared with microcosm, mesocosm is more
natural and semi-realistic since it has an indigenous
combination of abiotic conditions and organisms,
and has an increase of the degree of niches in the
system (dos Santos et al., 2011; Liao et al., 2015).
Finally, season and nutrient conditions of oil
contamination may also lead to diﬀerences in
changes in bacterial biodiversity (Liao et al., 2015).
Compared to previous ﬁndings, the bacterial
community composition of sample A was diﬀerent at
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class and genus levels. At the class level,
Epsilonproteobacteria was the most dominant bacteria
accounting for 51.10% of the total, which diﬀered
from that reported in previous studies (Li et al., 2006;
Xiao et al., 2009; Jiang et al., 2014). Li et al. (2006)
and Xiao et al. (2009) reported that Gammaproteobacteria was the dominant bacteria in the
coastal waters of Qingdao, but Alphaproteobacteria,
Betaproteobacteria and Deltaproteobacteria were
reported as the dominant bacteria in the seawater in
Laizhou Bay (Jiang et al., 2014). At the genus level, it
is more diﬃcult to unify the results of surveys of
bacterial community composition in diﬀerent sea
areas. Li et al. (2006) showed that Vibrio was the
dominant genus in the clean sea environment of
Qingdao. However, Vibrio and Acinetobacter were
the dominant genera in the seawater near the industrial
area of Qingdao. Likewise, Vibrio and
Pseudoalteromonas were the dominant genera of
seawater near breeding intensive areas of Qingdao.
The ﬁndings of bacterial community composition are
diﬃcult to unify due to the diﬀerence in sampling
time, sampling speciﬁc locations, and methodological
limitations. In this study, there were many common
bacteria in the marine environment, such as
Pseudomonas, Vibrio, and Bacillus. However,
Arcobacter, Lentibacter, and Lutibacter were the
most abundant in sample A. Among them, Arcobacter,
which is a relatively poorly known group of bacteria
as it is diﬃcult to cultivate, was the dominant genus.
But, the primary source of new Arcobacter species
seems to be marine ecosystems (Collado and Figueras,
2011). Lentibacter was discovered from the seawater
in the Qingdao intertidal zone by Li et al. (2014). The
experimental results here were diﬀerent from the
previous study due to chance errors of sampling. The
dominant bacteria found in our experiments were
unusual bacteria, but these dominant bacteria have
previously appeared in the marine ecosystem.
Many factors can aﬀect bacterial community
composition, such as contaminants, temperature, and
pH. Among them, pollution is one of the important
factors (Liao et al., 2015; de la Cueva et al., 2016).
The composition of bacterial communities changes
signiﬁcantly after oil pollution. In this study, at the
class level, Alphaproteobacteria (40.98%) replaced
Epsilonproteobacteria (51.10%) as the most abundant
class, and Gammaproteobacteria (38.80%) became
the second most dominant class in the whole bacterial
community. These results are consistent with previous
studies, which also indicated that the abundance of
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Alphaproteobacteria and Gammaproteobacteria
increased and became the dominant classes after oil
pollution (Viggor et al., 2013; Acosta-González et al.,
2015). For example, Mason et al. (2014) found that
Gammaproteobacteria signiﬁcantly increased its
relative abundance within the whole bacterial
community after oil pollution. Gammaproteobacteria
includes the majority of oil-degrading bacteria
(Bælum et al., 2012), has a strong adaptability, and is
widely distributed in diﬀerent ecosystems. In addition,
many bacterial species of γ-Proteobacteria are
involved in the metabolism of sulfur, ammonia, and
methyl along with the degradation of high molecular
weight polycyclic aromatic hydrocarbon (PAHs)
(Brambilla et al., 2001). At the genus level, the
number of genera in sample B were nearly twice as
much as that of sample A where Legionella,
Methylotenera, and Cycloclasticus were the dominant
genera. Legionella, Methylotenera and Cycloclasticus
have been reported to be related to the degradation of
organic matter (Kalyuzhnaya et al., 2006; Yakimov et
al., 2007; Ding et al., 2012). Legionella was also
enriched in Luvisol soil which was polluted by
phenanthrene (a model compound for PAH) (Ding et
al., 2012). Methylotenera was also the dominant
genus in oil contaminated soils and is known as an
obligate methyl utilizer (Kalyuzhnaya et al., 2006;
Jiao et al., 2016). Moreover, Cycloclasticus is already
regarded as the obligate marine PAH degrader
(Yakimov et al., 2007) and is an important genus
found in oil-contaminated marine environments
(Dong et al., 2015). Some other oil-degrading
bacteria, which were detected in oil-contaminated
environments previously, were also found in this
study, such as Thalassospira, Arenibacter, and
Altererythrobacter (Mishamandani et al., 2016; Zhou
et al., 2016; Wu et al., 2017).
4.3 Analysis of the occurrence of oil-degrading
bacteria
Studies have shown that a variety of oil-degrading
bacteria will proliferate after an oil spill event.
Diﬀerent types of oil-degrading bacteria represented
in a spill depend on the types of oil and the location of
oil exposure. In this study, some species, which were
regarded as oil-degrading bacteria in previous studies,
emerged 28 d after oil pollution. These organisms
included, Cycloclasticus (Yakimov et al., 2007),
Thalassospira (Zhou et al., 2016), Porticoccus
(Gutierrez et al., 2012), Arenibacter (Mishamandani
et al., 2016), Sulfurimonas (Sun et al., 2017),
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Pusillimonas (Lladó et al., 2013) and Azoarcus (Ruan
et al., 2016). Among them, Cycloclasticus,
Thalassospira, and Porticoccus are common oildegrading bacteria. The oil-degrading bacteria
Cycloclasticus pugetii was ﬁrst reported in 1995.
Then, a subsequent study revealed that Cycloclasticus
pugetii, or its homologous species, was the primary
species of oil-degrading bacteria in the two weeks
following a cruise ship accident (Maruyama et al.,
2003). Cycloclasticus pugetii degrades aromatic
hydrocarbons,
naphthalene,
phenanthrene,
anthracene, pyrene and other polycyclic aromatics.
Thalassospira spp. were also identiﬁed in oilcontaminated seawater (Liu and Liu, 2013). Some
relevant reports have conﬁrmed that Thalassospira
spp. were capable of degrading PAHs and contributed
signiﬁcantly to the degradation of aliphatic
hydrocarbons (Nogi et al., 2014; Zhou et al., 2016). In
addition, Porticoccus, which can utilize hydrocarbons
as a unique source of carbon and energy rather than
other naturally occurring organic substrates (Gutierrez
et al., 2012), was also found in our study. Given the
improvement of research methods, and the expansion
of the research scope, the types of oil degradation
bacteria involved in bioremediation will be better
understood.
4.4 Analysis of the use of diﬀerent experimental
scale
The bacterial community composition changed
greatly after oil pollution no matter what kind of
experimental scale was used. However, a uniform
result was not feasible using diﬀerent experimental
methods. In our study, after 28 d of oil pollution, the
diversity of bacterial community composition
increased signiﬁcantly. However, Zraﬁ-Nouira et al.
(2009) observed a clear decrease in bacterial diversity
after 28 d of pollution. This may be due in part to the
diﬀerence in experimental scale. For example, in the
present study the mesocosm experiment was used,
however Zraﬁ-Nouira et al. (2009) chose a smallscale laboratory experiment. In addition, the
experimental results comparing in situ investigations
and mesocosm experiments are also inconsistent.
This may be due to the lack of control under in situ
conditions. These conditions include: a greater depth
of sampled water, dilution factors and the ﬂow of
seawater from uncontaminated areas. For example,
Chronopoulou et al. (2015) performed a comparative
study of bacterial community changes using in situ
experiments and mesocosm experiments. Diﬀerent
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experimental results were obtained from each method.
There were no oil-induced changes in the bacterial
community after the experimental spill at sea, whereas
the bacterial community of the mesocosm changed
signiﬁcantly. Even with the same experimental
method (mesocosm) as used here, the experimental
results can still be inconsistent (Nishimura et al.,
2006). This may be due to other factors aﬀecting the
experimental results, such as diﬀerent periods of
investigation and diﬀerent types of experimental oil
used in the study (Viggor et al., 2013). Even when
homogenizing
experimental
conditions,
the
experimental results from diﬀerent scales are
inconsistent. This indicates that research in this area
needs to be further studied. Important questions
regarding speciﬁc applications of the diﬀerent scales,
the connection among results, and correlations among
outcomes need to be addressed.

5 CONCLUSION
Changes in bacterial abundance and bacterial
species in oil-contaminated seawater during the initial
stages of pollution under simulated natural conditions
were analyzed in this study. The results showed that
changes in the abundance of cultured heterotrophic
bacteria and total bacteria had a similar trend; there
was an initial increase, then a decrease, followed by a
relatively low steady-state level thereafter. The
changes in the abundance of bacterial biomass also
showed a similar trend with those of cultured
heterotrophic bacteria and total bacteria. However, the
bacterial productivity calculated based on bacterial
biomass and bacterial volume showed a diﬀerent
trend, like that of bacterial volume. In addition, the
bacterial community also changed greatly after oil
pollution. The ﬁrst and second dominant classes
changed
from
Epsilonproteobacteria
and
Alphaproteobacteria to Alphaproteobacteria and
Gammaproteobacteria. The number of genera
increased signiﬁcantly after oil pollution. Moreover,
some bacteria related to petroleum-degrading appeared
in the oil-contaminated seawater.

6 DATA AVAILABILITY STATEMENT
The sequences obtained in this study have been
deposited in the GenBank database under accession
numbers JQ712030–JQ712068 and JQ712069–
JQ712128. The datasets analyzed during the current
study are available from the corresponding author on
reasonable request.
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