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Abstract
Benzo[a]pyrene (BaP) is one of the most studied targets among polycyclic aromatic hydrocarbons (PAHs). Because of the 
complexity of the toxicity mechanism in BaP, little is known about the molecular mechanism at the level of transcription 
of BaP in marine fishes. The primary objective of this study was to investigate the molecular basis of the effects of BaP 
on marine fish, using Mugilogobius chulae (Smith 1932) as the model. A closed colony of M. chulae was used for the BaP 
toxicity test. Two fish liver samples per replicate from each group were excised and blended into one sample by pooling an 
equal amount of liver tissue. Total RNA of all samples was extracted separately. Equal quantities of total RNA from the three 
replicates of the two groups were pooled for sequencing. The sequencing cDNA libraries were sequenced using Illumina 
HiSeq 2000 system. Differentially expressed genes were detected with the DEGSeq R package. In total, 52,364,032 and 
53,771,748 clean nucleotide reads were obtained in the control and BaP-exposed libraries, respectively, with N50 lengths of 
1277 and 1288 bp, respectively. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses revealed a 
significant enrichment of genes related to detoxification, transportation, and lipid metabolism. We also identified, for the first 
time, an association between endoplasmic reticulum dysfunction and lipid metabolism resulting from BaP exposure. Using 
quantitative real-time PCR, some effective molecular biomarkers for monitoring of BaP-polluted seawater were identified. 
The results demonstrate that BaP enhanced the expression of genes involved in detoxification in M. chulae and inhibited 
that of genes related to lipid metabolism, possibly by suppressing the expression of numerous ER-related genes involved in 
fat digestion and absorption.

Keywords  Transcriptome sequencing · Mugilogobius chulae · Benzo[a]pyrene · Xenobiotic metabolism · Lipid 
metabolism · Endoplasmic reticulum

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a broad 
class of organic compounds comprising two or more fused 
aromatic rings that mainly originate from the inefficient 
combustion of organic matter (Kim et  al. 2013). These 
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compounds are considered as persistent organic pollutants, 
and they have received much attention because of their tox-
icity and mutagenicity (Long et al. 2016). With the contin-
ued consumption of fossil fuels, the accumulation of PAH 
pollutants in marine environments has increased worldwide 
(Sinaei and Mashinchian 2014; Squadrone et al. 2014; Wang 
et al. 2014). In the China Sea, the concentrations of PAHs in 
sediments reach 287.05 ng/g and 1606.89 ng/g in southern 
and northern regions, respectively (Lu et al. 2012; Men et al. 
2009). In Northern China, the concentration in seawater is 
as high as 1717.87 ng/L (Men et al. 2009), which is higher 
than the maximum allowed for drinking water (200 ng total 
PAHs/L) regarding human health protection (Eisler 1987).

Benzo[a]pyrene (BaP) is a typical PAH ubiquitous in 
marine ecosystems. Many countries and regions include BaP 
in their endocrine-disrupting chemical screening programs. 
A previous study on BaP pollution in several marine envi-
ronments in China reported BaP concentrations in seawater 
and sediment up to 4799 ng/L and 2640 ng/g dry weight, 
respectively (Liu et al. 2015). In addition, the mean con-
centration of BaP in aquatic products from China has been 
reported to vary between 0.0008 and 343.97 ng/g (Li et al. 
2010; Tian et al. 2003; Wan et al. 2007). Thus, BaP pollution 
is a critical issue in aquatic environments.

It has been suggested that BaP can cause damage to 
aquatic organisms because of its mutagenicity and carcino-
genicity (Denissenko et al. 1996; Labib et al. 2013). Silicon 
metabolism of Thalassiosira pseudonana, a critical diatom 
of marine ecosystems, is disturbed by BaP (Carvalho et al. 
2011). Disruption of sex steroidogenesis and endocrine were 
observed in crustaceans (Tian et al. 2013; Wen and Pan 
2016). Moreover, in the two most widely used freshwater 
fishes, zebrafish (Danio rerio) and Japanese medaka (Ory-
zias latipes), visual system developmental defects (Huang 
et al. 2014) and bone formation dysfunction (Seemann et al. 
2015) were identified, respectively. BaP also causes liver 
damage in amphibians (Xenopus tropicalis; Regnault et al. 
2014). As the most representative species of higher verte-
brate marine animals, less information is available on marine 
fishes. Currently, most other studies focus on freshwater ani-
mals or marine crustaceans. Additionally, because of the 
complexity of the toxicity mechanism in BaP, little is known 
about the molecular mechanism at the level of transcription 
of BaP in marine fishes.

The yellow stripe goby (Mugilogobius chulae, Smith, 
1932) is an important small bottom-dwelling marine fish dis-
tributed mainly in western Pacific region, including Japan, 
China, Vietnam, Indonesia, Philippines and Thailand (Lar-
son 2001). Previous reproductive biology studies have dem-
onstrated that M. chulae is an ideal marine fish for marine 
ecotoxicology study. The maximum total length of M. chulae 
is less than 4 cm, the reproductive cycle is just 2 weeks, the 
fecundity is higher (approximately 3000 eggs/batch), and 

artificial breeding in the laboratory is easy to achieve; more 
importantly, M. chulae is sensitive to pollutants (Cai et al. 
2016; Guo et al. 2017; Li et al. 2014). Inbred strain and 
closed colony of M. chulae have been maintained in labora-
tory conditions for more than 10 years (Cai et al. 2015), and 
a quality control standard has also been established for M. 
chulae (draft national standard for Approval No. 20091329-
T-469), which is considered a potential model organism for 
estuarine and marine environmental toxicology research.

The present study investigated the molecular basis of 
BaP effects on marine fish using transcriptional sequencing. 
Obtained data suggest that BaP activates the detoxification 
system of M. chulae and disrupts lipid metabolism in the 
liver, specifically targeting the endoplasmic reticulum (ER). 
These results from standardized laboratory marine fish may 
provide a useful reference for future research.

Materials and methods

Chemicals

BaP (> 99% purity) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Acetone (99% purity, Sangon, China) 
was used as the cosolvent for BaP. All other chemicals were 
obtained from commercial sources.

Animals and BaP exposure

A closed colony of M. chulae (13 months old) at the fifteenth 
generation was used for the BaP toxicity test. All fishes were 
raised at Guangdong Laboratory Animals Monitoring Insti-
tute, China, and acclimated for 2 weeks before the exposure 
test. The temperature, salinity, and pH of seawater were 
maintained at 26 ± 1 °C, 20‰, and 8.1, respectively. One-
third of the seawater in the tank was renewed every day. M. 
chulae were fed dried food once daily.

The exposure test was performed in 5 L round glass tanks, 
each containing eight healthy fishes and 4 L of exposure 
medium. The experimental conditions were the same as 
those used for acclimation. In total, 48 fishes were randomly 
divided into two groups, with three replicates each. One 
group was exposed to BaP (6 µg/L) for 24 h, and another 
group served as control. The concentration of acetone in 
each group was maintained at 0.001%. The exposure concen-
tration of BaP was determined by the maximum solubility 
of BaP in water. At the exposure duration of 6, 12, and 24 h, 
two fish liver samples per replicate from each group were 
excised and blended into one sample by pooling an equal 
amount of liver tissue. The samples were frozen in liquid 
nitrogen immediately.
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RNA extraction, cDNA library preparation 
and sequencing

Total RNA of all samples was extracted separately. Equal 
quantities of total RNA (1 µg) from the three replicates 
of the two groups were pooled for sequencing and RT-
QPCR validation (10 genes). The remaining total RNA 
of each sample was frozen at − 80 °C for further assays 
of temporal expression profiles of CYP2K3, MRP1, PAP, 
and FABP7. Total RNA was extracted with TRIzol reagent 
(Thermo, USA) following the manufacturer’s protocol. An 
Agilent RNA 6000 Nano Reagents kit and Agilent 2100 
Bioanalyzer system (Agilent Technologies, Santa Clara, 
CA, USA) were used to measure the RNA purity and con-
centration. A sequencing cDNA library was generated 
using the TruSeq Stranded mRNA Sample Prep kit (Illu-
mina, San Diego, CA, USA). The libraries were sequenced 
using Illumina HiSeq 2000 system.

Assembly of transcripts and sequence annotation

The low-quality sequences of raw reads from the two 
samples were removed before assembly, and then the 
clean, high-quality reads were assembled into contigs and 
unigenes using Trinity software (Grabherr et al. 2011). 
Annotation of unigenes was aligned to the protein data-
base (Nr, SwissProt, Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and Gene Ontology (GO) databases) 
using BLASTx (E-value < 0.00001), and to the Nt data-
base with the BLASTN program (E-value < 0.00001). The 
candidate coding regions were identified by TransDecoder 
software (https​://githu​b.com/Trans​Decod​er/Trans​Decod​
er). The assembly and annotation methods have been fully 
described in Cai et al. (2018).

Quantification and differential expression analysis

A robust and efficient stack memory management method 
was used to count the reads mapped to each unigene (Li 
and Dewey 2011). The reads per kilobase per million 
mapped reads (RPKM) value was measured based on 
transcript length and read counts mapped to the transcript 
(Marioni et al. 2008).

Differentially expressed genes were detected with the 
DEGSeq R package (Wang et al. 2009). The results were 
corrected by the false discovery rate (FDR). A unigene 
was considered as differentially expressed if FDR was 
≤ 0.001 and the absolute value of the log2 ratio was ≥ 1. 
GO functional and KEGG pathway enrichment analyses 
were performed using the hypergeometric test.

Identification and validation of differentially 
expressed genes by quantitative real‑time PCR

RNA was reverse-transcribed using the PrimeScript RT Rea-
gent kit (Takara Bio, Dalian, China). Real-time quantitative 
PCR (qPCR) amplification was performed on an ABI7500 
system (Applied Biosystems, Foster City, CA, USA) using 
a SYBR Premix Ex Taq kit (Takara Bio). Actin was used as 
an internal reference. The reaction conditions were 95 °C 
for 30 s followed by 40 cycles of 95 °C for 5 s and 60 °C 
for 34 s. The primer sequences are shown in Table 1. The 
relative expression levels of target genes were calculated by 
the 2−ΔΔC

t method (Livak and Schmittgen 2001). Statisti-
cal analysis was performed by one-way ANOVA followed 
by the Dunnett’s test using SPSS 17.0 software (SPSS 
Inc.). A value of p < 0.05 was used to indicate a significant 
difference.

Results

Sequencing and de novo assembly

The acute BaP toxicity test was performed over 24 h. None 
of the fishes died during this period. There were no differ-
ences in the length (cm) and mass (g) of fishes or in the 
physicochemical parameters of the water between experi-
mental and control groups (p < 0.05) (Table 2).

Sequencing with the HiSeq 2000 platform generated a 
total of 56,309,262 and 54,769,792 raw nucleotide reads 
for the libraries of BaP-exposed and control groups, respec-
tively. After removal of low-quality reads, the total number 
of clean reads was 53,771,748 (95.49%) and 52,364,032 
(95.61%), respectively. The Q20 percentages were 98.80% 
and 98.85%, respectively, and the GC percentages of clean 
reads were 47.93% and 47.67%, respectively. The number 
of contigs assembled from reads for the two groups were 
95,521 and 95,804, respectively. The number of unigenes 
assembled from these contigs was 58,998 and 59,175, 
respectively, with N50 lengths of 1288 and 1277 bp, respec-
tively. The quality of the assembled transcriptomes of M. 
chulae was good. Length distribution of all unigenes is 
shown in Fig. 1.

Raw reads and Transcriptome Shotgun Assembly project 
are deposited in GenBank under project number SRP115439 
and GFVA00000000, respectively.

Functional annotation and classification

In total, 28,044 unigenes were aligned to the Nr, Nt, Swis-
sProt, KEGG, and GO databases (Table 3). For the Nr 
database, 82% of the annotated sequences had an E-value 
threshold < 1e−5, with a threshold of 1e−100 constituting 

https://github.com/TransDecoder/TransDecoder
https://github.com/TransDecoder/TransDecoder
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the second-largest group (15.7%). In the priority order of 
Nr, SwissProt, and KEGG, all unigenes were aligned using 
BLASTX to predicted coding regions; 25,361 unigenes 
were mapped to the protein database and 1269 were pre-
dicted by ESTScan (Iseli et al. 1999).

Based on sequence homology, 16,048 transcripts were 
categorized into 59 functional groups in the GO analysis. 
Cell killing was the least dominant group within the bio-
logical process category; virion and virion parts consti-
tuted the smallest proportion in the cellular components 
category. For molecular functions, chemoattractant activ-
ity, chemorepellent activity, metallochaperone activity 
protein tag, and translation regulator activity were the 
least dominant groups. In total, 22,912 unigenes were 
mapped to reference canonical pathways in the KEGG 
database, yielding 258 predicted biosynthesis pathways 
of which metabolic pathway was the most highly repre-
sented (12.66%). These pathways and enriched genes are 

likely to be important for the study of molecular toxicity 
mechanisms of BaP.

Expression patterns of genes related to BaP 
exposure

To investigate the significance of the gene expression pat-
terns observed in response to BaP exposure, we identified 
genes that were differentially expressed between the treat-
ment and control groups and analyzed their functions. 
There were 846 differentially expressed genes and 27,189 
genes with similar expression. Among the 846 differentially 
expressed genes, 364 and 482 genes were up- and downregu-
lated, respectively. A functional analysis of BaP-regulated 
genes revealed 390 that encoded proteins with unknown 
functions, including 180 and 210 that were up- and down-
regulated, respectively (Table 4). Differentially expressed 
genes were mapped to terms in the GO database (Fig. 2). In 
the biological process category, “cellular process”, “meta-
bolic process”, and “response to stimulus” were predominant 
with 103, 91, and 56 genes, respectively. For molecular func-
tions, “catalytic activity” was the second largest group with 
82 genes, whereas 26 genes were enriched in the function 
of “oxidoreductase activity”. For cellular components, ER-
associated terms were significantly enriched, including “ER 
part”, “ER membrane”, and “nuclear outer membrane–ER 
membrane network”. The ER is an important organelle for 

Table 1   Sequences of primers used for qPCR

Negative log2 ratio values indicate downregulated genes

Gene Symbol Primer sequence (5ʹ–3ʹ) Log2

Actin ACTIN GGA​AGG​TGG​ACA​GAG​AAG​CC
TGC​TGA​CAG​GAT​GCA​GAA​GG

–

Cytochrome P4501C1 CYP1C1 TTG​AGC​AGC​ACA​TCA​CAG​GC
ACA​GGG​CAC​ACA​TGA​CAT​TAGC​

4.73

Glutamine gamma-glutamyltransferase K-like GGGK GGC​AGC​CAT​CTC​CTT​ACC​A
GAC​GAG​TCA​ATG​AAA​CCC​AGC​

1.22

Short chain dehydrogenase/reductase family 16c SDR GCG​GCT​CGG​GTC​TAC​TCC​T
ACT​TCT​TCC​CTG​TGA​CGA​TGC​

1.11

Cytochrome P450 2K3-like isoform 2 CYP2K3 GTG​GTG​GTG​CTG​GCT​GGT​TAC​
ATG​TCC​TTC​CAA​GGC​TCG​TCAT​

3.20

Multidrug resistance protein 1 MRP1 AAA​GAC​TCA​CCT​CCG​TTC​CTGA​
TCC​CAC​TCG​TCC​TCT​CCA​TCTC​

1.42

RNA-directed DNA polymerase from mobile element 
jockey-like

RDPME TTG​GAG​TTG​CTG​TGC​ATT​TCTCT​
GTT​GCT​CAC​CTC​CTC​AAT​AAG​ACG​

− 4.78

Hypothetical protein LOC100695311 HPL CGA​GGA​AGG​TGT​TGC​CGT​AA
TCT​GAC​TTG​CTC​CAA​TGC​TGAC​

− 4.36

Acetyl-CoA C-acetyltransferase ACAT​ ACT​CCG​AGC​CCG​TGG​TTA​TC
TGG​ACT​CCT​GCC​CTC​TTC​AAT​

− 1.94

Phosphatidate phosphatase PAP ACA​CAT​TAC​CCA​CAA​GAC​GAG​GCA​C
CTG​GTG​AGT​GAT​GTT​TTG​AGA​AGT​TG

− 1.23

Fatty acid-binding protein 7 FABP7 CCG​CCA​AAC​TGG​GAG​AAG​AG
GTC​TCT​TTC​CCG​TCC​CAC​TTCT​

2.13

Table 2   Physicochemical parameters of water

Group Dissolved oxygen 
(mg/L)

pH Tem-
perature 
(°C)

Control 6.63 ± 0.06 7.91 ± 0.04 26
Experimental 6.66 ± 0.07 7.96 ± 0.02 26



117Genes & Genomics (2019) 41:113–123	

1 3

detoxification and lipid metabolism; we found here that the 
expression of ER-related genes was significantly altered (up- 
and downregulated) by BaP exposure.

Differentially expressed genes related to xenobiotic 
metabolism

The annotations only indicated the general functions of tran-
scripts without revealing the biochemical pathways in which 
the encoded proteins are involved. The KEGG pathway anal-
ysis of M. chulae transcripts revealed six pathways related 
to xenobiotic metabolism, including several detoxification 

pathways such as “Xenobiotics by cytochrome P450 (CYP)”, 
“Glutathione metabolism”, and “Metabolism of xenobiotics 
by CYP”. In total, 28 differentially expressed genes were 
identified, of which five are known to be involved in BaP 
biodegradation (CYP1C1, CYP1B1, CYP2K1, CYP2K3, 
and glutathione S transferase Rho [GSTR]). All these genes 
except for GSTR were upregulated. Other enzymes involved 
in xenobiotic detoxification were also identified, including 
CYP2J6 and reduced glutathione and S-adenosylmethionine 
mitochondrial carrier protein. Another pathway related to 
xenobiotic catabolism was “ABC transporters”, with eight 
and two genes that were up- and downregulated, respec-
tively. These results suggest that BaP exposure promotes the 
transport of allogeneic substances within cells.

Effect of BaP on lipid metabolism

In addition to transcripts associated with xenobiotic metabo-
lism, 11 pathways related to lipid metabolism were enriched 
upon BaP exposure. “Peroxisome proliferator-activated 
receptor [PPAR] signaling” and “fat digestion and absorp-
tion”, the two predominant enriched pathways, both play 
important roles in lipid metabolism. In total, 40 differentially 

Fig. 1   Length distribution of all 
unigenes

Table 3   BLASTX and 
BLASTN annotations against 
various databases

Database Number of 
unigenes

%

Nr 25,489 53.1
Nt 23,217 48.4
KEGG 22,912 47.8
SwissProt 19,099 38.8
GO 16,048 33.4
All 28,044 58.4

Table 4   Functional analysis of 
BaP-regulated genes

Total number Annotated Un-annotated Annotated to all three 
databases (Nr, Nt, Swis-
sProt)

Up-regulated 364 184 180 81
Down-regulated 482 272 210 149
Total 846 436 390 230
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Fig. 2   Gene ontology classifica-
tion of unigenes. a Biological 
processes, b cellular compo-
nents, c molecular function
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expressed genes were identified; among them, 12 were 
upregulated, whereas 28 were downregulated, including 
key genes involved in fatty acid metabolism, such as fatty 
acid-binding protein (FABP)7, adiponectin (ADPN), apoli-
poprotein (APO), and phosphatidate phosphatase (PAP). 
These results suggest that BaP causes dysregulation of lipid 
metabolism in the liver of M. chulae.

Remarkably, “Sphingolipid metabolism” and “Ether lipid 
metabolism” pathways were also enriched. Sphingolipids 
and ether lipids are important components of biomembranes, 
including the ER. This is consistent with our observation 
that most genes that were differentially expressed between 
BaP-treated and untreated groups were associated with the 
ER and the ER membrane, and all these genes were down-
regulated. The term “Protein processing in ER”, another 
pathway related to ER function, was identified in our analy-
sis; nine of ten genes in this pathway were downregulated. 
The inhibition of the function of the ER, which is the major 
lipid factory of the cell, may underlie the dysregulation of 
lipid metabolism caused by BaP.

Quantitative real‑time PCR validation 
of differentially expressed genes

To validate the RNA-seq transcriptome data, ten differen-
tially expressed genes (four downregulated and six upregu-
lated) were analyzed by qPCR. Of the ten genes, six were 
randomly selected; the other four were non-randomly 
selected (CYP2K3, multidrug resistance protein 1 (MRP1), 
PAP and FABP7). Concordance between RNA-seq and 
qPCR results was observed for all ten genes (Fig. 3).

We also examined the temporal expression profiles 
of CYP2K3, MRP1, PAP, and FABP7 in response to BaP 
exposure (Fig. 4). CYP2K3 and MRP1 transcripts were 
significantly upregulated at 6, 12, and 24 h, with maximal 
expression levels relative to the control group observed at 

6 and 12 h. PAP expression initially increased at 6 h before 
decreasing thereafter (at 12 and 24 h). FABP7 expression 
was higher than that in the control at 6 and 24 h but showed 
a slight decline at 12 h.

Discussion

Gobiidae (Perciformes) constitute one of the largest families 
of marine fish, with more than 1950 species identified to 
date (Rickborn and Buston 2015). However, the genome and 
transcriptome of most of these species, including M. chulae, 
have yet to be described. In the present study, we obtained 
high-quality transcriptome data regarding the response of 
M. chulae to BaP-induced stress. We found that short-term 
exposure to BaP can adversely affect detoxification and lipid 
metabolism in the liver. In addition, we report, for the first 
time, that ER dysfunction is related to lipid metabolism in 
M. chulae following exposure to BaP.

To minimize the effects that sample origin might cause, 
we used the fifteenth generation of the closed colony of M. 
chulae for transcriptome sequencing, thereby minimizing 
the influence of genetic background on the results. We also 
used 13-month-old fish, which are at the optimal growth 
period (6–18 months) and pooled equal quantities of total 
RNA from the three replicates of the two groups to reduce 
the errors associated with individual differences. For the 
complexity and difficulty for the test species to be labora-
tory animals, most studies similar to the present one were 
carried out with wild or farmed fish (Andersen et al. 2015; 
Miao et al. 2018; Xu et al. 2017), which might be affected 
by background unconformities. The reliability, repeatabil-
ity, and accuracy of toxicity test results from laboratory fish 
might be better, especially when compared with wild fish.

We sequenced two libraries and obtained 47,979 unigenes 
with an N50 length of 1658 bp, which was similar to that of 

Fig. 3   Quantitative real-time 
PCR validation of ten genes 
identified by RNA-sEq. Abbre-
viations are defined in Table 1
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Haliotis tuberculata (1529 bp; Harney et al. 2016) but longer 
than those of Schizothorax richardsonii (1274 bp; Barat et al. 
2016), Synechogobius hasta (1298 bp; Chen et al. 2016), 
Oryzias melastigma (565 bp; Huang et al. 2012), and Larim-
ichthys crocea (627 bp; Qian and Xue 2016). In total, 28,041 
(58.4%) unigenes were annotated according to nucleotide 
and protein reference databases; this number was similar to 
that for Synechogobius hasta (62.7%), another gobiid fish. 
There were 26,630 coding sequences that were mapped or 
predicted. GO categories were assigned to M. chulae tran-
scripts; 9558 were associated with metabolic processes, 
which can include detoxification. In total, 19,099 transcripts 
were grouped into 259 pathways, which was more than that 
reported in Paramisgurnus dabryanus (218; Li et al. 2015) 
and Gymnocypris przewalskii (252; Tong et al. 2015). These 
annotations provide valuable information for investigating 
specific processes and pathways in M. chulae.

A BLASTX search of M. chulae transcripts against the 
Nr database revealed a high similarity to Nile tilapia (Oreo-
chromis niloticus) (49.27%), followed by Japanese medaka 
(Oryzias latipes) (15.44%), Japanese puffer (Fugu rubripes) 
(12.28%), green spotted puffer (Tetraodon nigroviridis) 
(5.35%), and zebrafish (Danio rerio) (3.30%), in accord-
ance with the known phylogenetic relationships among 
these species (i.e., M. chulae and O. niloticus both belong 
to the order Perciformes). However, 9.09% of the unigenes 
matched genes of unknown species, implying that some 
lineage-specific genes are represented in M. chulae.

BaP is listed as a Group 1 genotoxic carcinogen by the 
International Agency for Research on Cancer (IARC 2017); 

therefore, it is necessary to define the relationship between 
gene expression and BaP exposure. In the present study, we 
found that exposure to BaP caused changes in the expression 
of a variety of genes in M. chulae, including those related 
to detoxification and xenobiotics and drug metabolism. BaP 
is first oxidized by CYP to BaP 7,8-oxide, then to BaP-7,8-
diol and to benzopyrene diol epoxide, a carcinogenic BaP 
degradation product. Following BaP exposure, five major 
genes involved in the biodegradation of BaP were disturbed, 
likely to protect liver cells from BaP-induced oxidative stress 
injury. Of these genes, CYP1C1, CYP1B1, CYP2K1, and 
CYP2K3 levels were increased whereas that of GSTR was 
decreased. CYP1C1 and CYP1B1 are known to be involved 
in drug metabolism (Hassanin et al. 2012; Uno et al. 2006) 
and are upregulated in the presence of BaP; however, to 
the best of our knowledge, the present study is the first 
to describe an increase in CYP2K1 and CYP2K3 expres-
sion in response to BaP exposure. High CYP2K1 levels are 
related to catalysis and immune response (Yang et al. 2000), 
whereas relatively little is known about the function and 
mechanism of action of CYP2K3. Clarifying this aspect may 
provide new insight into the effects of BaP on metabolism. 
GSTR is a phase II enzyme that promotes the detoxifica-
tion of xenobiotics and contributes to antioxidant defense 
(Jakoby 1978). GSTR levels were slightly decreased (log2 
ratio of − 1.07) at 24 h of BaP exposure. A similar trend was 
observed in Venerupis philippinarum exposed to 5 µg/L BaP 
for 24 h (Zhang et al. 2012). However, a high concentration 
of BaP (50 µg/L) only induced GSTR after 48 h, suggesting 
that BaP concentration and exposure time are important for 

Fig. 4   Time-dependent tran-
scriptional pattern of M. chulae. 
Bars represent mean ± SD 
(n = 3). Means not sharing a 
common letter are significantly 
different at p < 0.05, as assessed 
using one-way ANOVA fol-
lowed by the Dunnett’s test
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GSTR expression. In addition, reduced glutathione (GSH), 
another key factor in phase II metabolism of xenobiotics 
(Wu et al. 2004), was upregulated, whereas S-adenosylme-
thionine mitochondrial carrier protein, which is responsible 
for the transport of the GSH precursor S-adenosylmethio-
nine and protects against alcohol-induced hepatotoxicity (Hu 
et al. 2015), was downregulated.

The ATP-binding cassette (ABC) transporter is associ-
ated with phase III of xenobiotic metabolism, which mainly 
involves transmembrane or membrane-associated proteins 
(Wakabayashi et al. 2006). We observed that 80% of the M. 
chulae genes in the ABC transporter pathway were upregu-
lated in response to BaP exposure, including multidrug 
resistance protein 1, ABC-type multidrug transport system, 
and ABC sub-family A member 1-like. An increase in the 
expression of ABC transporter genes may be required to for 
the efficient removal of toxic BaP metabolites.

The liver, which is known to be the major organ for fat 
digestion, has been linked to lipid metabolism disorders fol-
lowing BaP exposure in animals. In the present study, we 
observed an abundance of genes in the enriched KEGG path-
ways of PPAR signaling, fat digestion and absorption, and 
fatty acid, ether lipid, sphingolipid, glycerolipid, and glycer-
ophospholipid metabolism. Among these genes, four genes 
related to lipid metabolism were linked to at least two of 
these pathways, i.e., adiponectin (ADPN), fatty acid-binding 
protein 7 (FABP7), apolipoprotein (APO), and phosphatidate 
phosphatase (PAP); all except FABP7 were downregulated. 
FABP7 overexpression has been shown to impact fatty acid 
uptake (Ahn et al. 2012), low ADPN levels can lead to severe 
lipoatrophy (Ye et al. 2014), and downregulation of APO 
affects fatty acid transport between extra- and intracellular 
membranes (Weisiger 2002). Low expression of PAP, a key 
enzyme in intracellular lipid metabolism, can affect the syn-
thesis of lipid triacylglycerol (Carman and Han 2006). The 
lipid metabolism disorder induced by BaP was observed in 
the liver of M. chulae.

The ER plays a key role in lipid metabolism. Various 
ER-related genes were differentially expressed in response 
to BaP exposure. Most of the differentially expressed genes 
were associated with the ER membrane or lipid metabo-
lism, including five membrane structure genes, three channel 
genes, three lipid metabolism genes, and three ER stress-
related genes. Disruption of the ER membrane can compro-
mise ER function, including lipid metabolism; additionally, 
the aberrant expression of lipid-metabolizing genes in the 
ER induced by BaP supports the idea that functional disor-
der of the ER may be another key ingredient in the dysregu-
lation of liver lipid metabolism.

Four genes were selected for further examination of 
temporal expression profiles. Of the four genes, CYP2K3 
and MRP1 were involved in detoxification, FABP7 and 

PAP were related to lipid metabolism. Once inside the 
body, xenobiotics initiate the process of detoxification by 
inducing the expression of phase I metabolism enzymes 
such as CYP (Anzenbacher and Anzenbacherová 2001; Xu 
et al. 2005). The endogenous substrates of most CYP450 
enzymes identified to date are unknown (Anzenbacher and 
Anzenbacherová 2001). In the present study, CYP2K3 was 
found to be a BaP-related enzyme. The fact that CYP2K3 
mRNA expression reached a peak at an early time point, 
i.e., after 6 h of BaP exposure, suggests that this enzyme 
may be involved in phase I metabolism of xenobiotics. The 
multidrug resistance system, such as that mediated by the 
MRP1 gene, is another cellular mechanism that counters 
drug cytotoxicity (Higgins 2007). MRP1 encodes a trans-
porter that protects cells against xenobiotics (Leslie et al. 
2001). The change in MRP1 levels upon exposure to BaP 
was time-dependent, with the highest expression observed 
after 12 h. Thus, CYP2K3 and MRP1 might be useful bio-
markers for monitoring marine pollution.

Although FABP7 is normally expressed in the ventricu-
lar zone and in radial glia of the vertebrate brain (Takaoka 
et al. 2011), recent research has linked it to liver injury 
(Miyazaki et al. 2014), retinal vasculature maintenance 
(Su et al. 2016), and tumor cell proliferation (Takaoka 
et al. 2017). In the present study, we found that FABP7 
was upregulated in the liver of BaP-treated M. chulae by 
both RNA-seq and qPCR analyses, suggesting that BaP 
may affect lipid metabolism via induction of FABP7. As 
an important enzyme of the ER membrane, PAP is nor-
mally considered to regulate glycerolipid synthesis by 
converting phosphatidate to diacylglycerol (Brindley et al. 
2009; Eastmond et al. 2010). In the present study, PAP 
was downregulated in response to BaP exposure, with the 
lowest expression observed after 12 h. Downregulation of 
PAP can adversely affect ER membrane growth in liver 
cells (Pascual and Carman 2013). In turn, this structural 
instability decreases several ER functions, including lipid 
metabolism.

Conclusion

Our results demonstrate that BaP enhanced the expres-
sion of genes involved in detoxification in M. chulae and 
inhibited that of genes related to lipid metabolism, possi-
bly by suppressing the expression of numerous ER-related 
genes involved in fat digestion and absorption. These data 
provide a basis for future studies on the molecular mecha-
nisms of BaP toxicity in marine organisms.
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