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Abstract
xenobiotics, and also play important roles in antioxidant defense. We identified two glutathione S-transferase
isoforms (VpGSTS, sigma GST; VpGSTO, omega GST) from Venerupis philippinarum by RACE
approaches. The open reading frames of VpGSTS and VpGSTO were of 612 bp and 729 bp, encoding 203
and 242 amino acids with an estimated molecular mass of 22.88 and 27.94 kDa, respectively. The expression
profiles of VpGSTS and VpGSTO responded to heavy metals and benzo[a]pyrene (B[a]P) exposure were
investigated by quantitative real-time RT-PCR. The expression of VpGSTS and VpGSTO were both rapidly
up-regulated, however, they showed differential expression patterns to different toxicants. Cd displayed
stronger induction of VpGSTS expression with an approximately 12-fold increase than that of VpGSTO
with a maximum 6.4-fold rise. Cu exposure resulted in similar expression patterns for both VpGSTS and

Glutathione S-transferases (GSTs) are a class of enzymes that facilitate the detoxification of

VpGSTO. For B[a]P exposure, the maximum induction of VpGSTO was approximately two times higher
than that of VpGSTS. Altogether, these findings implied the involvement of VpGSTS and VpGSTO in host
antioxidant responses, and highlighted their potential as a biomarker to Cd and B[a]P exposure.

Keyword: Venerupis philippinarum; Glutathione S-transferase; mRNA expression; heavy metals;
benzo[a]pyrene; biomarker

IINTRODUCTION

Due to intense anthropogenic activities in recent
decades, numerous contaminants including heavy
metals (cadmium, copper, mercury, etc.) and
polycyclic aromatic hydrocarbons (benzo[a]pyrene,
dibenzanthracene, etc.) have been discharged into
marine environment and posed severe threats to
fragile marine ecosystem and even human beings
through food chains (Rainbow, 1995; Xue and
Warshawsky, 2006). To fully assess the impact of
marine environmental pollutants, it is necessary to
characterize the toxicological effects on resident biota
caused by contaminations (Galloway et al., 2002).
Exposure to environmental contaminants can lead to

adaptive biochemical responses, and thus the response
of some biotransformation enzymes may be
considered biomarkers of aquatic pollution (Company
et al., 2004; Nahrgang et al., 2009; Park et al., 2009).
Owing to the sensitive response of mRNA expression
to diverse forms of stressors, changes in mRNA
expression of cytochrome P450, glutathione
S-transferases, superoxide dismutase, heat shock
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proteins, metallothioneins and vitellogenin have been
frequently used for marine pollution monitoring
(Cunha et al., 2005; Hoarau et al., 2006; Sarkar et al.,
2006; Gao et al., 2007; Lee et al., 2008; Wang et al.,
2009).

Glutathione S-transferases (GSTs, EC 2.5.1.18)
constitute a large multigene family of phase II
enzymes involved in detoxification of xenobiotics
(DeJong et al., 1988). Based on the differences in
structural, catalytic and immunological characters, at
least 15 classes of GSTs (alpha, beta, delta, epsilon,
kappa, lambda, mu, omega, phi, pi, sigma, tau, theta,
zeta, and rho) have been identified from the cytosol,
mitochondria and microsomes of numerous
phylogenetically diverse organisms (Hayes et al.,
2005). Generally, the detoxification mechanisms of
GSTs lie in the conjugation of reduced glutathione
with exogenous and endogenous toxic compounds or
their metabolites to increase the hydrophilicity and
facilitate the excretion of toxicants (Ketterer et al.,
1983). The mRNA expressions of GST isoforms have
been demonstrated to be inducible or repressed upon
exposure to potentially toxic compounds, such as
heavy metals, pesticides, tributyltin in diverse
organisms (Boutet et al., 2004; Wang et al., 2006; Lee
et al., 2008; Wan et al., 2008a, 2008b, 2009).

Manila clam Venerupis philippinarum is one of the
important sentinel organisms in ‘Mussel Watch
Program’ launched in China. Due to the wide
distribution, high tolerance to salinity and temperature,
ease of collection and high bioaccumulation of
contaminants, V. philippinarum has been considered
a good bioindicator in marine and coast ecotoxicology
(Liang et al., 2004; Ji et al., 2006; Xu et al., 2010).
Presently, several GST sequences have been identified
from different mollusk species (Boutet et al., 2004;
Wan et al., 2008a, 2008b, 2009; Ren et al., 2009; Xu
et al., 2010). However, little information is available
on the molecular features and expression profiles of
GST in V. philippinarum. In this study, we cloned the
full-length cDNA of sigma and omega GSTs from
V. philippinarum (VpGSTS and VpGSTO) to compare
their expression profiles exposed to three typical
environmental contaminants in Bohai Sea and also to
evaluate their potential as toxicological biomarkers.

2 MATERIAL AND METHOD

2.1 Clams and treatments

The clams V. philippinarum (shell length: 3.0—
4.0 cm, Zebra pedigrees) were purchased from local
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culturing farm (Bohai Sea, Yantai, China) and
acclimatized for 10 days before exposures. The
seawater was aerated continuously, and salinity and
temperature maintained at 32 practical salinity units
and 25°C throughout the experiment. Clams were fed
with Chlorella vulgaris Beij daily and the seawater
was renewed daily. After the acclimatization, the
clams were randomly divided into twelve flat-
bottomed rectangular tanks, each containing 50
individuals in 20 L seawater.

For the exposure experiment, fifty clams per tank
were treated with different toxicants at following final
concentrations: Cd (as CdCl,, 10, 20, and 40 pg/L),
Cu (as CuCl,, 10, 20, and 40 ug/L) and BJ[a]P (5, 10,
and 50 ug/L dissolved in DMSO). The concentration
of heavy metals and B[a]P have been previously
reported in some heavily polluted sites of Bohai Sea
and the coastal waters of southeast China (Zhang,
2001; Zhang et al., 2004). The clams cultured in the
normal filtered sea water (FSW) and FSW containing
0.002% DMSO (v/v) were used as the blank and
control groups, respectively. The toxicant-laden
seawater was renewed daily, and clams were fed daily
during exposure time. Four individuals from each
treatment were randomly sampled after exposure for
24,48, and 96 h, respectively. The haemolymph from
the control and the exposed groups was collected
using a syringe and centrifuged at 2000xg, 4°C for
10 min to harvest the haemocytes.

2.2 Cloning the full-length ¢cDNA of VpGSTS and
VpGSTO

BLAST analysis of all expressed sequence tag
(EST) sequences from the V. philippinarum
haemocytes cDNA library revealed that two ESTs
were highly similar to the previously identified sigma
GST and omega GST. To generate the full-length
cDNA of VpGSTS and VpGSTO, eight specific
primers (Table 1) were designed based on the above
fragments. The nested PCR strategy was applied to
the 3’ and 5" RACE. The RNA extraction, cDNA
synthesis, PCR amplification and PCR product
sequencing were performed according to previously
described (Zhang et al., 2011).

2.3 Sequence analysis

The obtained GST sequences were analyzed using
the BLAST algorithm (http://www.ncbi.nlm.nih.gov/
blast), and the deduced amino acid sequences were
analyzed with the Expert Protein Analysis System
(http://www.expasy.org/). The percentages of
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Table 1 Primers used in the present study

Primer Sequence( 5'-3") insfi) (21:;?;
(r;elrse) TTTCTTTATGTCTGGTGCTG SrgfngpsriT“sler
(r;ezrse) GTTCCCGCCGAGCTTTGATC S'flzf\prGpsﬂT“sle‘
- f:rse) CATAGGTTTGTCTCCTCCAA  ° ’fgf\?p%"srgger
(r;:rse) TGTCACAACCTTGGACCATA  ° fgr"\fp%"sr}rger
( forF\;/Sar g GCTTGTTTTAGTGATTGCTGG ¥ f[;?\(/: pEGpSriT”S‘er
(forifar 4 AACTTCGATCAAAGCTCGGCG ygfgfé’sﬁ;s‘er
( for}:jar g TCTCGGGTCAGGAAGTAAGT ¥ fl;’*\?f(}%?ger
( forl\)far g TATCGGCATTAGATCGTGTC ¥ fl:f\?fG%r;rger
(fo::ar g CTGAGGAGGAACTTCTGATAG Reler ti,“;g‘g}‘;m
(rezi‘r)se) GTTTCTTTATGTCTGGTGCTG Riffi,“;gg?‘ger
¢ fof;/;r g ATGGTCCAAGGTTGTGACAC R‘l’,i]r t\ij‘;ggr%’ger
(ref’/ifse) CATCATAGGTTTGTCTCCTCC Refilrt\i;gggr;ger

similarity and identity of VpGSTS and VpGSTO with
GST proteins from other organisms were calculated
by the Identity and Similarity Analysis program
(http://www.biosoft.net/sms/index.html). ~ Multiple
alignments of VpGSTS and VpGSTO were performed
with the ClustalW Multiple Alignment program
(http://www.ebi.ac.uk/clustalw/)  and  Multiple
Alignment show program (http://www.bio-soft.net/
sms/index.html). A neighbor-joining (N
phylogenetic tree was constructed by MEGA 4.0 with
1 000 bootstrap replicates. Two phi GSTs from
Nicotiana tabacum and Arabidopsis thaliana were
used as the root of the tree.

2.4. Modulation of VpGSTS and VpGSTO gene
expression exposed to Cd, Cu and B[a]P

The expression levels of VpGSTS and VpGSTO
transcripts after Cd, Cu and B[a]P exposures were
measured by quantitative real-time RT-PCR on an
Applied Biosystem 7500 fast Real-time PCR System.
Two sets of gene specific primers, P9 and P10 for
VpGSTS and P11 and P12 for VpGSTO (Table 1),
were designed to amplify products of 297 bp and
154 bp, respectively. These products was purified and

sequenced to verify the PCR specificity. f-actin was
used as a refrerence gene as previously described
(Zhang et al., 2011), which was frequently used in
gene quantitative analysis after exposure to various
chemicals (Doyen et al., 2006; Gao et al., 2007; Park
et al., 2009). In a 96-well plate, each sample was run
in triplicate along with the internal control. The RNA
extraction, cDNA synthesis, reaction component,
thermal profile, and the data analysis were conducted
as previously described (Zhang et al., 2011). All
datasets were given in terms of relative mRNA
expression as meanstS.D. One-way analysis of
variance (one-way ANOVA) was performed on all
data using SPSS 13.0 statistical software, and P
values less than 0.05 were considered statistically
significant. To compare mRNA expression between
two exposure concentrations at the same time, the
Student’s ¢-test was used with significance at P<0.05.

3R ESULT

3.1 Sequence analysis of VpGSTS and VpGSTO

Two nucleotide sequences of 904 bp and 1 205 bp
representing the complete cDNA sequence of
VpGSTS and VpGSTO were obtained by RACE
approach, respectively. These sequences were
deposited in GenBank under accession No. HM061129
and HMO061130. The deduced amino acid sequences
of VpGSTS and VpGSTO were shown with the
corresponding nucleotide acid sequence in Fig.1.

The open reading frames of VpGSTS and VpGSTO
were of 612 and 729 bp, encoding 203 and 242 amino
acids, respectively. The predicted molecular masses
of VpGSTS and VpGSTO were 22.88 and 27.94 kDa.
No signal peptide was identified in both VpGSTS and
VpGSTO by signalP analysis, indicating that the
deduced proteins should be cytosolic GST. CD-
Search identified the GSH binding site (G-site, 4-73
aa for VpGSTS and 3-91 aa for VpGSTO) and non-
specific xenobiotic binding site (H-site, 83—185 aa for
VpGSTS and 109-226 aa for VpGSTO) in both
VpGSTS.

Multiple alignment of sigma and omega GSTs
revealed that their N-terminal domains were highly
conserved, while the C-terminal domains were
considerably wvariable (Figs.2, 3). Omega GSTs
displayed higher sequence similarity across a broad
spectrum of species compared with sigma GSTs.
BLAST analysis showed that VpGSTS was
homologous with Sigma-class GST of Caenorhabditis
elegans (NP_496862). However, the degree of
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(a)1 MATY
1 TTAATCTAGTACACG TG TOGGT GRATT CAGTT ACAT TCATTCAACAACAT GLCTACA TAC
k¥ 8§ ¥ FPS:K G NAE T LELY LV I
61 AAGGTCTOCTAT TTTOC TAG TA AAGGA AACGC AGAAATCTTACGOC TTGT TT TAG TGATT
23A G QD FEDEZ RLTRDEWATIKYK/|D
121 GCTGCACAGGACTTT GAGGATGAGAGG CT GAC CAGAGACGAGT GGGC GAAGG TCAMGGAL
154 S PTEKQMPLLTVNGTVYYG
1581 GUGTOGCCTACGAAGCAGATGCOG TTACT CAC TG TAAA TGO TACTG TGTA TG T GST N
65A AC A RYLAZRKYOGLLGATTFPEE -

GCAGCT TOTGCCAGA TATTTGGCAAGA AMATA TGGATT GTT GG GAGC AACCCCTG AGGAG

EEL LI DE YECIADFLEKLTEUDYFLK

GAACTTC TGATAGAC GAAGT AT ATGAA TGCAT TGO GACTT TCTGAA AGAAG TCT TT AAA
0L FYE KDEKAIKEETULEKA® QEKTLTIE

361 CTTTICTATGAAAAG GATGAAA MGG AAGGAAG AACT TAAAC AAAAGTT GACCACAGAA
123N A PK LNEY I KLRSIKLTGT GNGF
121 AATGOCCCAAMCTC M TGAAT ACATC AAACT TCGA TC AMAGE TOGGOGGGAACGGT TTC
451 1 6 K E I S L ADIQIYNTIVDGQEC
181 ATCATTGGTAAAAGATCTCTC TOGCCGACAT ACAGAT ATATAATATAGT GGATC AATGT GST_C
65E T G F P GLF S SAPDIEKEKUHATLDA

541 GAGACAGGTT TTCOGGGATTAT TT TCA TCAGC ACCAGACAT AAAGA AACACGOGG AT GCC
B3V K S D ARI QKWIATMPEMPQ *

601 GTGATCTGATGOCAGGAT AC AA AAG TGGATCGCAAC AT GCCAAA AATGCCAC AATAA

661 GAAACGAACTGAAACTT AAGAT ATGTT TATCAM CAGCGAA TCAAT GAAC AAAGC GACGA

T21 ATTTTAAAGTCCAAT MATTCAA AACTC TTACAGA TTAG TAT TTCTG TACT AATAT AACAT

T81 TCTTAGACGATT ATT TACAATTGTACT TG TACATGTACTTAGAAMATATCGT TGT AGATC

B41 TATATGTTATGTGAAACGAA TG AAAAT AAAGT GCCATAGAG AL A A A AA AR A AR

G901 AMA

(b) 1 GAACGGC TAGAGAATG AAACAAAACTT TGA AGAAAC AGG AATGAGT GTTGAGATT TTC
1

M SIS ERALGSGSEKYPPIKE
61 ATGTGAM TATGTC TTC TGAAMG AGC TCTOGGGTC AGG AN TAAG TATCOGCOG AAMGGAN
18P G LEL YN EFEPYVERTRL
121 CCTGGHTGT TITACG TTTGTATGGCATGAGATT CTGOCCCTA TG TG AMGAGAMGCCACTT  GST N
BYLEHKNIPYETVYNINLTIDEKTP -
181 GTOCTGGAACACAAGAA TAT TOCGTACGAAM. TGT TAACAT TAATCTCATTGAT AMACCG
58D W YLQKINCLGLVYPSTIETDN
241 GACTGGTACCTGCAAMGATCAATTG TCTAGGACT GGT TCC ATCCATAGAG ACT GAT AAT
DV IFDSVIVNEYIDI|SVYTP E

01 GACGTCATATTTGACTCGGT TATTGT TAATGAGTACAT TGACTCCGTA TATCCT GGT GAA
9 KLIPNDGRRAAEKDIEKMNMLLETHW
361 AVACTGAT TOCCAA TGA TOGACG TOG AGCGGC A AGACAA AATGCTTCTT GAAATATGG
1185 K Y VT QYYELFYPS GETHNEY
121 TCCAAGGT TGTGACACAGTATTATAAATTGTT TTA TUCCAG TGGT GAAACA AT GAAGTT
133V P NMLSALTDR ENELARRDT
181 GTTCCCAATATGTTATCGGC ATT AGA TCG TGT UGA AMA TGAACTAGCAAGG AGAGATACT

158 T F GDEKPMM FNTWPHMNE,| GSTC
511 ACATTCTT TGGAGG AGACAAACC TATGATGAT TGACTT CAACATATGGCCAC
78R I VHFDVLVPGFTLDA

601 CGCATAGT TCATTT TEACGT GUTGGT TOCAGG TTTCACCCT GGACGET TCAAGA TTT AAA
199R L T S WIDEMNMNEKYPAVEKEKTEK.L
661 CGTITCACGTCATGGAT TOA TGAAAT GAACAA AGT ACC AGC TG TT AMGAMACAAMATTG
2BQ L DS FEKLFMITYEKNSGIE KMNDTC CTD
CAATTAGACAGTTT TAAGTT GTTCAT GAT TACAGT TAAAM TGGAAMATGGAT TGTGAC
A G L E E *
781 GUAGGTCT TCAAGAATAGACGTT TAT AATCAA AMCGTC ACATATT ACATCT TOG TGAAGT
B41 TTOGTTITAAAGAC TGGAGT ATAGAC TATAM TAT TTAAM TTGT AMGCTT TGACTTGTA
901 AGCTTGTAGCC AMGEAATTCTGAGA ATACAA ATGATT GAAGT TCATG TGACAAATA TGG
961 AGAGAAMGAAATGCTGATT TIC TAA TGT AM TATATTTCT TTCA TAG AGG T/
1021 ATTATTTT TTTACAAAA TTC AMACAC TOGAAAATG TGT GAACGAT TATATAGGC AGCATA
1081 TATATAGC TTTAAACATATTACATTT TCATTT AMACTTATT TTAAATT CAT TCAGCACTC
1141 AATACTACTAGATATTATATGCAAAG TTGGTATTT TICTTAAAAA A A A A A
1201 AlAaA

Fig.1 Nucleotide sequences and deduced amino acid
sequences of VpGSTS (A) and VpGSTO (B)

The boxes show the conserved GST N terminal and GST C terminal
domain. Polyadenylation signals are underlined and messenger stability
determining motifs ATTTA are marked in red.

similarity was only 39%. It was observed that the
VpGSTS was clustered together with another known
V. Philippinnarum sigma GST sequence (ACU83216)
on a branch of Sigma-class GST (Fig.4). From this
tree, it was concluded that VpGSTS belonged to a
distinctive category in the sigma family that has no
close relationship with other origins. In contrast,
VpGSTO fell into a group composed of abalone
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omega GSTs, oyster omega GST and Pinctada fucata
GST (Fig.4). VpGSTO shared 44% identity with
omega GST from Haliotis discus discus (ABO26600),
41% identity with Crassostrea gigas (CAD89618)
and 40% identity with P. fucata( ADC35418).

3.2 Expression of VpGSTS and VpGSTO in
response to heavy metals exposure

Quantitative real-time RT-PCR was performed to
simultaneously assay the expression of VpGSTS and
VpGSTO in response to heavy metals exposure. The
results exhibited a differential expression pattern
between VpGSTS and VpGSTO. For 10 pg/L Cd-
treated group, the expression of VpGSTS mRNA
increased significantly after exposure for both 48 and
96 h compared with the control group (Fig.5a). When
the concentration increased to 20 and 40 ug/L, the
significant inductions of VpGSTS were found
throughout the experimental time. The maximal
response appeared at 48 h (12.5-fold higher than the
control) with the exposure of 40 pg/L Cd. After that,
the expression of VpGSTS mRNA decreased to 3-fold
of the original level at 96 h. For Cu exposure (Fig.5b),
the expression levels of VpGSTS were significantly
up-regulated in all exposed groups at 24 h (2.5-fold at
10 ug/L, 3.4-fold at 20 pg/L, and 2.3-fold and
40 pg/L). However, no significant difference was
observed at 48 h of the Cu challenge groups. After
96 h exposure to Cu, level of VpGSTS mRNA
expression was increased and significantly higher than
the control group. On the whole, Cd displayed stronger
induction of VpGSTS expression (approximately 12-
fold) than that of Cu exposure (3.4-fold rise).

The transcriptional level of VpGSTO was also
significantly induced by Cd exposure with fold change
lower than VpGSTS (Fig.6a). For the concentration of
10 pg/L Cd, significant increase of VpGSTO expression
was found at 96 h (6.4-fold higher than the control).
The expression of VpGSTO significantly increased in
20 pg/L Cd-treated groups after exposure for 48 and
96 h. When the concentration increased to 40 pg/L, the
inductions of VpGSTO were found throughout the
experiment. Taken together, the results showed a
certain time- and concentration-dependant increase in
the expression of VpGSTO induced by Cd. As regards
to Cu exposure, VpGSTO mRNA expression was
significantly induced by all concentrations during the
first 24 h, which was 3.6-, 4.3-, and 3.7-fold (10, 20,
and 40 pg/L Cu) higher than the control, respectively
(Fig.6b). After that, the expression level sharply
dropped back to the original level.
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-MATYKV SpqF P S
-MPSYKL THF AV
-MVQYKI TR4F D S
-MPTYKLRMF NA
-MPT-YELVRp{FNA
-MAPKYKL TR4F NA
-MPTYRFRMFDY]
-MPNVKF YMF PV
-MPSYKL IpTDN
-MASYRLHMF DYV
-MPNYKL IMFNT
-MSQYKL Ip4LDF

ITILRLVLVI
PAINLL FHL
LCINL VLKA
VSINL L FAL
TANLLLAQ
LTRNLMF VA
LSINL L FAL
SQINLL LAY
VSINL L FAL
IVIIML FKL
PTINL C FAA
LSRRL L FAL

VpGSTS- -

C. elegans— -

V. philippinarum- -
H. discus discus 1- -
S. purpuratus— -

B. floridae- -

H. discus discus 2- -
B. mori- -

H. discus discus 3- -
C. gigas— -

N. vectensis— -

H. discus discus 4- -

GQD
GVP
K VD
GQE
GVD
GVE
GQE
GQE
GQE
QAE
GIP
GQE

L

F

KYGLLGAT
KFGF AGKT

VpGSTS-T

C. elegans—N

V. philippinarum— T
H. discus discus 1-D
S. purpuratus—V

B. floridae- E

H. discus discus 2- E
B. mori-E

H. discus discus 3- E
C. gigas—E

N. vectensis— E

H. discus discus 4- E

RFNF YGQG
AFDMY GKN
ETGLSGAP
TFGF YGNG
KYGLAGAN
EFGFHGKT

LAGLCPTC
RFGFHGST

VpGSTS-YEKD -EKAKEELKQKLTTENAPKLNEY I KLRS

C. elegans—RAGKSVEET EKLTKEVINPAVSSFFKI LNGLL

V. philippinarum-MVKDNEEERNKLVKTFVEGPMKKYLTF L EMRL
H. discus discus 1-YEK - DEERKAQALKENKEEKMPLY FGML EKLL
S. purpuratus—- FEK - DDAKKAELGKSFVEKDSKT I LTAMCDAL

B. floridae- FER - DE AKK EEKKTGLATF VPSWLANY

H. discus discus 2-KEQ - DEAKKAELLKEAKDVKIPLYFGMF EKLLKKNG - STG -

B.mori-YEK - DEAVKAKKKAELEETKYPFFFEKLNEIL
H. discus discus 3-HEQ - DEEKKAD I I KQNNETTFPKFISFFEEIL

C. gigas—HER -DPVRLALMK SKMKDQILPKYLNRL TKFLNEHG

N. vectensis—FEK - DQEQKKKLQEEFKEQHLNKFWDIMERLL
H. discus discus 4-LER - DEGRKAE I VTENKETNIPRFLGFLETVL

VpGSTS-VDQCETGFP - -GLFSSAPDIKKHADAVK S DAR|
C. elegans-MQ - - SLKNFGFLNATEQPKIAAHLEKVY SHP
V. philippinarum-LSLLTALLVNVDPFEGRSLLEEHQSRVG S VPE
H. discus discus 1-1Y - -DK-AKPMVDLDKFPLVKKS VDNVASNP
S. purpuratus= AE - -TIFGSMPPLAAMYPALKEF SDRMKAEP
B. floridae-LH- -DILKERADTLEKFPKLAKVVESVNENK
H. discus discus 2-1C - -DKTTDAMLKIEDYPLVKKCCDNVAANP
B.mori-YDY LKAMLQKPDLEQKYPAFRKPI EAVLAIP
H. discus discus 3-L - - - -SKIEAGINMDDFPLVKANKEKV A SNER|
C.gigas-LT- -TFLQNDP SCLDKHDVLRKHRQLVEHHPN|
N. vectensis—SD - - TFESMF PGMLENFPGLRDL FKRVGENPG
H. discus discus 4~ LF - -AARTEESL -MERFPLVKANS EKVKADEK
VpGSTS—- - - = = - - = = = = - - -
C. elegans—
V. philippinarum-
H. discus discus 1-
S. purpuratus—
B. floridae-
H. discus discus 2—

H. discus discus 3—
C. gigas—

N. vectensis—

H. discus discus 4-Y 1 YCKSGNL

Fig.2 Alignment of amino acid sequences of VpGSTS and some simi

The GST sequence from other organisms was obtained from GenBank database: C.
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GWEEAQ
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SVEQME
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KLG- - GNG -
EKSK - - SG -
KENKDGNG -
ERNG - STG -
KKNS GGKG -
EKLCGPDG -

-FIIGKKISL
-YLIGDSITF
-FLVGDKLSL
-FFVGNSITL
- F FVGDKMT I
-HLVGAKLTY
LFVGKKISI

)1 Q1YNI-160
L F I AED-166
L ATYDG-165
VS VED - -160
I 1 TVFNM-170
L A FFNG-158
VS LFD - -160

TKN- - -NG- - -HIALGKLT IJF VY AGM-159
KNN- -NTG- - - FYVGDKLGFAIIVAAFD T-160
--DR---YFIGSKITSAIBI AVHE V-160

TAKCNLDGSAQYFVGNKLTYAIYI I LFST-167

KNN- -NTG- - - YYVGDKLAYAIJV AAFDD-160
QKWIATMP - - - = === - - = - - KMPQ- - - -203
KSYITASRP - - - - -=o o= - - VTETI - - - =209
AEWVSTRP - - - - - === - - - - KTKF - - - -210
KT-WIEKR-------P----QTEN- - --202
AAWLKKRP - - - - - === - - - - ETAM- - - -213
AAYTAERP - - - - - oo oo - - ETFI- - --201
KA-WVEKR- - - ----P----VTAF - - --203
KAYVDAAP - - - - - - - - - - - RTEL- - - -204
AK-WLQDR- - - - ---P----VTQF - - - -201
SEYLSSRP - - = = - -n oo oo - RFVV- - --203
KAWIEKRP - - - - - = oo - - - - NM- - - - - -208

PSGWPNDRRHKYEGEPRSLEI EQLCLL-217

-203
-209
-210
-202
-213
-201
-203
-204
-201
-203
-208
-226

lar protein sequences of GST class sigma or the like
elegans (Caenorhabditis elegans, NP_496862), V. philippinarum

(Ruditapes philippinarum, ACU83216), H. discus discus 1 (Haliotis discus discus, ABO26603), S. purpuratus (Strongylocentrotus purpuratus, XP_791441),
B. floridae (Branchiostoma floridae, XP_002610390), H. discus discus 2 (Haliotis discus discus, ABO26604), B. mori (Bombyx mori, NP_001036994),
H. discus discus 3 (Haliotis discus discus, ABO26602), C. gigas (Crassostrea gigas, CAE11863), N. vectensis (Nematostella vectensis, XP_001637390),
H. discus discus 4 (Haliotis discus discus, ABF67507). The amino acid residues with black background are totally conserved and the grey background are

similarity amino acids.
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VpGSTO- - - - - - - MSSERALGSG- - SKYJ§- PKEPGV LINL NG| IOy Y VKINT RiBVI® H PYETNNI-51

H. discus discus 1= - - - - - - - MTEKSYTTT- - SAFl4-ALTPGK LR 1 MSNIRIN@GIZY AEINT RI§VI® H EHETNMNT-50
H. discus discus 2— - - - - - - - MSLKSHAKG- - SPYJ4-SLSPGT LI 1 NSNIRINGIEF AQRNT R|S H PHETENV-50
C. gigas— - - - - - - MPTQQSFATG- - SACIY- ELEAGT LIQVNSIYRINGIZY AQINA LIS Y PH 1-51

P, fucata— - - - - - - - MSVKHLPKG- - SPFl4- PLTPGMMEIMMNIIOIN@GIEF A QINT K8 YIMEW P H V-50

S. kowalevskii- - - - - - - - MSEKHLGPG- - SDLIY- PLKKDT LINLNMGIWIRINGIZC AQR I V|8 LISGLE H 1-50

T. rubripes— - - - - - - MSTEKCHANGKS S PAIJGPVPEGH I INLMNSIYRINAGEF AQINT RIS ANMGIEKYETHENI -54

N. vitripennis— - - - - - - MS SAKHLTVG- - SKAJg- PVENGK LILMSNIRENOIFY AQIN I H|S A PYBVNYV-51

S. purpuratus— - - - - - - - MSEHHFRTG- - ETL}g- PLKPGV LILMTIVABNGIEF AEIRT R|8 AINGIED Y ELMNV-50

D. rerio= - - - - - MAASQKCLGKG- - SPAIJGPVPKDH I RLNSNIRINGFF AQINT RIS ANGEK YBTHENI -53

C. intestinalis—-MTQGSGM SN SVHQKE C - - SAEJJTPPAKGV LIAVNGIUKIESYY VORIL K|8 ARGV AHBETENT-58

VpGSTO-NL 1 DIQED\WY LQ I NC L€ L% TDN-DVIEF I4GEK - L I PND GRR
H. discus discus 1-DLK QG4 S\ F WDRY - NP N€ TAA4 I BI#KDD - KVIEY K-LTPSDPYRR
H. discus discus 2-DLKKIQEDWF LERI - NP L€ LASZVEIBKTD - QVM Y I4DFP - LYPQD AYKK]
C. gigas-NLKNIQHEWF LQIS - NP LEGRAAYT DD-RIMY I4DNK - LTPDD P YRQ
P, fucata-NLK Y\QED\YF R -NPLELNAITEIBLGD - 1 VMN IINRK - LTIPSD I VRR|
S. kowalevskii-NTKNIQES\WF I EIS - F P T ¢ L\ IND-QI MW -LVAET PYQR;
T. rubripes—HLK DING4DEYF LQIS - NP L& L\A4TEISTPAGE VIl Y -LLPSTPFG
N. vitripennis—NL S QIR ENWL VEK - S P LEKNSICEIZL ENGDTEY @4EHH - LFPTD P LAl
S. purpuratus-NTF QIQHJENY F DI - NP D€ VNS4TEIZODD - KLIEQ IdDTAPMFPSD PYLR
D. rerio-NLKNQED\WF LES - NP L€ LNA4VEIBTQSGQVIHY @4EKK - LLPFD P FER|
C. intestinalis—-NLL SQEK\WY F T - NPMEK\NBYTEE I DD - VVIEY @4GRK- LCTTNALKS
VpGSTO-DKMLBE IMISKVVTQYYKLFYP- - - - - SGETNEVVPNMLSA - LDRVENELARRDT THFGE€D-163
H. discus discus 1-DRL IME LIS KAVTLF YKTIAYG----KDVPK - DAIKGFHDA - LGP VEKALAERGT PEFG€S-161
H. discus discus 2-DG1 LBE TS QVT TAWYKLLSS- - - - - - GGSDEAGEKFFSV - LKTYETALGDRG - E BFG&A-159
C. gigas—-DKMTME VIBS QF VSDF QKMMSS - - - -PPQEKPESLQKIKNN - LCEFESSLTARQG ANFGEN-163

P, fucata-DRMLWE TBBGQVTGLF YEI PKSV- - -AEGTQE RPVKKWRRH - MKR YENELQQRG - EN¥FGE&G-162

S. kowalevskii-DKL LD LBML TK 1 ARS VHAHYRS - - -YDGLDE EQKALLLES - IDKLENELKKRKS P¥FRE€N-163
T rubripes—QKMMBE HBES KV - PYF YKI VMGK - - -KNGDDV SGLETELKEKLTK LNEDF ANKK T K¥FGE€D-168

N. vitripennis—-DKL LMER@INDV I TSMYKLY SGK- - - - - TVDKDLFNEALLG - LET FDRELAKRAT P EFGEN-163
S. purpuratus-DKL FBRQRISGKY I SAF YQS AKQK- - - - - GANEELRSAALKQ - VEWVEQELKKRGT P EF S[€L-162
D. rerio-QRMLBE LS KVTPYF YKI PVNR---TKGEDVSALETELKDKLSQFNEILLKKKS KEFG&D-168

C. intestinalis—-EKMF BV YBMIGNNC VVNYYKYARELKNNDQE AKDAFCALVKEGLEK TATFLENNGT P¥ICE§S-175

VpGSTO-KPMMIBIF N I

H. discus discus 1-SVQMIYF T 1
H. discus discus 2= TP SMLIYF T A
C. gigas—-AVQMLIYF L L

P. fucata- SPCMVIBIF A L

S. kowalevskii-KPGLLI|YJI VL

T. rubripes— SVTMI Y MM

N. vitripennis—-QPGMLIYJLM I

S. purpuratus— S PGMVIYF S 1

IFHMER I VHF DVEVPGF - TLD A SRFKR|
I4H VEINFDAMAQEVKEA-RVTDDRY PK|
IqWF ERdSGV L EKMAPKY-ATI TE SNF PN
IJWFERI LI FAKMVPLT-FSLED-YPA
IJWFEINLGV I TVEAPET-DVTS EEYPH
I4S FEINTI EGMDVEDGD- -CLP ADRFPL
IQWFEINLEI LPFHFSCL-- - - - DNTPE
IBWCERJAD I I RIERGEQFVI PRERFLR|
GDG--GLDS - -FVL|

KTK LQLDSF-222
QKCRWDTAAH-220
ATMFDTESH-218
QKCR LDPQQF-221
KTY I NPRGH-221
NS L L SADQH-221
ATS Y SLDTH-223
GSF LDAETH-223
APR I VEDEAL-218

D.rerio-S T TMIIB]YMMMAIYW F ER4L E TMN - BKHCL - - - - - DGTPE KATMF STETY-222

C. intestinalis— QPGLTI))Y L LEIgH LEIJI NA I VPMDLK- - - - - - -QI PR KSCR F SNELH-228
VpGSTO-KL ITVKNGKM-DCPBJAGLEE- - - -242

H. discus discus 1- THB@ETETAKAGKP -DYJVGL - - - - - -238
H. discus discus 2- LRIBFASYKAGAP -DYJYGL - - - - - =236
C. gigas-LElIYKS TKAGAP -DY|JVPK TSQS - -243

P fucata- INMFKTLREGNP -DYIJYVAA - - - - =240

S. kowalevskii-RRIMYKNLHS AQP -LFIQJELLG- - - - -240

T rubripes-KABMYKTYADGKP -DYPIYGL - - - - - -241

N. vitripennis— A KSRQAGAP -QYPJLLV - - - - - -241

S. purpuratus—- TEfSTHYR T PGS - RFE I Q TKAVK -241

D. rerio-MVIBIYKS YMEGNP -NYJYGL - - - - - -240

C. intestinalis—- LEf IKKYVTGDVGAY|YJIGP VAE - - =250

Fig.3 Alignment of amino acid sequences of VPGSTO and some similar protein sequences of GST class omega or the like

The GST sequence from other organisms was obtained from GenBank database: H. discus discus 1 (Haliotis discus discus, ABO26600); H. discus discus
2 (Haliotis discus discus, ABO26601), C. gigas (Crassostrea gigas, CAD89618), P. fucata (Pinctada fucata, ADC35418), S. kowalevskii (Saccoglossus
kowalevskii, XP_002738514), T. rubripes (Takifugu rubripes, AALO08414), N. vitripennis (Nasonia vitripennis, NP_001165912), S. purpuratus
(Strongylocentrotus purpuratus, XP_796486), D. rerio (Danio rerio, NP_001002621), C. intestinalis (Ciona intestinalis, XP_002122693), H. discus discus
4 (Haliotis discus discus, ABF67507). The amino acid residues with black background are totally conserved and the grey background are similarity amino
acids.
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Fig.4 Phylogenetic tree constructed by the neighbor-joining method in MEGA software based on the GST sequences
VpGSTS and VpGSTO were underlined. Two GSTs of phi class (Arabidopsis thaliana, P42761 and Nicotiana tabacum, P46440) were used as out group.

Numbers next to the branches indicated bootstrap value of each internal br:

3.3 Expression of VpGSTS and VpGSTO in
response to B[a]P exposure

After B[a]P exposure, both VpGSTS and VpGSTO
were significantly induced at all concentrations during
the first 48 h. Then some downward trend was
observed at 96 h (Fig.7a). It was noteworthy that the
fold change of VpGSTO expression post 10 pg/L
B[a]P exposure was lower than that of 5 and 50 ug/L
Bl[a]P-treated groups (Fig.7b) at 48 h. The maximal
response of VpGSTS transcript was 6.0-fold greater
than the control induced by 50 ng/L B[a]P, while the
maximal response of VpGSTO in 50 pug/L
B[a]P-exposed samples was as high as 14.2-fold to
the control level. The maximum induction of VpGSTO
by B[a]P was more than twice that of VpGSTS.
Although the VpGSTS and VpGSTO expression in
the blank and control groups were slightly fluctuant at
different time points, no significant difference was
found throughout the experiment (data not shown).

anch in the phylogenetic tree nodes from 1 000 replicates.
4D ISCUSSION

Recently, gene expression has been acknowledged
as an effective approach to biomonitor environmental
contamination in many marine mollusks (Boutet et
al., 2003; Dondero et al., 2005; Wan et al., 2008b,
2009). Based on the mRNA expression profile data, it
was possible to estimate chemical exposure and
evaluate the risk of exposed contaminants (Lee et al.,
2008).

Copper and Cadmium have been of great concerns
in marine ecosystems since these two heavy metals
could be bioaccumulated in the body tissues by
marine organisms (Cunha et al., 2007). Exposure to
Cu and Cd was shown to induce the expression of
GST transcripts in many aquatic organisms ( Yoshinaga
et al., 2007; Lee et al., 2008; Kim et al., 2010). For
example, expression of Tigriopus japonicus and
Takifugu obscurus GSTs were significantly induced
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by Cd and Cu exposure (Lee et al., 2007, 2008; Kim
et al., 2010). In the current study, both VpGSTS and
VpGSTO were significantly induced by Cd with
larger amplitude in VpGSTS. Expression of VpGSTS
transcript decreased obviously at 96 h, indicating the
adaptation to the Cd exposure during the experimental
period. However, VpGSTO expression level
decreased slightly or even kept to increase at 96 h post
Cd exposure. As concerned to Cu exposure, similar
expression patterns were observed for VpGSTS and
VpGSTO, with the highest induction in the early
stage of challenge (24 h), and a gradual drop with
ongoing Cu exposure. It was suggested that the
decrease of VpGSTS expression level at 48 h might
have resulted from the degranulation of VpGSTS
producing haemocytes responding to Cu challenge.
As time progressed on, the recruitment of VpGSTS
producing haemocytes into circulating system
probably contributed to the increase of VpGSTS
transcript at 96 h. Although Cu is an essential element
required by all organisms, it can be toxic in excess
concentrations (Bryan and Hummerstone, 1971). A
significant inhibition of GST activity was observed in
Tubifex tubifex and Cyprinus carpio after exposure to
50-250 pg/L of Cu (Dautrememepuits et al., 2002;
Mosleh et al., 2005). The expression of VpGSTS in
Cd-exposed samples was much higher (12.5-fold)
than that in Cu-exposed samples (3.5-fold), indicating
that VpGSTS was more sensitive to Cd than to Cu.
Meanwhile, the induction of VpGSTO in Cd-exposed
group (6-fold) was somewhat higher than that of Cu-
exposed samples (4.3-fold). Contrary to our results,
Wan et al. (2009) reported that abalones GST-omega
showed higher susceptibility to Cu than Cd. These
findings highlighted the fact that specific GSTs
response may vary with species and concentrations of
toxicant (Blanchette et al., 2007).

B[a]P, as a potent carcinogen and/or mutagen, is
usually oxidized by phase I mixed function oxidases
to yield electrophilic intermediates, which are still
toxic or become even more toxic in many cases (Wan
etal.,2008b; Banni et al., 2010). As the most important
phase II enzymes, GSTs have been extensively
investigated as biomarkers for ecotoxicological
assessment of organic pollutants (Boutet et al., 2004;
Wan et al., 2008a, 2008b, 2009; Park et al., 2009;
Banni et al., 2010). Previous studies have revealed
that B[a]P exposure could induce B[a]P hydroxylase
and GST activities in Mytilus galloprovincialis
(Hoarau et al., 2006; Banni et al., 2010). Recently, a
time-dependent increase in the expression of

V. philippinarum GST-pi was induced by B[a]P and
appeared a good linear correlation with Bl[a]P
concentrations (0.01 and 0.2 pg/L) (Xu et al., 2010).
In the present study, expression levels of both
VpGSTS and VpGSTO were strongly induced by
B[a]P exposure with more expression level for
VpGSTO. These findings implied an detoxification
role of VpGSTS and VpGSTO, and highlighted their
potential as promising biomarker for B[a]P
contamination in marine environment. Recently,
several cis-acting regulatory sequences, such as
antioxidant response elements (AREs) and xenobiotic
response elements (XREs), have been found in the
promoter regions of most GSTs (Wan et al., 2008b). It
was assumed that contaminants exposure perhaps
influenced transcription-regulating factors that bind
to the response elements of some GST genes and
enhance the transcription of relative GST isoforms in
V. phillipnurum. Further investigations are needed to
elucidate the response mechanism of V. philippinarum
GST isoenzymes to contaminants exposure.

5C ONCLUSION

In the study, we cloned two class GST genes from
V. philippinarum and investigated their temporal
expression profiles after Cd, Cu, and B[a]P exposure.
The expression of VpGSTS and VpGSTO were both
rapidly up-regulated, however, they showed
differential expression patterns to different toxicants.
The differences in expression pattern of VpGSTS and
VpGSTO indicated that these two isoenzymes
probably play divergent physiological roles during
the detoxification of various pollutants in
V. philippinarum. All these findings highlighted their
potential as a biomarker for indicating marine Cd and
B[a]P contaminations.
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