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  Abstract        Glutathione S-transferases (GSTs) are a class of enzymes that facilitate the detoxifi cation of 
xenobiotics, and also play important roles in antioxidant defense. We identifi ed 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 
profi les 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 
VpGSTO. For B[a]P exposure, the maximum induction of VpGSTO was approximately two times higher 
than that of VpGSTS. Altogether, these fi ndings 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 

 1 I NTRODUCTION 

 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 detoxifi cation 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 identifi ed from the cytosol, 
mitochondria and microsomes of numerous 
phylogenetically diverse organisms (Hayes et al., 
2005). Generally, the detoxifi cation 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 identifi ed 
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 profi les 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 profi les 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 

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, fi fty clams per tank 
were treated with different toxicants at following fi nal 
concentrations: Cd (as CdCl 2 , 10, 20, and 40  μg/L ), 
Cu (as CuCl 2 , 10, 20, and 40  μg/L ) and B[a]P (5, 10, 
and 50  μg/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 2000× g , 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 identifi ed sigma 
GST and omega GST. To generate the full-length 
cDNA of VpGSTS and VpGSTO, eight specifi c 
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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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 (NJ) 
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 specifi c 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 purifi ed and 

sequenced to verify the PCR specifi city. β-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 means±S.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 
signifi cant. To compare mRNA expression between 
two exposure concentrations at the same time, the 
Student’s  t -test was used with signifi cance at  P <0.05. 

 3 R 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 HM061130. 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 identifi ed in both VpGSTS and 
VpGSTO by signalP analysis, indicating that the 
deduced proteins should be cytosolic GST. CD-
Search identifi ed the GSH binding site (G-site, 4–73 
aa for VpGSTS and 3–91 aa for VpGSTO) and non-
specifi c 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 variable (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 
elegan s (NP_496862). However, the degree of 

 Table 1 Primers used in the present study 

 Primer  Sequence ( 5′-3′)  Sequence 
information 

 P1 
(reverse)  TTTCTTTATGTCTGGTGCTG  5′ RACE primer 

for VpGSTS 

 P2 
(reverse)  GTTCCCGCCGAGCTTTGATC  5′ RACE primer 

for VpGSTS 

 P3 
(reverse)  CATAGGTTTGTCTCCTCCAA  5′ RACE primer 

for VpGSTO 

 P4 
(reverse)  TGTCACAACCTTGGACCATA  5′ RACE primer 

for VpGSTO 

 P5 
(forward)  GCTTGTTTTAGTGATTGCTGG  3′ RACE primer 

for VpGSTS 

 P6 
(forward)  AACTTCGATCAAAGCTCGGCG  3′ RACE primer 

for VpGSTS 

 P7 
(forward)  TCTCGGGTCAGGAAGTAAGT  3′ RACE primer 

for VpGSTO 

 P8 
(forward)  TATCGGCATTAGATCGTGTC  3′ RACE primer 

for VpGSTO 

 P9 
(forward)  CTGAGGAGGAACTTCTGATAG  Real time primer 

for VpGSTS 

 P10 
(reverse)  GTTTCTTTATGTCTGGTGCTG  Real time primer 

for VpGSTS 

 P11 
(forward)  ATGGTCCAAGGTTGTGACAC  Real time primer 

for VpGSTO 

 P12 
(reverse)  CATCATAGGTTTGTCTCCTCC  Real time primer 

for VpGSTO 
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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 

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  μg/L  Cd-
treated group, the expression of VpGSTS mRNA 
increased signifi cantly after exposure for both 48 and 
96 h compared with the control group (Fig.5a). When 
the concentration increased to 20 and 40  μg/L,  the 
signifi cant 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  μg/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 signifi cantly 
up-regulated in all exposed groups at 24 h (2.5-fold at 
10  μg/L,  3.4-fold at 20  μg/L,  and 2.3-fold and 
40  μg/L ). However, no signifi cant 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 signifi cantly 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 
signifi cantly induced by Cd exposure with fold change 
lower than VpGSTS (Fig.6a). For the concentration of 
10  μg/L  Cd, signifi cant increase of VpGSTO expression 
was found at 96 h (6.4-fold higher than the control). 
The expression of VpGSTO signifi cantly increased in 
20  μg/L  Cd-treated groups after exposure for 48 and 
96 h. When the concentration increased to 40  μg/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 
signifi cantly induced by all concentrations during the 
fi rst 24 h, which was 3.6-, 4.3-, and 3.7-fold (10, 20, 
and 40  μg/L  Cu) higher than the control, respectively 
(Fig.6b). After that, the expression level sharply 
dropped back to the original level. 

 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. 
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VpGSTS- - - - MAT YKV S Y F P S KGNAE I L R L V L V I A G QDF E D E R L T RD E WA K VK - - - DA S P T K QM P L L-54 
C. elegans- - - - MP S YK L T Y F A VRG LAE P AR L L F H L A G V P F E D E R L T F G D G S W E K - LK DK T PMG QM P V L-56 

V. philippinarum- - - - MVQYK I T Y F D S RGGAE L C R L V L KA A K VDFVD E R L T G E E WA K RK - - - E GM P L Q A L P V L-54 
H. discus discus 1- - - - MP T YK L R Y F N ARG FGEV S R L L F A L A G Q EYE DV R F T Q E T W P A E K - P - - N T P L G QM P V L-54 

S. purpuratus- - - M P T - YE L V Y F N ARGRGE I AR L L L AQ A G VDYE D T R L T QD E F K AMKGDV T K A P L G Q L P V L-57 
B. fl oridae- - - MA PKYK L T Y F N ARGRAE L T R L M F VA A G V EYE DV R L E R E E WR P LK - E T S P - - MG Q L PM L-55 

H. discus discus 2- - - - MP T YR F R Y F D YKAVGE L S R L L F A L A G Q EYE DV R I T YE T W P A E K - P - - N T P L G Q V P V L-54 
B. mori- - - - MPNVK F Y Y F P VKA LGE S QR L L L AY G G Q E F E DN R I S S E NW P E F K - P - - K T P F G QM P V L-54 

H. discus discus 3- - - - MP S YK L I Y T D NKGRAEV S R L L F A L A G Q EYE DV R W T R E T F Q T E K - Q - - N L L F G Q I P V L-54 
C. gigas- - - - MAS YR L H Y F D VRGRGE I VRM L F K L A Q AE FGD I R V T QG E W T D VK - - - HD T P T G E L P Y L-54 

N. vectensis- - - - MPNYK L I Y F N T RGRAE P T R L C F AA G G I PYE DV R L T G E E W T KMK - AE NK T I MG Y L P V L-56 
H. discus discus 4- - - - MSQYK L I Y L D F RGRGE L S R L L F A L A G Q EYE DV R F K R E DW P A VK - D - - K Y I F G R I P V L-54 

VpGSTS-T VN G T - - - - - V Y G Q S AACAR Y L A R K YG L L GAT P E E E L L I D E V Y E C I AD F LK - - - E V F K L F-106 
C. elegans-NVD G - - - - - F E I P Q S AA I TR Y L A R K F G F A GKT P E E E AWVD A V V D Q FKD F F G E F R K L I I A Q-111 

V. philippinarum-T I D G SQ - - - - V I C Q S AA I AR Y L A K E NG L MGANN L E A L R I D E VM E MF S EMVQ R - - E L I K I Y-108 
H. discus discus 1-DVD G - - - - - Q S F G Q S S A I SR F L A R R F N F Y GQGDVQ A L QVD Q V L G I I QD I I N - - - A L I KA Y-106 

S. purpuratus-VVK G TA T P F P P I P Q S HA I ER Y L A R A F DM Y GKN I E E A T R I D V V C E CVGD I F T - - - H I MKM F-114 
B. fl oridae-E VD G - - - - - Q VMC Q S GA I FR YAA K E T G L S GAPGWE E A QVDM F V C G I ED L Q T - - - K L WE V R-107 

H. discus discus 2-E I D G - - - - - K P F S Q S S A I SR Y L A R T F G F Y GNGD L E A L AVD Q V L G VVQDV N T - - - F M R DY H-106 
B. mori-E I D G - - - - - K Q Y A Q S T A I CR Y LG R K YG L A GAND E E A F E I D Q N V E F LND I R A - - - S A A S V H-106 

H. discus discus 3-E VD G - - - - - K Q Y A Q SMA I AG F L A R E F G F H GKT S V E Q M E VD Q V I G I I ND I F S - - - A L I KQ F-106 
C. gigas-E VG E - - - - - K Q L T Q S L T I AR Y L A R E F G L A GDTNWE R A L V E Q V V D T CDD L R A - - - E N AK I I -106 

N. vectensis-E VD G - - - - - I Q Y C E SMA I FR L AA K L AG L C P TC P Y E Q A R CDMV V D C S SD L F A - - - K AMK F F-108 
H. discus discus 4-E VD G - - - - - K Q Y G Q SMA I AS F L A K R F G F H G S TDV E V L E VD Q V L G I VGD I R A - - - A L V R A F-106 

VpGSTS-YE K D - E KAK E E L K QK L TTENA P K L N E Y I K L RSK L G - - GNG - - - F I I GKK I S L AD I Q I YN I -160 
C. elegans-R AG K SV E E I E K L T K E V I NPAV S S F F K I L N G LLE K S K - - S G - - - Y L I GD S I T F AD L F I AE D-166 

V. philippinarum-MVK DNE E E R N K L V K T F VEGPMKK Y L T F L E MRLK E NK D GNG - - - F L VGDK L S L GD L A I YD G-165 
H. discus discus 1-Y E K - DE E RK A Q A L K E NKEEKMP L Y F GM L E K LLE R NG - S T G - - - F F VGN S I T L AD V S V F D - -160 

S. purpuratus- F E K - DDAKK A E L G K S F VEKD S K T I L T AM C DALKKN S G GKG - - - F F VGDKMT I AD I T V F NM-170 
B. fl oridae- F E R - DE AKK - - - - - E E KKTG L AT F V P S W L ANYE K L C G P DG - - - H L VGAK L T YAD L A F F N G-158 

H. discus discus 2-K E Q - DE AKK A E L L K E AKDVK I P L Y F GM F E K LLKKNG - S T G - - - L F VGKK I S I AD V S L F D - -160 
B. mori-YE K - DE AVK A K K K AE L EETKY P F F F E K L N E I LT KN - - - NG - - - H I ALGK L TWGD F V YAGM-159 

H. discus discus 3-H E Q - DE E KK A D I I KQNNETT F P K F I S F F E E I LKNN - - N T G - - - F YVGDK LG F AD V A A F D T-160 
C. gigas-H E R - DP VR L A LMK S KMKDQ I L P K Y L NR L T K F LN E HG - - DR - - - Y F I GS K I T S AD I A VH E V-160 

N. vectensis- F E K - DQ E QK K K L Q E E F KEQH LNK F WD I M E R LLT AK C N L DG S A Q Y F VGNK L T YAD I I L F S T-167 
H. discus discus 4-L E R - DE GRK A E I V T E NKETN I P R F L G F L E T VLKNN - - N T G - - - Y YVGDK L AYAD V A A F D D-160 

VpGSTS-VDQ C ET G F P - - G L F S S APD I KKH A D AV K S DAR I QKW I A TM P - - - - - - - - - - - - KM P Q - - - -203 
C. elegans-MQ - - S LKN F G F L N A T E QPK I AAH L E KV Y S H PKL K S Y I A S R P - - - - - - - - - - - - V T E I - - - -209 

V. philippinarum-L S L L TA L L V N V D P F E GRS LL E E H Q S RV G S V PE I A EWV S T R P - - - - - - - - - - - - K T K F - - - -210 
H. discus discus 1- I Y - - DK - AK P MV D LDK F P LVKK S V DNV A S N PK I K T - W I E K R - - - - - - - P - - - - Q T E N - - - -202 

S. purpuratus-AE - - T I F G S M P P L AAMYPALK E F S D RMK A E PK I AAW L KKR P - - - - - - - - - - - - E T AM - - - -213 
B. fl oridae-LH - - D I LK E R A D T L E K F PKL AKV V E S V N E NKAV AAY I A E R P - - - - - - - - - - - - E T F I - - - -201 

H. discus discus 2- I C - - DK T T D AM L K I E DYP LVKKC C DNV A A N PK I K A - WV E K R - - - - - - - P - - - - V T A F - - - -203 
B. mori-YDY LKAMLQ K P D L E QKYPAF RK P I E AV L A I PKVK AY V D AA P - - - - - - - - - - - - R T E L - - - -204 

H. discus discus 3-L - - - - S K I E A G I NMDD F P LVKAN K E KV A S N ERV AK - W L QD R - - - - - - - P - - - - V T Q F - - - -201 
C. gigas-L T - - T F LQN D P S C LDKHDVL RKH R Q L V E H H PNL S E Y L S S R P - - - - - - - - - - - - R F V V - - - -203 

N. vectensis- S D - - T F E SM F P GM L E N F PGL RD L F K RV G E N PG I K AW I E KR P - - - - - - - - - - - - NM - - - - - -208 
H. discus discus 4-L F - - AAR I E E S L - ME R F P LVKAN S E KV K A D EKL P S GW P ND R R H K YEGE P R S L E I E Q L C L L-217 

VpGSTS- - - - - - - - - - - - - - - -203 
C. elegans- - - - - - - - - - - - - - - -209 

V. philippinarum- - - - - - - - - - - - - - - -210 
H. discus discus 1- - - - - - - - - - - - - - - -202 

S. purpuratus- - - - - - - - - - - - - - - -213 
B. fl oridae- - - - - - - - - - - - - - - -201 

H. discus discus 2- - - - - - - - - - - - - - - -203 
B. mori- - - - - - - - - - - - - - - -204 

H. discus discus 3- - - - - - - - - - - - - - - -201 
C. gigas- - - - - - - - - - - - - - - -203 

N. vectensis- - - - - - - - - - - - - - - -208 
H. discus discus 4-Y I Y CKS GN L - - - - - -226 

 Fig.2 Alignment of amino acid sequences of VpGSTS and some similar protein sequences of GST class sigma or the like 
 The GST sequence from other organisms was obtained from GenBank database:  C .  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 .  fl oridae  ( Branchiostoma fl oridae , 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- - - - - - - M S S E R A LG S G - - S KYP - PKE PGV L R L YGMR F C P Y V KR T R LVLE HKN I P Y E TVN I -51 
H. discus discus 1- - - - - - - - M T E K S Y T T T - - S A F P - ALT PGK L R I YSMR F C P Y A E R T R LVLE HKN I E H E TVNT-50 
H. discus discus 2- - - - - - - - M S L K S HAK G - - S P YP - S L S PG T L R I YSMR F C P F A QR T R LVLE HKK I P H E T I NV-50 

C. gigas- - - - - - - M P T QQ S F A T G - - S AC P - E LEAG T L R VYSMR F C P Y A QR A L LVLT YKN I P H EVVN I -51 
P. fucata- - - - - - - - M S VKH L P K G - - S P F P - P LT PGMM R MYNMQ F C P F A QR T K LVLE YKE I P H EVVNV-50 

S. kowalevskii- - - - - - - - M S E KH LG P G - - S D L P - P LKKD T L R L YGMR F C P C A QR I V LALN LKG I E H EVVN I -50 
T. rubripes- - - - - - - M S T E K C HAN GK S S P APGPVPEGH I R L YSMR F C P F A QR T R LVLNAKG I K Y E T I N I -54 

N. vitripennis- - - - - - - M S S AKH L T V G - - S KAP - PVENGK L R L YSMR F C P Y A QR I H LVLDAKK I P YDVVYV-51 
S. purpuratus- - - - - - - - M S E HH F R T G - - E T L P - P LKPGV L R L YTMA F C P F A E R T R LVLAAKG I D Y E LVNV-50 

D. rerio- - - - - - MA A S QK C LGK G - - S P APGPVPKDH I R L YSMR F C P F A QR T R LVLNAKG I K YDT I N I -53 
C. intestinalis-M I Q G S GM S N S VH QK E C - - S AE P T P PAKGV L R VYGMK F C P Y V QR L K LVLAAKGVA H E T I N I -58 

VpGSTO-N L I DK P DWY L QK I N C L G L V P S I ETDN - DV I F D SV I VN EY I D S VY P GEK - L I PND G RRAAK-109 
H. discus discus 1-D LK QK P S W F WD R - N P NG T V P I LEKDD - KV L Y E S L VC S DY I D E VY P NNK - L T P S D P YRRAR-107 
H. discus discus 2-D LK KK P DW F L E R - N P L G L V P VLEKTD - QV V Y E S L VC DDY L D QVY P DF P - L YPQD AYKKAR-107 

C. gigas-N LK NK P E W F L QK - N P L GR V P TLEKDD - R I V Y E SA I C C DY L D QVY P DNK - L T PDD P YRQAR-108 
P. fucata-N LK YK P DW F R AR - N P L G L V P TLE LGD - I V V N E SNVC N E F L D E L Y P NRK - L I P S D I VRRAR-107 

S. kowalevskii-N T K NK P S W F I E K - F P T G L V P VLE I ND - Q I VW E SV I C C VY L D E VY P GYK - L VAE T P YQRAQ-107 
T. rubripes-H LK DK P DW F L QK - N P L G L V P TLET PAGE V I Y E S P I T C EY L D E VY P EKK - L L P S T P FGKAQ-112 

N. vitripennis-N L S QK P E W L V E K - S P L GK V P CLE LENGD T L Y E S L V I A EY L D E AY P EHH - L F P T D P LAKAK-109 
S. purpuratus-N T F QK P E WY F DK - N P DGV V P TLEQDD - K L I Q E S I V T C EY L D E L Y P DTAPMF P S D P YLRSR-108 

D. rerio-N LK NK P DW F L E K - N P L G L V P VLETQSGQV I Y E S P I T C EY L D E VY P EKK - L L P F D P F ERAQ-111 
C. intestinalis-N L L S K P KWY F T K - N P MGK V P T I E I DD - VV I Y E SD I V S EYV D AVY P GRK - L CTT N A LKSAK-115 

VpGSTO-DKM L L E I W S KVV T Q Y YK L F Y P - - - - - SG E T N E VV P NML S A - L D R V ENE L ARRD T T F FGGD-163 
H. discus discus 1-DR L I V E L F S K AV T L F YK I A YG - - - - KDV P K - DA I KG F HD A - LG P V EKAL AERG T P F FGGS-161 
H. discus discus 2-DG I L L E T F S QV T T AWYK L L S S - - - - - - GG S D E AG E K F F S V - L K T YE TAL GDRG - E F FGGA-159 

C. gigas-DKM T V E V F S Q F V S D F QKMM S S - - - - P PQ E K P E S LQK I KNN - L C E F E S S L T ARQG AYFGGN-163 
P. fucata-DRM L I E T F G QV T G L F YE I P K SV - - - AEG T Q E R PVKKWRR H - MK R YENE L QQRG - E YFGGG-162 

S. kowalevskii-DK L L LD L F L T K I AR S VHA H YRS - - - YDG L D E E QKA L L LE S - I DK L ENE L KKRK S P YFRGN-163 
T. rubripes-QKMML E H F S KV - P Y F YK I VMGK - - - KNGD D V S GL E T E LK E K L T K LNEDF ANKK T K YFGGD-168 

N. vitripennis-DK L L I E R F N DV I T SM YK L Y S GK - - - - - T V D K D LF N E A LL G - L E I F DRE L AKRAT P F FGGN-163 
S. purpuratus-DK L F I Q R F G K Y I S A F YQ S A KQK - - - - - GA N E E LR S AA LKQ - V EWV EQE L KKRG T P F F SGL-162 

D. rerio-QRM L L E L F S KV T P Y F YK I P VNR - - - TKG E D V S AL E T E LKD K L S Q F NE I L LKKK S K F FGGD-168 
C. intestinalis-E KM F L V YWG NN C VVN YYK Y ARE LKNNDQ E A K DAF C A L VK E G L E K T AT F L E NNG T P Y I CGS-175 

VpGSTO-K PMM I D F N I WP HME R I VH F DVLVPGF - T L D A S RF KR L T SW I D EMNKVPAVKKT K L QLDS F-222 
H. discus discus 1- S VQM I D F T I WP H V E R F DAMAQLVKEA - RV T D DRY P K L TKW I E NMGKVPAVQKC RWDTAAH-220 
H. discus discus 2-T P S MLD F T AWPW F E R S GV L E KVAPKY - A I T E S NF P N I AAWQ KRM F E L PAVKATM F DTE SH-218 

C. gigas-AVQMLD F L L WPW F E R I L I F AKVVP LT - F S L E D - Y P A L CEW T KKM P EC PAVQKC R L DPQQF-221 
P. fucata- S P CMVD F A L WPW F E R LGV I T V I APET - DV T S E EY P H L S TW I ARMME L PAVKKT Y I NPRGH-221 

S. kowalevskii-K P G L L D I V L WP S F E R I E GMDVLDGD - - C L P A DRF P L L T SWMDAMMDVPAVKNS L L SADQH-221 
T. rubripes- S V T M I D YMMWPW F E R L E I L P F I F SCL - - - - - DNT P E L AKW T E RM R EDPAVKAT S Y S LDTH-223 

N. vitripennis-Q P GMLD L M I WPWC E R AD I I R I LRGEQFV I P R E RF L R L LEWK L AMK EDPAVKGS F L DAETH-223 
S. purpuratus- S P GMVD F S I WP F I YR I P S S R S LGDG - - G L D S - - F V L L KQWMDRM RQDE I I APR I V EDEAL-218 

D. rerio- S I T M I D YMMWPW F E R L E T MN - LKHCL - - - - - DGT P E L KKW T E RMMEDP T VKATM F S TETY-222 
C. intestinalis-Q P G L T D Y L L Y P H L E R I NA I V PVDLK - - - - - - - Q I P R VKAY F DAMQ EDEAVKSC R F SNE LH-228 

VpGSTO-K L F M I T V K N GKM - D C DAG L E E - - - -242 
H. discus discus 1- I H F I E T A K A GK P - D Y DVG L - - - - - -238 
H. discus discus 2-L R F F A S Y K A G A P - D Y DYG L - - - - - -236 

C. gigas-L E F YK S T K A G A P - D Y DV P K T SQS - -243 
P. fucata- I N F F K T L R E GN P - D Y DYV A A - - - - -240 

S. kowalevskii-R R F YKN L H S AQ P - L F D E L L G - - - - -240 
T. rubripes-KA F YK T Y A D GK P - D Y DYG L - - - - - -241 

N. vitripennis-AKYMK S R Q A G A P - Q Y D L L V - - - - - -241 
S. purpuratus- I E F S T H Y R T P G S - R F D E I Q T KAVK -241 

D. rerio-MV F YK S YM E GN P - N Y DYG L - - - - - -240 
C. intestinalis-L E F I KK Y V T GDV GAY D I G P 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 , AAL08414),  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. 



No.3 ZHANG et al.: Responses of glutathione S-transferases from Manila clam to heavy metals and B[a]P exposure 419

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

 After B[a]P exposure, both VpGSTS and VpGSTO 
were signifi cantly induced at all concentrations during 
the fi rst 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  μg/L  
B[a] P exposure was lower than that of 5 and 50  μg/L  
B[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  μg/L  B[a]P, while the 
maximal response of VpGSTO in 50  μg/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 signifi cant difference was 
found throughout the experiment (data not shown). 

 4 D 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 profi le 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 signifi cantly induced 

 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 branch in the phylogenetic tree nodes from 1 000 replicates. 
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 Fig.7 Temporal expression of VpGSTS (a) and VpGSTO (b) transcripts in haemocytes of clams after exposed to different 
concentrations of B[a]P 

 Different small letters (a, b and c) indicated signifi cant differences between different concentrations during the same sampling time. Different capital letters 
(A, B and C) indicated signifi cant differences between time at the same concentration, Tukey’s post hoc test  P <0.05. Each bar represented mean±S.D. ( n =4). 

 Fig.6 Temporal expression of VpGSTO transcripts in haemocytes of clams after exposed to different concentrations of Cd 
(a) and Cu (b) 

 Different small letters (a, b and c) indicated signifi cant differences between different concentrations during the same sampling time. Different capital letters 
(A, B and C) indicated signifi cant differences between time at the same concentration, Tukey’s post hoc test  P <0.05. Each bar represented mean±S.D. ( n =4).  

 Fig.5 Temporal expression of VpGSTS transcripts in haemocytes of clams after exposed to different concentrations of Cd 
(a) and Cu (b) 

 Different small letters (a, b and c) indicated signifi cant differences between different concentrations during the same sampling time. Different capital letters 
(A, B and C) indicated signifi cant differences between time at the same concentration, Tukey’s post hoc test  P <0.05. Each bar represented mean±S.D. ( n =4). 
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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 signifi cantly 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 
signifi cant inhibition of GST activity was observed in 
 Tubifex tubifex  and  Cyprinus carpio  after exposure to 
50–250  μg/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 
fi ndings highlighted the fact that specifi c 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 
et al., 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 B[a]P 
concentrations (0.01 and 0.2  μg/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 fi ndings implied an detoxifi cation 
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 
infl uenced 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. 

 5 C ONCLUSION 

 In the study, we cloned two class GST genes from 
 V .  philippinarum  and investigated their temporal 
expression profi les 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 fi ndings highlighted their 
potential as a biomarker for indicating marine Cd and 
B[a]P contaminations. 
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