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Abstract Polybrominated diphenyl ethers (PBDEs) are ubiquitous global pollutants, which are known to
have immune, development, reproduction, and endocrine toxicity in aquatic organisms, including bivalves.
2,2′,4,4′-Tetrabromodiphenyl ether (BDE-47) is the predominant PBDE congener detected in environmental
samples and the tissues of organisms. However, the mechanism of its toxicity remains unclear. In this
study, high-throughput sequencing was performed using the clam Mactra veneriformis, a good model for
toxicological research, to clarify the transcriptomic response to BDE-47 and the mechanism responsible for
the toxicity of BDE-47. The clams were exposed to 5 μg/L BDE-47 for 3 days and the digestive glands were
sampled for high-throughput sequencing analysis. We obtained 127 648, 154 225, and 124 985 unigenes by
de novo assembly of the control group reads (CG), BDE-47 group reads (BDEG), and control and BDE-47
reads (CG & BDEG), respectively. We annotated 32 176 unigenes from the CG & BDEG reads using the
NR database. We categorized 24 401 unigenes into 25 functional COG clusters and 21 749 unigenes were
assigned to 259 KEGG pathways. Moreover, 17 625 diﬀerentially expressed genes (DEGs) were detected,
with 10 028 upregulated DEGs and 7 597 downregulated DEGs. Functional enrichment analysis showed
that the DEGs were involved with detoxiﬁcation, antioxidant defense, immune response, apoptosis, and
other functions. The mRNA expression levels of 26 DEGs were veriﬁed by quantitative real-time PCR,
which demonstrated the high agreement between the two methods. These results provide a good basis for
future research using the M. veneriformis model into the mechanism of PBDEs toxicity and molecular
biomarkers for BDE-47 pollution. The regulation and interaction of the DEGs would be studied in the future
for clarifying the mechanism of PBDEs toxicity.
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1 INTRODUCTION
Polybrominated diphenyl ethers (PBDEs) comprise
a series of aromatic compounds containing bromine
atoms, where there are 209 congeners according to the
degree of bromination. They are used widely as
brominated ﬂame retardants (BFRs) in electronics,
textiles, plastics, resins, and building materials, and
they are readily leaked into the environment (Law et
al., 2006). Thus, PBDEs have been detected in many
types of environmental media and organisms. They can

enter the ocean via atmospheric deposition and surface
runoﬀ, where they accumulate in sediments and marine
organisms. The PBDEs levels are as high as 1 800 ng/g
in sediments and 720 ng/g lipid in mussels around
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Laizhou Bay in China, which is surrounded by BFR
manufacturers. 2,2′,4,4′-Tetrabromodiphenyl ether
(BDE-47), a type of tetra-PBDE, is most common in
these samples (Jin et al., 2008). Similar results have
been obtained in human tissues and wild animal
samples (Schecter et al., 2007; Barja-Fernández et al.,
2013). PBDEs are considered to be an increasing
pollution problem in the coastal waters of China.
The toxicological eﬀects of PBDEs on aquatic
organisms are a major concern due to their persistent
and bioaccumulative properties. PBDEs can cause
immune,
developmental,
and
reproduction
dysfunctions, as well as aﬀect the endocrine systems
oﬃsh, mollusks, copepods, and other marine
organisms (Breitholtz and Wollenberger, 2003; Yu et
al., 2015). However, the toxicological mechanism
responsible for the eﬀects of PBDEs remains unclear.
Bivalves are used throughout the world as sentinel
species to monitor coastal environments due to their
ease of sampling, sessile habit, high ﬁltration rate,
and great eﬃciency at bioaccumulating pollutants
(Santovito et al., 2005, 2015; Irato et al., 2007). Many
studies have used bivalves to determine the impact of
PBDEs pollution on marine organisms and the
responses of marine organisms to PBDE pollution. In
the mussel Mytilus edilus, exposure to BDE-47 for 3
weeks increased the frequency of micronuclei, as well
as inducing bi-nucleated, fragmented apoptotic cells,
and nuclear buds, damaging ovarian follicles and
ovocytes in females, inducing spawning in males, and
decreasing the phospho-protein levels in both sexes
(Aarab et al., 2006; Baršienė et al., 2006). In another
study, metabolomic analysis of the mussel Mytilus
galloprovincialis indicated that BDE-47 mainly
disrupted energy metabolism in males but osmotic
regulation and energy metabolism in females, where
proteomic analysis demonstrated that BDE-47
disturbed protein homeostasis in males and proteolysis
in females (Ji et al., 2013). mRNA expression occurs
earlier than protein expression. Thus, in order to
identify changes in gene transcription caused by
BDE-47, suppression subtractive hybridization (SSH)
was used successfully in the manila clam Ruditapes
philippinarum (Miao et al., 2014). However, the
genes that are not represented by speciﬁc probes and
with low expression levels cannot be detected by
SSH. Thus, the ability of SSH to identify novel
transcripts and elucidate the mechanism of toxicity is
limited at the mRNA level. Due to its obvious
advantages in terms of the sequencing depth,
sequencing accuracy, detection sensitivity, genome
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coverage, and molecular pathway analysis, highthroughput transcriptome sequencing has been used
widely to detect transcripts in aquatic organisms,
thereby obtaining a clearer understanding of the
mechanism of xenobiotics action and to provide
molecular biomarkers for pollution monitoring.
Recently, the transcriptomic proﬁles of zebraﬁsh
larvae exposed to BDE-209 were determined using
high-throughput transcriptome sequencing (Chen et
al., 2016). The estrogenic eﬀects of BDE-209 were
demonstrated and numerous genes that responded to
BDE-209 were explored.
The clam Mactra veneriformis, a type of infaunal
suspension-feeding bivalve, is one of the major
economic mollusks in China. In our previous study,
we demonstrated that M. veneriformis is a good model
for toxicological research and a good indicator of
marine pollution (Fang et al., 2010, 2013). Furthermore,
several studies have reported that high concentrations
of PBDEs accumulate in this clam. Therefore, we
employed high-throughput transcriptomic proﬁling of
M. veneriformisafter BDE-47 exposure to improve
current understanding of the toxic eﬀects and
mechanism of action for BDE-47 in aquatic organisms.

2 MATERIAL AND METHOD
2.1 Animals and BDE-47 exposure
Adult M. veneriformis clams (average shell length:
3.46±0.24 cm; height: 3.06±0.21 cm; width:
2.38±0.32 cm; mass: 12.45±0.82 g) were collected
from the coast at Dongying and acclimated in aerated
tanks at 16°C for two weeks before the exposure
experiment.
After acclimatization, the clams were transferred
randomly to glass aquaria ﬁlled with 30 L seawater
and separated into two groups (control and treatment).
In the treatment group, the clams were exposed to
BDE-47 for 3 days at a nominal concentration of
5 μg/L, which is the sublethal BDE-47 concentration
used in bivalves. It has been reported that nuclear
injuries can be detected in mussels exposed to 5 μg/L
BDE-47 for 3 weeks (Baršienė et al., 2006). Moreover,
diﬀerentially expressed genes (DEGs) were identiﬁed
in the clam R. philippinarum after exposure to 5 μg/L
BDE-47 for 15 days (Miao et al., 2014). BDE-47
(CAS No. 5436-43-1, purity 98.5%, AccuStandard
Inc.) was ﬁrst dissolved in dimethyl sulfoxide
(DMSO) and added to the aquarium water to obtain a
ﬁnal DMSO concentration of 0.05% v/v. In the control
group, DMSO was added directly to the aquarium
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water at a ﬁnal concentration of 0.05% v/v. Three
replicates were performed for the control and
treatment, where each replicate comprised 30 clams.
During the experiment, the water was aerated
constantly and changed daily. The clams were fed 2 h
before the water was changed, and the appropriate
concentrations of BDE-47 and DMSO were added
after changing the water.
The digestive gland of mollusks is the main tissue
involved with detoxiﬁcation and the elimination of
xenobiotics (Moore and Allen, 2002). The digestive
gland was used successfully in our previous studies to
investigate the molecular response of M. veneriformis
to environmental pollution (Fang et al., 2010, 2013).
Thus, the digestive gland was sampled after 3 days
exposure in this study. The digestive glands were
dissected from 30 clams in both the control and
treatment groups. For each clam, half of the digestive
gland was used for high-throughput transcriptomic
sequencing and the other half was used for real-time
PCR validation. The samples were frozen in liquid
nitrogen immediately after dissection and stored at
-80°C until subsequent analysis. The samples used for
high-throughput sequencing were pooled together for
RNA extraction. The samples used for real-time PCR
analysis were assigned to ﬁve replicates (digestive
glands from six clams per replicate) for RNA
extraction.
2.2 Total RNA extraction and Illumina sequencing
TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
was used to extract the total RNA from the control
and treatment samples according to the manufacturer’s
protocol. After RNase-free DNase (Promega,
Madison, Wisconsin, USA) treatment, the purity of
the total RNA was determined using an ultraviolet
spectrophotometer (Thermo Scientiﬁc NanoDrop
8000). The RNA concentration was measured using a
Qubit®RNA Assay Kit in Qubit®2.0 Flurometer (Life
Technologies, Carlsbad, California, USA). RNA
integrity was checked using an RNA Nano 6000
Assay Kit for the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, California, USA). cDNA
library construction was performed by the Beijing
Genomics Institute (Shenzhen, China) using
aNEBNext® Ultra™ RNA Library Prep Kit for
Illumina® (New England Biolabs, Ipswich,
Massachusetts, USA). Brieﬂy, mRNA was separated
from the total RNA using poly-T oligo-attached
magnetic beads and then disrupted into small pieces.
The short mRNA was transcribed into ﬁrst-strand
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cDNA using reverse transcriptase and random
hexamer primers. After adding dNTPs, RNaseH, and
DNA polymerase I, the second-strand cDNA was
synthesized using the ﬁrst-strand cDNA as the
template. Next, the double-stranded cDNA was
puriﬁed with a QiaQuick PCR extraction kit (Qiagen,
Hilden, Germany), before repairing the cohesive
ends, and ligating with sequencing adaptors. After
screening the target fragments with agarose gel
electrophoresis, PCR ampliﬁcation was performed
using the recovered fragments as the templates. The
quality and output of the cDNA library were tested
using an Agilent 2100 Bioanalyzer and an ABI
StepOne Plus Real-time PCR System. Library
sequencing was then performed using the
IlluminaHiseq 2000 platform.
2.3 Bioinformatics analyses
The raw reads were ﬁltered to obtain clean reads by
discarding reads containing adaptors or of low quality.
De novo assembly of the transcriptomes was conducted
using Trinity (release-20120608), a short read
assembly program (Grabherr et al., 2011). BLASTx
was employed to annotate the unigenes obtained by
using the NR (non-redundant protein database, NCBI),
NT (non-redundant nucleotide database, NCBI),
Swiss-Prot, KEGG (Kyoto Encyclopedia of Genes
and Genomes), and COG (clusters of orthologous
groups) databases. The sequence orientation of
unigenes was determined based on the best results. If
the results from diﬀerent databases conﬂicted, the
priority order was NR, Swiss-Prot, KEGG, and then
COG. The software tool ESTScan (Iseli et al., 1999)
was used to determine the sequence directionality if a
unigene did not align with any of the databases
mentioned above. Functional annotations were
processed using the Blast2Go program (Conesa et al.,
2005) and then classiﬁed with WEGO software (Ye et
al., 2006). The metabolic and signaling pathways of
unigenes were also annotated by the Blastall program
based on the KEGG annotations (Kanehisa et al.,
2008).
Unigene expression was calculated and normalized
by the fragments per kb per million fragments (FPKM)
method (Mortazavi et al., 2008). The diﬀerentially
expressed unigenes in the control group (CG) and
BDE-47 group (BDEG) were analyzed usingmodiﬁed
Audic’s method (Audic and Claverie, 1997), as
described in a previous study (Liu et al., 2011). DEGs
were identiﬁed based on a false discovery rate ≤0.001
and absolute value of log2Ratio ≥1.
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In order to determine the main functional
classiﬁcations of DEGs, we performed GO functional
classiﬁcation for the DEGs as well as GO and pathway
enrichment analysis. After mapping the DEGs to GO
terms or pathways, we calculated the gene numbers
for every term or pathway and performed a
hypergeometric test, where the signiﬁcantly enriched
GO terms and pathways were identiﬁed based on a
Bonferroni corrected P value ≤0.05 and Q value
≤0.05, respectively.
2.4 Quantitative real-time reverse-transcription
(RT)-PCR validation
We employed 26 genes related to detoxiﬁcation,
apoptosis, signal transduction, immune defense,
disease, and antioxidant defense to validate the
Illumina sequencing results by real-time PCR. Primer
5.0 was used to design the primers for these genes
based on the sequences obtained by Illumina
sequencing. The speciﬁc primers are shown in
Table 1. β-Actin was employed as an internal control.
The samples employed for RT-PCR analysis (as
described in Section 2.1) were used for RNA
extraction according to the same method employed
for Illumina sequencing preparation. RNA was
reverse transcribed into cDNA using M-MLV Reverse
Transcriptase (Promega) and oligod (T) primers after
digestion with DNase (Promega). DEPC-water was
used as a negative control to replace the cDNA
template. SYBR Green® real-time PCR assay (SYBR
Prime Script TM RT-PCR Kit II; TaKaRa, Dalian,
China) was used to determine the mRNA expression
levels with an Eppendorf Mastercycler® eprealplex S
(Eppendorf, Hamburg, Germany). The ampliﬁcation
volume was 20 μL, which comprised 10 μL of SYBR
Green Master Mix (TaKaRa), 0.4 μL of each forward
and reverse primer (10 mmol/L), 1 μL of 1:10 diluted
cDNA, and 8.2 μL of DEPC-treated water. The
reaction conditions were as follows: 95°C for 5 min
followed by 40 cycles at 95°C for 15 s and at 60°C for
30 s. Melting-curve analysis of the ampliﬁcation
products was performed at the end of each PCR
reaction to conﬁrm that only one PCR product was
ampliﬁed and detected. The PCR products were also
conﬁrmed by electrophoresis and some were
sequenced. The 2-ΔΔCt method was used to analyze the
relative expression levels. For both the CG and BDEG
groups, ﬁve biological pools (n=5) were analyzed,
where each pool was a mixture of six diﬀerent
individual clams (n=6). All of the data were expressed
as the mean±standard deviation (n=5). We employed
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one-way analysis of variance followed by Tukey’s
test using the SPSS statistical package (version 18.0;
SPSS Inc., Chicago, IL, USA) to test for signiﬁcant
diﬀerences between the CG and BDEG. Signiﬁcant
diﬀerences were accepted when P<0.05.

3 RESULT
3.1 Sequencing and read assembly
After ﬁltering the raw reads, 50 142 012 nt and
50 152 900 nt clean reads were generated from CG
and BDEG by Illumina RNA-seq deep sequencing,
respectively, and they have been submitted to NCBI
(accession No. GSE88918). The de novo assembly
yielded 247 603 and 301 96 contigs with mean lengths
of 282 bp and 280 bp in CG and BDEG, respectively
(Table 2). The contigs of the two groups were resolved
into 127 648 and 154 225 unigenes with average
lengths of 530 bp and 529 bp, respectively. In CG,
33 092 were clusters and 94 556 were singletons, and
in BDEG, 44 730 were clusters and 109 495 were
singletons. In addition, 124 985 unigenes with a mean
length of 733 bp were obtained from the combined
clean reads from CG and BDEG (CG & BDEG) using
the same assembly strategy. There were 47 425
clusters and 7 560 singletons in CG & BDEG.
Similar length distributions were found for the CG
unigenes and BDEG unigenes, where sequences
comprising 200–800 bp accounted for the highest
proportion, followed by sequences >3 000 bp (Fig.1).
Furthermore, sequences of 200–300 bp were not
found in the CG & BDEG unigenes because of the
improved length distribution (Fig.1c). The minimum
length of the CG & BDEG unigenes was 300 bp
(Fig.1c), whereas it was 200 bp for the CG unigenes
or BDEG unigenes (Fig.1a, b). In general, compared
with the CG unigenes or BDEG unigenes, the quality
and the identity of the known proteins determined in
NR was better for the CG & BDEG unigenes.
3.2 Structural and functional annotations
We annotated 34 255 unigenes among the CG &
BDEG unigenes using BLASTX and ESTscan with
the NR, NT, Swiss-Prot, KEGG, and COG databases.
Most of the unigenes (32 176 of 34 255) were
annotated using the NR database. Compared with the
NR database, the distributions of the E-value and
similarity showed that 31.13% (E-value of 0 to 1e-60)
and 24.33% (100%–60% similarity), respectively, of
the sequences possessed high homology (Fig.2a, b).
On a species basis, the highest proportion of matching
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Table 1 Speciﬁc primers used for RT-PCR
Gene
β-actin
Cytochrome P450 1A1
Cytochrome P450 3A56
Glutathione S-transferase A
ABC transporter G family member 22
Multidrug resistance protein 1
Caspase 3
Heat shock 70kDa protein 12A
Heat shock protein 90
Heat shock protein 40A
Inhibitor of apoptosis protein
Cathepsin L
NF-kappa B
cAMP-dependent protein kinase, regulatory subunit 3-1
Receptor-type tyrosine-protein phosphatase T
Scavenger receptor cysteine-rich protein variant 2 precursor
Integrin beta pat-3
Toll receptor 6
Complement C1q protein 4
C-type lectin A
Toll-like receptor 4
Deleted in malignant brain tumors 1 protein
Tumor necrosis factor protein
Extracellular copper/zinc superoxide dismutase
Chorion peroxidase
DBH-like monooxygenase protein 1
Selenium-dependent glutathione peroxidase

Primer name

Sequence (5'→3')

actin F

ATGCAGTAAATGCGGTCAACAGT

actin R

CTGCTTTCAAAGTGTCACTTCCT

CYP 1A1 F

TTCTTTGCTGGAATTGATACATCT

CYP 1A1 R

ATCTATTTCTGCCTGTACTTTTCCT

CYP3A56 F

CACCGAAATGGATTATGGGTAAT

CYP3A56 R

TGACAGGATGATTGCCGTAGAAG

GSTA F

GCTGGTAATAAGTTAAGTTTGGGTG

GSTA R

CTCGTTGTAGCTGGTCACGTTTAG

ABCG22 F

CTGATGTCAGGAATCGGAGGTG

ABCG22 R

TGTTGTAAGGGCTGGTTTAATTTC

MDR1 F

GGTATCGTTAGCCAGGAACCAGT

MDR1 R

CCACCAGTGTTTCAAGTTTGTCAG

Caspase3 F

CGTGGAAAAGGCGTACAAGGT

Caspase3 R

CAAGTAGTGTGTCGGCATCATTAG

Hsp7012A F

GGAACAGCATACTCTAGTTGTGCTT

Hsp7012A R

CTTCTGAACACCGTCACCAGTT

Hsp90 F

CCATATCAAACGACTGGGAAGATC

Hsp90 R

GCTCTTTTTGGTATAAATAGAATGG

Hsp40A F

GTCATTTGGAGGTTTAGCTGGTC

Hsp40A R

GGATACTTGAGGTGTGACCATCT

IAP F

GACGGGACCTGATGCTGACAT

IAP R

GCCTTTGATCTGAAACTCTTCCTC

CL F

GCTGGGCTTTCTCCACAACT

CL R

GCTTGGTCCATCAATCCTCCT

NKB F

TGTTAGCAGCAGTCAGGCATCTAT

NKB R

GCACTACTCCCTCAATGAGAACAAG

CPKRS F

TTACGGAGGGAGAAGTTTCTGCT

CPKRS R

CATCCGATTTAGCCACTACAGAAG

RTPT F

GGTTACCAATGTCTGCTGCCAT

RTPT R

GTGTTGCCGAAGTATCCTTTCTC

SRCPV2P F

TGGTTTGTTTGACGGTAGAGTTG

SRCPV2P R

CTGGTTTTTGATCCATAATACGATT

IBP3 F

GGATATGGCAATGCCTGATTC

IBP3 R

TACAGAACCCTGTGCTATGTGGT

TR6 F

GTTTCCACCTCCGTCTGGTTC

TR6 R

GAAAAACTTCTGCTTCCGCTGT

CCP4 F

ACCACTGGCATCTTTACAGCAC

CCP4 R

CAAAACAACAGAGTTTCCACCAGT

CLA F

ATCCAGGGCAACCAGACAAC

CLA R

CGTGAAGCACAGGCAACGT

TR4 F

CGGAAAGACTGTACTAATCGCAT

TR4 R

CTACGCCACAACTGGCAACA

DMBT1P F

GTCACCTGGTCATTCATAGCATCT

DMBT1P R

GTCTACAAACAACTTCTGCTCCAGT

TNFP F

TGGCCGATTAGTAATTTCTATAACG

TNFP R

CTAAAAATCCCAGCTTTAACGCTAT

Cu/ZnSOD F

CCATACAACGCTACTCATGGATCT

Cu/ZnSOD R

TCCCAAAAAGAGTTGAGTGATATTC

CP F

TACGCAGCCTTCTCCCATCTT

CP R

TGGTCCTATCATCTCATCCCATATT

DMP1 F

AGCACCCACTGTTTATCCCAAT

DMP1 R

TCTCTGAAATTCCGAATCCAATC

Se-GPx F

CGTTCTTAAAGCGACAGTGTCC

Se-GPx R

GCATGTAACTGAGCGTCCACAG

Product size (bp)
150
102
123
121
138
163
130
108
97
158
170
145
110
132
104
147
143
150
174
112
152
178
126
136
165
134
181

1

100

10

2300

a. length distribution of CG unigenes; b. length distribution of BDEG unigenes; c. length distribution of CG&BDEG unigenes.
3912

207
3000
≥3000

232

3000

319

3000

2593

2900

≥3000

Sequence size (nt)
≥3000

227
203

2800
269

286
2700
257

312
265
2600

2400
2500

385
330

2300

480
433
2200

613
2000
2100

703
605
1900

1700
1800

786
729

1600

2279

1048
948

1500

1332

1300
1400

1697
1446

1100
1200

2543
2076

2900

c

2800

Sequence size (nt)

384

2700

b

355

334
311

2600

410

2500

Sequence size (nt)

2900

2700

529
419

2400

2200
2300

573
509

2100

707
651

2000

841

1800
1900

999
858

1700

1500
1600

1384
1162

1400

1797
1549

1300

2061

1100

4447
3227

37065
32821
15223
8973
5959

900

10

1000

800

700

600

500

400

100

2800

468

402

2600

561

692

2200

512

720

2100

2500

718

2000

2400

965

871

1900

1115

1041

1800

1224

1600

1700

1667
1465

1500

5158
3911

1200

11125
7332

3127

10
2683

100

900

1000

1000

800

700

600

500

18711

300

1000

1400

2155
1876

1100

1300

3073
2479

1000

1200

12401
5981
4591
3620

1000

900

800

700

1e+04
8220

400

1e+04

600

20547

39085

Numbers of CG-Unigene
1e+04

500

400

1e+05

300

1
44648 200

1e+05

42651 300

1

200

Numbers of BDEG-Unigene
1e+05

200 0

Numbers of CG&BDEG-Unigene
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Fig.1 Length distributions of the unigenes obtained from the control group (CG), BDE-47 exposure group (BDEG), and
CG&BDEG
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19.4%
36.8%
12.4%

7.4%
19.2%
0

11.7%
0–1e-100

1e-45–1e-30

38.8%

1e-100–1e-60

1e-30–1e-15

1e-60–1e-45

1e-15–1e-5

16%–40%

40%–60%

80%–95%

95%–100%

60%–80%

c
Crassostrea gigas

24.7%

Capitella sp. I

1.1%
1.4%

Amphioxus floridae
54.6%

2.8%

Saccoglossus kowalesvskii
Strongylocentrotus purpuratus

3.6%

Nematostella vectensis

8.0%

Brachidanio rerio

3.9%

Other

Fig.2 Distribution of NR annotated unigenes from CG&BDEG
a. E-value distribution; b. similarity distribution; c. species distribution.

Table 2 Summary of reads obtained from CG, BDEG, and CG&BDEG
Control group

BDE-47 exposed group

Total clean nucleotides (nt)

50 142 012

50 152 900

Q20 percentage

4 512 781 080

4 513 761 000

N percentage

98.49%

98.51%

GC percentage

35.40%

35.59%

Control & BDE-47 exposed group

Total number of contigs

247 603

301 696

Mean length of contigs (bp)

282

280

Contig N50

387

387

The number of unigenes

127 648

154 225

124 985

Mean length of unigenes

530

529

733

sequences in the NR database was derived from
Crassostrea gigas (54.6%), followed by Capitella sp.
I (7.95%, Fig.2c).
COG analysis was used to annotate the unigenes in
order to examine the integrity of the transcriptome
library and the eﬀectiveness of the annotation process.
We categorized 24 401 unigenes into 25 functional
COG clusters (Fig.3). The ﬁve largest categories
were: (1) general function predictions only (19.3%);
(2) recombination and repair (8.8%); (3) translation,
ribosomal structure, and biogenesis (7.6%); (4)
transcription (7.0%); and (5) cell cycle control, cell
division, and chromosome partitioning (6.5%). The
M. veneriformis unigenes were categorized into three

main GO categories: biological process (55 230;
53.2%), cellular component (33 434; 32.2%), and
molecular function (15 151; 14.6%). These GO terms
were further subdivided into 56 sub-categories and
they corresponded to the categories determined by
COG analysis (Fig.4).
To analyze the potential involvement of the
consensus sequences in cellular metabolic pathways,
the annotated unigenes were mapped to the KEGG
database and 21 749 unigenes were assigned to 259
KEGG pathways. Metabolic pathways accounted for
the largest number of unigenes (2 555; 11.8%,
ko01100), followed by focal adhesion (1 135; 5.2%,
ko04510), regulation of actin cytoskeleton (1 061;
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A: RNA processing and modification
B: Chromatin structure and dynamics

5000

C: Energy production and conversion
D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism
F: Nucleotide transport and metabolism

4000

G: Carbohydrate transport and metabolism

Number of unigenes

H: Coenzyme transport and metabolism
I: Lipid transport and metabolism
J: Translation, ribosomal structure and biogenesis
3000

K: Transcription
L: Replication, recombination and repair
M: Cell wall/membrane/envelope biogenesis
N: Cell motility
O: Posttranslational modification, protein turnover, chaperones

2000

P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only
S: Function unknown

1000

T: Signal transduction mechanisms
U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms
W: Extracellular structures
0

A B C D E F G H I J K L MN O P Q R S T U VWY Z
Function class

Y: Nuclear structure
Z: Cytoskeleton

Fig.3 COG function classiﬁcations of CG&BDEG unigenes
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Fig.4 GO classiﬁcations of CG&BDEG unigenes

4.9%, ko04810), pathways in cancer (1.035; 4.8%,
ko05200), vascular smooth muscle contraction (894;
4.1%, ko04270), and tight junction (711 members;
3.3%, ko04530) (Table 3).

3.3 DEGs in CG and BDEG
We explored 17 625 DEGs using arigorous
algorithm and the FPKM method as described in
Section 2.3. We found that 10 028 genes were
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Table 3 Top 20 enriched pathways for CG&BDEG unigenes

signiﬁcantly upregulated and 7 597 genes were
signiﬁcantly downregulated after BDE-47 exposure
(Fig.5). The key DEGs after exposure are shown in
Table 4.

Number

Pathway

All genes with pathway
annotation (21 749)

Pathway
ID

1

Metabolic pathways

2 555 (11.75%)

ko01100

2

Focal adhesion

1 135 (5.22%)

ko04510

3

Regulation of actin
cytoskeleton

1 061 (4.88%)

ko04810

4

Pathways in cancer

1 035 (4.76%)

ko05200

5

Vascular smooth
muscle contraction

894 (4.11%)

ko04270

6

Tight junction

711 (3.27%)

ko04530

7

Hypertrophic
cardiomyopathy (HCM)

696 (3.2%)

ko05410

8

Dilated cardiomyopathy

694 (3.19%)

ko05414

9

Ubiquitin mediated
proteolysis

681 (3.13%)

ko04120

10

RNA transport

671 (3.09%)

ko03013

5

11

Tuberculosis

667 (3.07%)

ko05152

4

12

Spliceosome

648 (2.98%)

ko03040

3

13

Epstein-Barr
virus infection

635 (2.92%)

ko05169

14

Salmonella infection

632 (2.91%)

ko05132

15

Viral myocarditis

609 (2.8%)

ko05416

16

Purine metabolism

604 (2.78%)

ko00230

17

Endocytosis

596 (2.74%)

ko04144

18

Huntington’s disease

590 (2.71%)

ko05016

19

Toxoplasmosis

589 (2.71%)

ko05145

20

Calcium signaling
pathway

577 (2.65%)

ko04020

3.4 GO ontology analysis of DEGs
To understand their functions, all of the DEGs
were mapped onto terms in the GO database. GO
ontology analysis assigned GO categories to
9 543 DEGs (Fig.6), where “cellular process” was the
dominant term in the ontology for “biological
process”. Stress-related processes such as “metabolic
process”, “biological regulation”, “regulation of
biological process”, and “response to stimulus”

log10 (BDEG FPKM)

6
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Fig.5 Unigene expression levels in CG vs BDEG
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Table 4 Fold changes in the expression levels of key diﬀerentially expressed genes (DEGs)
Log2 Ratio (fold
Up-down-regulation
change, CG vs BDEG)
(CG vs BDEG)

Group

Gene ID

Gene

Xenobiotics metabolism
and detoxiﬁcation

CL717.Contig1_All

Proline-rich protein 21

16.0

Up

CL2818.Contig1_All

Cytochrome P450 1A1

3.55

Up

Unigene55456_All

Cytochrome P450 3A56

3.36

Up

CL5396.Contig2_All

Cytochrome P450 2C8

1.28

Up

Unigene55238_All

Cytochrome P450 10

2.09

Up

CL3645.Contig1_All

Cytochrome P450 2J6

1.26

Up

Antioxidant defense

Unigene55080_All

Cytochrome P450 4F2

1.27

Up

CL6770.Contig1_All

Cytochrome P450 3A13

1.25

Up

CL1914.Contig1_All

Cytochrome P450 3A31

1.01

Up

Unigene36766_All

Cytochrome P450 2F2

2.27

Down

Unigene32197_All

Cytochrome P450 4

1.22

Down

Unigene58767_All

Glutathione S-transferase A

4.97

Up

CL14784.Contig2_All

Glutathione S-transferase theta-1

2.06

Up

CL18293.Contig1_All

Glutathione S-transferase pi-class

2.00

Up

CL10806.Contig2_All

Sigma glutathione S-transferase 1

1.22

Up

Unigene12240_All

Rho glutathione S-transferase

1.53

Down

Unigene26599_All

ABC transporter G family member 22

1.90

Up

CL10928.Contig1_All

S-formylglutathione hydrolase

2.15

Down

Unigene4274_All

Multidrug resistance protein 1

1.82

Down

Unigene4412_All

Multidrug resistance protein 3

1.35

Down

Unigene17714_All

Cytochrome b5

1.30

Down

Unigene56120_All

Glycoprotein X precursor

13.36

Up

Unigene60006_All

Asialoglycoprotein receptor 2

11.39

Up

Unigene48648_All

CD59 glycoprotein-like

4.22

Up

CL1166.Contig1_All

Glycoprotein 3-alpha-L-fucosyltransferase A

3.43

Up

Unigene54374_All

Mesenchyme-speciﬁc cell surface glycoprotein

3.22

Up

Unigene43016_All

Pancreatic secretory granule membrane
major glycoprotein GP2

1.82

Up

CL16350.Contig3_All

Asialoglycoprotein receptor 1

4.20

Down

CL3233.Contig2_All

Extracellular copper/zinc superoxide dismutase

11.04

Up

Unigene48665_All

Chorion peroxidase

6.06

Up

CL3342.Contig1_All

DBH-like monooxygenase protein 1

5.08

Up

Unigene54325_All

Selenium-dependent glutathione peroxidase

2.51

Up

CL4291.Contig1_All

Thioredoxin

2.05

Up

CL11085.Contig3_All

Sulﬁredoxin 1

2.01

Up

Unigene57811_All

Heat shock 70 kDa protein 12B

13.19

Up

Unigene52983_All

Heat shock 70kDa protein 12A

4.64

Up

Unigene3442_All

Heat shock protein 90

2.22

Down

CL7552.Contig1_All

Heat shock protein STI1

2.07

Up

CL5231.Contig1_All

Heat shock protein 40A

1.80

Down

Unigene28025_All

Hsp90 protein

2.35

Down

To be continued
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Table 4 Continued
Log2 Ratio (fold
Up-down-regulation
change, CG vs BDEG)
(CG vs BDEG)

Group

Gene ID

Gene

Immune defense

CL20422.Contig2_All

Sialic acid-binding lectin

12.90

Up

Unigene44722_All

Scavenger receptor cysteine-rich
protein variant 2 precursor

11.60

Up

Unigene45253_All

Integrin beta pat-3

6.57

Up

CL19033.Contig1_All

Toll receptor 2 type-2

5.40

Up

Unigene50737_All

Toll receptor 6

4.22

Up

Unigene54275_All

Complement C1q protein 4

3.67

Up

CL19012.Contig2_All

C-type lectin A

3.30

Up

CL977.Contig10_All

Complement component C3

3.24

Up

CL6111.Contig8_All

Complement factor B

2.29

Up

CL18308.Contig3_All

B-cell linker protein

1.70

Up

CL9501.Contig1_All

Toll-interacting protein

1.68

Up

Unigene16845_All

Toll-like receptor 4

2.65

Down

CL10521.Contig3_All

Toll-like receptor 3

2.44

Down

Unigene67836_All

Lysosomal protective protein precursor

1.56

Down

CL16330.Contig1_All

Caspase 8

15.63

Up

CL19803.Contig1_All

Caspase 3

11.75

Up

CL5893.Contig4_All

Mytimacin-5

10.79

Up

CL3013.Contig7_All

Inhibitor of apoptosis protein

2.44

Up

CL13285.Contig1_All

Alkaline phosphatase, tissuenonspeciﬁc isozyme

1.76

Up

Unigene16870_All

Cathepsin L

2.13

Up

CL12135.Contig2_All

Apoptosis-stimulating of p53 protein 1

1.12

Up

CL20367.Contig7_All

Cell death abnormality protein 1

11.22

Down

Unigene72105_All

A disintegrin and metalloproteinase
with thrombospondin motifs 16

10.92

Down

CL7824.Contig2_All

Baculoviral IAP repeat-containing protein 7-B

14.89

Up

Unigene50666_All

RING zinc ﬁnger-containing protein

12.80

Up

Unigene43880_All

Tyrosine-protein kinase receptor Tie-1

2.53

Up

CL17014.Contig3_All

Dual speciﬁcity mitogen-activated
protein kinase kinase 6

2.02

Up

CL4986.Contig1_All

NF-kappa B

1.80

Up

CL11341.Contig1_All

Mitogen-activated protein kinase kinase
kinase 7-interacting protein 1

1.24

Up

CL500.Contig1_All

Tyrosine-protein kinase HTK16

1.21

Up

Unigene30912_All

Calmodulin

1.20

Up

CL8224.Contig2_All

Calcium-dependent protein kinase isoform 2

1.07

Up

Unigene74458_All

cAMP-dependent protein kinase,
regulatory subunit 3-1

2.87

Down

Unigene73870_All

Receptor-type tyrosine-protein phosphatase T

12.30

Down

Unigene76660_All

G protein-coupled receptor 105

4.03

Down

Apoptosis

Signal transduction

Genes related to disease

Unigene56120_All

Glycoprotein X precursor

13.36

Up

Unigene43765_All

Deleted in malignant brain tumors 1 protein

3.53

Up

Unigene24057_All

Nephrin

1.89

Up

CL6586.Contig4_All

Tumor necrosis factor-like protein

11.95

Down
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Table 5 Signiﬁcantly enriched GO terms for diﬀerentially expressed genes (DEGs)
Ontology
Molecular function

Biological process

Gene Ontology term

Cluster frequency

Genome frequency of use

Corrected P-value

Anion: cation symporter activity

10 out of 991 genes, 1.0%

19 out of 9994 genes, 0.2%

0.001 85

Organic acid: sodium symporter activity

11 out of 991 genes, 1.1%

26 out of 9994 genes, 0.3%

0.008 65

Acidic amino acid transmembrane transporter activity 7 out of 991 genes, 0.7%

11 out of 9994 genes, 0.1%

0.011 24

69 out of 9994 genes, 0.7%

0.014 18

Solute: cation symporter activity

19 out of 991 genes, 1.9%

Symporter activity

23 out of 991 genes, 2.3%

93 out of 9994 genes, 0.9%

0.014 26

Dicarboxylic acid transmembrane transporter activity 10 out of 991 genes, 1.0%

24 out of 9994 genes, 0.2%

0.024 81

L-amino acid transmembrane transporter activity

9 out of 991 genes, 0.9%

20 out of 9994 genes, 0.2%

0.028 84

Ammonium transport

9 out of 991 genes, 0.9%

14 out of 10029 genes, 0.1%

0.002 62

Table 6 Top 20 signiﬁcantly enriched pathways for diﬀerentially expressed genes (DEGs)
DEGs genes with pathway All genes with pathway
annotation (2 795)
annotation (21 749)

Pathway

1

Cell adhesion molecules (CAMs)

123 (4.4%)

412 (1.89%)

3.826 176e-20 9.756 749e-18 ko04514

2

Primary immunodeﬁciency

73 (2.61%)

199 (0.91%)

8.312 626e-18 1.059 860e-15 ko05340

3

Prion diseases

100 (3.58%)

353 (1.62%)

5.702 548e-15 4.847 166e-13 ko05020

4

Toxoplasmosis

140 (5.01%)

589 (2.71%)

1.543 204e-13 9.837 925e-12 ko05145

5

Staphylococcus aureus infection

51 (1.82%)

151 (0.69%)

2.581 925e-11 1.316 782e-09 ko05150

6

NF-kappa B signaling pathway

95 (3.4%)

377 (1.73%)

4.477 575e-11 1.902 969e-09 ko04064

7

Bile secretion

93 (3.33%)

369 (1.7%)

7.086 857e-11 2.581 641e-09 ko04976

8

Systemic lupus erythematosus

42 (1.5%)

117 (0.54%)

1.640 734e-10 5.229 840e-09 ko05322

9

T cell receptor signaling pathway

79 (2.83%)

310 (1.43%)

1.086 859e-09 3.079 434e-08 ko04660

10

Apoptosis

83 (2.97%)

335 (1.54%)

1.776 264e-09 4.529 473e-08 ko04210

11

ABC transporters

84 (3.01%)

345 (1.59%)

3.452 597e-09 8.003 748e-08 ko02010

12

Complement and coagulation cascades

56 (2%)

200 (0.92%)

8.244 154e-09 1.751 883e-07 ko04610

13

Small cell lung cancer

107 (3.83%)

495 (2.28%)

3.051 118e-08 5.984 885e-07 ko05222

14

Pertussis

74 (2.65%)

321 (1.48%)

3.042 041e-07 5.540 860e-06 ko05133

15

Fc gamma R-mediated phagocytosis

84 (3.01%)

382 (1.76%)

4.281 532e-07 7.278 604e-06 ko04666

16

Phagosome

109 (3.9%)

537 (2.47%)

6.467 995e-07 1.030 837e-05 ko04145

17

Cytokine-cytokine receptor interaction

36 (1.29%)

124 (0.57%)

1.418 146e-06 2.127 219e-05 ko04060

18

Pathways in cancer

184 (6.58%)

1035 (4.76%)

2.076 377e-06 2.941 534e-05 ko05200

19

Glycosaminoglycan biosynthesis
- heparan sulfate

48 (1.72%)

190 (0.87%)

2.478 690e-06 3.326 663e-05 ko00534

20

Neuroactive ligand-receptor interaction

91 (3.26%)

446 (2.05%)

4.250 313e-06 5.185 699e-05 ko04080

accounted for the highest proportion. The dominant
terms in the ontology for “cellular component” were
“cell” and “cell part”. In the ontology for “molecular
function”, “binding” was dominant, and “catalytic
activity” and “transporter activity” were also
abundant. Moreover, the signiﬁcantly enriched GO
terms were screened based on a corrected P<0.05.
One and seven signiﬁcantly enriched GO terms were
classiﬁed as “biological process” and “molecular
function”, respectively (Table 5). No signiﬁcantly
enriched GO term was found for “cellular component”.

P value

Q value

Pathway
ID

Number

3.5 Pathway enrichment analysis of DEGs
Enrichment analysis of DEGs was performed to
further explore the biological pathways involved in
the response to BDE-47. We mapped 2 795 DEGs into
255 metabolic pathways and signal transduction
pathways, where 63 pathways were signiﬁcantly
enriched. The top 20 signiﬁcantly enriched pathways
are listed in Table 6. As expected, some pathways that
respond to environmental stress, such as cell adhesion
molecules, the NF-kappa B signaling pathway, ATP-
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binding cassette (ABC) transporters, and cytokinecytokine receptor interaction, were signiﬁcantly
enriched. Pathways related to the immune system
were also detected, such as the T cell receptor signaling
pathway (ko04660), complement and coagulation
cascades (ko04610), and Fc gamma R-mediated
phagocytosis (ko04666). Interestingly, we found some
DEGs that are implicated in many disease pathways,
such as primary immunodeﬁciency (ko05340), prion
diseases (ko05020), toxoplasmosis (ko05145), and
systemic lupus erythematosus (ko05322).
3.6 Veriﬁcation of DEGs by RT-PCR
We used RT-PCR to conﬁrm the relative mRNA
expression levels of 26 DEGs identiﬁed by highthroughput sequencing, i.e., nineteen upregulated and
seven downregulated genes. These DEGs were related
to detoxiﬁcation of xenobiotics, apoptosis, signal
transduction, immune defense, disease, and antioxidant
defense. The fold change diﬀerences between the RTPCR and high-throughput sequencing results are
shown in Fig.7. Except for ABC transporter G family
member 22, all of the veriﬁed genes exhibited similar
trends in their relative mRNA expression levels
according to the two methods. The mRNA expression
level of ABC transporter G family member 22 in BDE47 treated group was signiﬁcantly upregulated
according to high-throughput sequencing but it did not
change signiﬁcantly when measured by RT-PCR. The
correlation coeﬃcient between the two series of data
measured by the two methods was 0.987 (P<0.000 1).

4 DISCUSSION
-6

-8
RT-PCR
High-throughput sequencing

-10

Fig.7 RT-PCR veriﬁcation of 26 key diﬀerentially expressed
genes (DEGs)
a. CYP1A1: cytochrome P450 1A1; CYP3A56: cytochrome
P450 3A56; GSTA: glutathione S-transferase A; ABCTG22:
ABC transporter G family member 22; HSP7012A: heat shock
70kDa protein 12A; IAP: inhibitor of apoptosis protein; IβP3:
integrin beta pat-3; TR6: Toll receptor 6; CCP4: complement C1q
protein 4; CLA: C-type lectin A; DMBTIP: deleted in malignant
brain tumors 1 protein; CP: chorion peroxidase; DMP1: DBHlike monooxygenase protein 1; Se-GPx: selenium-dependent
glutathione peroxidase; b. SRCPV2P: Scavenger receptor cysteinerich protein variant 2 precursor; Cu/Zn SOD: extracellular copper/
zinc superoxide dismutase; RTPT: receptor-type tyrosine-protein
phosphatase T; TNFP: tumor necrosis factor-like protein; c. MDR1:
Multidrug resistance protein 1; HSP90: heat shock protein 90,
HSP40A: heat shock protein 40A; Cpkrs3-1: cAMP-dependent
protein kinase, regulatory subunit 3-1; TR4: Toll-like receptor 4.

Due to growing evidence for their toxicity and
persistence in the environment and organisms, the
production of penta-and octa-BDEs was listed in the
“Stockholm Convention” and it ceased in Europe in
1998, and in USA and Canada in 2004 (Stockholm
Convention, 2015). Deca-BDE is still used in many
countries, especially in Asia (Jin et al., 2008). However,
pollution by PBDEs is ubiquitous, where they have
been detected in air, soil, sediment, aquatic organisms,
plants, wildlife, human tissues, and even the polar
bear. BDE-47 is dominant in these samples and it
accounts for as much as 70% of the total PBDEs
present in biota (Wollenberger et al., 2005). Thus,
BDE-47 is attracting increasing attention as a pollutant.
M. veneriformis is a newly emerging model for
marine eco-toxicological studies and transcriptomic
information can be obtained for molecular analyses
using this bivalve model. The powerful de novo
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assembly approach based on Illumina RNA-seqdeep
sequencing is increasingly applied to obtain sequence
information. Thus, in this study, we conducted deep
sequencing-based transcriptome proﬁling analysis
using M. veneriformis to elucidate the mechanisms
responsible for the toxic eﬀects of BDE-47 in bivalves.
We obtained 127 648, 154 225, and 124 985 unigenes
by assembling the CG reads, BDEG reads, and CG &
BDEG reads, separately. This massive amount of
sequencing data yielded a DEG catalog, which can be
used for toxicology research at the molecular level.
RNA-seq transcriptional analysis identiﬁed DEGs
in the CG and BDEG libraries, where 10 028 genes
were signiﬁcantly upregulated and 7 597 genes were
downregulated. Using SSH, Miao et al. (2014) only
identiﬁed 75 DEGs in R. philippinarum after exposure
to BDE-47. Compared with the traditional method,
RNA-seq has many advantages for detecting novel
transcripts. In addition, the reliability and accuracy of
the DEG data were veriﬁed by our RT-PCR results.
GO and KEGG analysis were performed to clarify the
functions of the DEGs, which were mainly related to
metabolism and detoxiﬁcation of xenobiotics,
responses to stimuli, apoptosis, signal transduction,
immune defense, and antioxidant defense.
4.1 Genes associated with metabolism and
detoxiﬁcation of xenobiotics
Three main classes (phases) of proteins are
responsible for the metabolism and detoxiﬁcation of
xenobioticsin organisms. The cytochrome p450
superfamily of heme-containing monooxygenases is
typical phase І enzymes that are responsible for
organic pollutant biotransformation. Several MVCYP
450 genes (CYP1A1, CYP3A56, CYP2C8, CYP10,
CYP2J6, CYP4F2, CYP3A13, and CYP3A31) were
upregulated whereas CYP2F2 and CYP4 were
downregulated in response to BDE-47. Given the
important role of the metabolism of xenobiotics,
CYP1A has been used as a biomarker in assessments
of aquatic contamination (Brammell et al., 2010).
Transcription of the CYP1A1 gene was upregulated
10.75-fold by BDE-47 in the present study. Giannetti
et al. (2012) and Fossi et al. (2008) reported that
expression of the CYP1A protein exhibited dosedependent induction in skinbiopsy slices from Caretta
caretta and the Mediterranean cetacean Tursiops
truncates when treated with polyaromatic
hydrocarbons (PAHs), organochlorines, and PBDEs.
Higher induction was found after treatment with
PBDEs, thereby indicating the high potential of these
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chemicals for interfere with bioactivating enzyme
systems. A ﬁeld study showed that the mRNA
expression level of CYP1A was elevated signiﬁcantly
in redeye mullet Liza haematocheila collected from a
polluted area compared with a reference site, where
the level correlated with the pollutant contents of their
tissues, particularly with those of polychlorinated
biphenyls (PCBs) and PBDEs (An et al., 2011).
Nevertheless, it was reported that PBDEs are not
capable of inducing CYP1A1 activity in cynomolgus
monkey Macaca fascicularis hepatocytes (Peters et
al., 2006). The diﬀerent responses of species to the
various congeners of PBDEs used in these studies
may have yielded inconsistent results. In mammals,
the CYP1 gene expression level is regulated by the
aryl hydrocarbon receptor (Ah receptor), which is a
cytosolic transcriptional factor that has a high aﬃnity
for planar compounds, such as PAHs and PCBs. The
Ah receptor forms a complex with Ah receptor nuclear
translocator (Arnt), which can bind to xenobioticresponsive elements in the promoters of CYP1 genes
(Peters et al., 2006). PBDEs share structural similarity
with PCBs. In the present study, we identiﬁed one Ah
receptor gene and two Arnt genes in M. veneriformis.
No obvious changes in the MVArnt gene expression
levels were found after BDE-47 exposure. However,
the expression level of the Ah receptor gene was
about 73% lower in the BDEG group than the CG
group. It would be interesting to clarify whether the
induction of CYP1A1 by BDE-47 in M. veneriformis
was a result of Ah receptor binding, which will be
addressed in our future research.
We found that the mRNA expression levels of
CYP3A56, CYP3A13, and CYP3A31 in BDEG group
were 10.27, 2.38, and 2.01 times higher than those in
the CG group, respectively. Similarly, a previous study
reported that the CYP3A gene expression level was
signiﬁcantly increased in HepG2 cells exposed to
BDE-47 (Hu et al., 2014). In mammals, expression of
the CYP3A gene can be regulated by a wide range of
chemicals, such as PBDEs, pregnanes, and rifampicin
(Hu et al., 2014). The regulation mechanism may allow
these chemicals to activate the pregnane X receptor
(PXR), which is a nuclear transcription factor
characterized by a ligand-binding domain and a DNAbinding domain. PXR can regulate CYP3A gene
expression by binding to its ligand, translocating to the
nucleus, and interacting with aresponse element in the
promoter (Watkins et al., 2001). In invertebrates, the
CYP3A gene is upregulated in scallops Chlamys farreri
when exposed to benzo[a]pyrene, a type of polycyclic
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aromatic hydrocarbon (Cai et al., 2014). It is not known
how these organic pollutants regulate the expression of
CYP3A in invertebrates, and whether receptors exist in
invertebrates that can regulate CYP3A expression in
the same manner as PXR in mammals. These interesting
problems will be addressed in our next study.
Glutathione-S-transferase (GST), an important
phase II enzyme, can catalyze the conjugation of
reduced glutathione (L-γ-glutamyl-L-cysteinylglycine) to yield reactive electrophiles of endogenous
and exogenous compounds. Thus, the activity level of
GST has been used widely as a biomarker of exposure
to chemical substances in aquatic organisms. The
GST gene transcript level is signiﬁcantly induced by
exposure to PBDEs in razor clams Solen grandis,
thereby indicating its involvement in cellular
xenobiotic defenses against PBDEs (Yang et al.,
2012). PBDEs can also elevate the GST enzyme
activity in rock cod Trematomus bernacchii, which
suggests that GST is involved with the detoxiﬁcation
of PBDEs (Ghosh et al., 2013). In this study, we
detected responses to BDE-47 by ﬁve GST
isoenzymes, i.e., A-GST, theta 1-GST, pi-GST, sigmaGST, and rho-GST. The mRNA expression levels of
these isoenzymes increased after BDE-47 exposure,
except for rho-GST, which indicates that several GST
isozymes cooperate in BDE-47 detoxiﬁcation in
M.veneriformis.
ABC transporters are phase III enzymes, which
actively pump the substrates obtained from phases І
and II out of cells. Multi-drugresistance (MDR)
proteins are classical ABC transporters, which
comprise cell membrane proteins known as
P-glycoproteins. In mammals, numerous studies have
shown that the failure of cancer chemotherapy is due
mainly to drug eﬄux via pumping by MDR proteins,
which is regulated by the activation of AhR, the
constitutive androstane receptor, and PXR (Geick et
al., 2001). In addition, MDR genes have been
identiﬁed in several aquatic organisms and their
involvement in general biological defenses against
environmental toxicants has been demonstrated
(Veldhoen et al., 2009; Milan et al., 2016). In our
study, the mRNA expression of MvMDR1 and
MvMDR3 in BDE-47 group decreased to 54.9% and
74.1%, respectively, of that in the control group. To
the best of our knowledge, the present study is the
ﬁrst to describe the change of MDR gene expression,
including MvMDR1 and MvMDR3, in response to
BDE-47 in invertebrates, thereby indicating their
roles in BDE-47 metabolism and detoxiﬁcation
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processes. The regulation of the MDR gene by PXR
was shown to be conserved in the zebraﬁsh Danio
rerio (Bresolin et al., 2005). The receptor that serves
as an activator of MDR gene expression in
M.veneriformis will be investigated in our next study.
4.2 Genes associated with antioxidant defense
Oxyradical production has been identiﬁed as a
common pollution-mediated mechanism of toxicity
in aquatic organisms. It has been demonstrated that
BDE-47 markedly enhances the production of oxygen
radicals in aquatic animals which suggests that the
cell antioxidant defense pathways are overwhelmed
(Ghosh et al., 2013). In the present study, we found
that the transcripts of some well-known antioxidant
enzyme genes, such as copper/zinc superoxide
dismutase,
selenium-dependent
glutathione
peroxidase, and chorion peroxidase, were upregulated
in response to BDE-47, which indicates their
involvement in the defense against oxidative stress
caused by BDE-47. Oxidation is regarded as a PBDE
toxicity mechanism and reactive oxygen species
(ROS) are often produced through the NF-kappa B
signaling pathway (Lv et al., 2015). We found that the
NF-kappa B signaling pathway (ko: 04064) related to
95 DEGs was signiﬁcantly enriched. This may be the
signaling pathway that allowed BDE-47 to induce
oxidative stress in M. veneriformis.
Heat shock proteins (HSPs) are molecular
chaperones, which stabilize protein folding and
prevent indiscriminate protein interactions by
sequestering unfolded proteins. HSPs are stressrelated proteins, which are induced by various
chemical, physical, and pathogenic stresses, and they
are used as general indicators of non-speciﬁc stress.
HSP90 (83–90 kDa), HSP70 (66–78 kDa), HSP60,
HSP47, and small heat shock protein (sHSP; 15–
43 kDa) are the main HSP families. In particular, the
HSP70 family members participate in protein repair,
transport, and protection from oxidative stress
(Contardo-Jara et al., 2010), and they are used
extensively as early biomarkers of environmental
stress in diverse organisms. We found that the mRNA
expression levels of MvHSP70 12A and MvHSP70
12B were signiﬁcantly induced by BDE-47. This
ﬁnding agrees with the induction of HSP 70 gene
expression by PBDEs in skin slices of striped dolphins
Stenella coeruleoalba (Fossi et al., 2014). Similarly, a
ﬁeld investigation showed that HSP70 transcripts
increased in horse mussels Modiolus modiolus (L.)
located near a marine municipal waste water outfall
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with high PBDE concentrations compared with a
reference site (Veldhoen et al., 2009). HSP STI1 plays
a role in mediating the heat shock response of some
HSP70 genes. We detected the upregulation of
MVHSP STI1 by BDE-47, which indicates the
possible mediatory role of MVHSP STI1 in the
HSP70 response to BDE-47, which should be veriﬁed
in further research. In addition, sHSPs such as HSP40
and HSP22 are considered to belong to a heterogeneous
HSPs family, which can counter heat, oxidative, and
contamination stress in the clam R. philippinarum,
and Corbicula fluminea (Chen et al., 2013; Liu et al.,
2015). We detected the downregulation of MVsHSP
40A mRNA expression in response to BDE-47. The
diﬀerent responses of MVHSP family members to
BDE-47 suggest their participation in the resistance
to BDE-47 stress.
4.3 Genes associated with the immune response
and apoptosis
Immune system disruption caused by exposure to
PBDEs has been demonstrated in several aquatic
vertebrates (Ye et al., 2012). However, the
immunotoxicity of PBDEs has been reported rarely in
aquatic invertebrate. In bivalves, innate immunity is
the primary defense against invasion by pathogens
because they lack well-developed acquired immunity.
We found that the mRNA expression levels of many
innate immunity factors, such as lectins, integrins,
toll-like receptors, and complement, were regulated
by BDE-47, thereby suggesting the participation of
these factors in the immune defense against BDE-47
stress in M. veneriformis. Changes in the transcript
levels of these immunity factors have also been
observed in bivalves in the presence of several
environmental contaminants (Cai et al., 2014). In
aquatic invertebrates, Ye et al. (2012) detected genderspeciﬁc responses of complement genes to BDE-47 in
the marine medaka Oryzias melastigma, and they
suggested the use of these responses in risk
assessments for environmental pollution. Thus,
gender must also be considered when determining the
immunotoxicity mechanism and in risk assessments
for BDE-47.
Apoptosis is a gene-controlled cellular autonomous
death mode that maintains homeostasis in organisms.
Caspase family members play vital roles in apoptosis.
We detected very large increases in caspase transcripts
as well as signiﬁcant changes in the expression levels
of other apoptosis-related genes when M. veneriformis
was exposed to BDE-47, thereby indicating the
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response of apoptosis to BDE-47. In murine peritoneal
macrophages, BDE-47 was shown to induce
concentration- and time-dependent increases in
caspase-3 mRNA and protein expression levels by
real-time PCR and western blotting, respectively (Lv
et al., 2015). In addition, 10 mol/L BDE-47 caused
signiﬁcant increases in cell apoptosis according to
ﬂow cytometry. However, apoptosis was not detected
in harbor seal Phoca vitulina cells when exposed to
12 mol/L BDE-47, BDE-99, and BDE-153 (Frouin
et al., 2010). These diﬀerent results may be attributable
to the distinct cell lines employed and the PBDEs
concentrations applied. The mechanisms of PBDEinduced apoptosis should clearly be investigated. The
involvements of ROS and oxidant stress may provide
insights into the mechanism responsible for PBDEinduced apoptosis (Lv et al., 2015). We did not test for
ROS, but the mRNA expression levels of antioxidant
enzymes exhibited obvious responses to BDE-47 in
M. veneriformis. Furthermore, changes in the immune
response are possible adverse eﬀects caused by
apoptosis. Phagosomes are a key innate immunity
factor, which can remodel tissue, eliminate apoptotic
cells, and limit the spread of intracellular pathogens.
Phagosome pathway (ko: 04145) links immune
defense and apoptosis. Based on the pathway analysis
in this study, many immune system DEGs such as
Toll-like receptors and integrins, and apoptosis DEGs
such as cathepsin were detected in the phagosome
pathway, which was signiﬁcantly enriched in
M. veneriformis after exposure to BDE-47. Further
research would be carried on the apoptosis of immune
cells under BDE-47 challenge.

5 CONCLUSION
Using Illumina sequencing, we analyzed the
transcriptome of M. veneriformis and its response to
BDE-47 exposure for the ﬁrst time in this study.
Numerous DEGs related to detoxiﬁcation, antioxidant
defense, immune response, and apoptosis were
detected in the clams exposed to BDE-47, thereby
indicating the transcriptional complexity in
M. veneriformis in response to BDE-47. We provided
insights into the toxic eﬀects of BDE-47 as well as its
toxicity mechanism. Moreover, many DEGs could be
developed as biomarkers to monitor the molecular
response to PBDEs by using as M. veneriformis
indicator. The regulation and interaction of the DEGs
and the toxicity mechanism of PBDEs when combined
with multiple chemicals will be investigated in our
future research.
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