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  Abstract         Many aquatic organisms are negatively affected by exposure to   high copper concentrations. 
We investigated the biochemical response of the mussel  Mytilus     coruscus    (Mytiloida: Mytilidae)   to copper 
exposure.  I  n vivo  bioassays using  M .    coruscus  and different copper concentrations were conducted. The activity 
of six biomarkers, namely superoxide dismutase (SOD), catalase (CAT), acid phosphatase (ACP), alkaline 
phosphatase (AKP), glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) 
were measured. Survival rates decreased with increased copper concentrations and exposure times. The LC 50  
values at 48, 72, and 96 h exposure were 0.48, 0.37, and 0.32  mg/L,  respectively. Within digestive glands, CAT 
activity increased with increasing Cu concentrations. The activity of AKP showed no signifi cant change, while 
the remaining four enzymes showed decreasing activity with increasing Cu concentrations. Within the gills, 
AKP activity increased when the Cu concentration was 0.05  mg/L,  but showed no signifi cant changes at higher 
concentrations. Activity of CAT and ACP within gills tended to decrease with increasing Cu concentration. 
The activity of SOD and GPT decreased at an exposure concentration of 0.2  mg/L.  GOT activity within gills 
decreased at 0.1  mg/L  and increased at an exposure concentration of 0.2  mg/L.  Within the adductor muscle, 
AKP activity increased at 0.05  mg/L  but did not change at higher exposure concentrations. ACP activity within 
adductor muscle tissue showed no change, while activities of CAT, GOT and GPT decreased with increasing 
Cu concentrations. SOD activity within the adductor muscle tissue signifi cantly decreased at the 0.02, 0.05 
and 0.2  mg/L  exposure concentrations. Our results show tissue specifi c differences for the six biomarkers in 
for  M .    coruscus . Our fi ndings provide the basis for the establishment of reference activity levels against which 
biomarker changes can be estimated, and are essential preliminary steps in development of  in vivo  bioassays. 
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 1 INTRODUCTION 

 Over the last few decades, concerns have grown 
within many countries and regions in regards to metal 
pollution within the environment (Chandran et al., 
2005; Jing et al., 2006; Li et al., 2009). According to the 
report of the Bulletin of the East China Sea (East China 
Sea Branch of State Oceanic Administration, 2009), 
metal contamination and especially copper (Cu), have 
caused environmental poisoning within the coastal 
areas of the East China Sea. The main source of Cu 
within the East China Sea is derived from terrigenous 
discharge, especially from rivers which account for 

88%, with the highest contribution of the fl uxes derived 
from the Changjiang (Yangtze) River (Wang et al., 2010). 
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 Copper is known to be essential for enabling the 
metabolism of marine invertebrates. However, 
excessive copper can be toxic (White and Rainbow, 
1985; Viarengo, 1989; Arnold et al., 2010). With the 
phasing out of triorganotin-based formulations, 
copper has become a commonly used biocide within 
antifouling paints (Voulvoulis et al., 1999; Lorenzo et 
al., 2002; Omae, 2003; Yebra et al., 2004; Xie et al., 
2005; Parks et al., 2010). Within the natural marine 
environment, concentration of copper is usually 
<5  μg/L,  but within polluted areas, it could be as high 
as 800  1 000  μg/L  (Soegianto et al., 1999).  

 Copper can bioaccumulate within the soft tissues 
of mollusks, and induce corresponding enzymatic 
responses (Viarengo and Canesi, 1991; Arun and 
Subramanian, 1998; Mazorra et al., 2002; Jing et al., 
2006). It has been reported that copper can interfere 
with the antioxidant enzymatic defense system in 
many species of mollusks such as  Onchidium     struma  
(Li et al., 2009),  Crassostrea     rivularis    (Jiang and Niu, 
2006),  Pinctada fucata  (Jing et al., 2006), and  
  Adamussium     colbecki  (Regoli et al., 1998). In 
addition, it has been demonstrated that copper affected 
the systems of metabolic enzymes within mollusks, 
such as  Ruditapes     philippinarum  (Blasco et al., 1993), 
 Scrobicularia     plana  (Mazorra et al., 2002),  P  inctada   
  fucata  (Jing et al., 2006) and  O .  struma  (Li et al., 
2009). 

 Using tests in the laboratory, Regoli and Principato 
(1995) investigated the effects of exposure to copper 
on the Mediterranean mussel  M .    galloprovincialis , 
and found that distinct antioxidant responses were 
dependent on tissue type. The presence of antioxidant 
enzymes within the digestive gland of mussels, and 
the evaluation of the effects of copper exposure on the 
antioxidant defenses of the mussel  Perna     perna ,   was 
investigated by   de Almeida et al. (2004). Company et 
al. (2008) studied the infl uence of copper exposure on 
the antioxidant response of the mussel  Bathymodiolus   
  azoricus , and demonstrated that the activity of 
antioxidant enzymes within gills was higher than that 
found in the mantle after Cu exposure. Although Cu 
exposure effects on these enzymatic systems have 
been reported for some species of mussels, information 
on the enzymatic response to Cu exposure within the 
mussel  M .    coruscus  was identifi ed as a gap in research. 

 The mussel  M .    coruscus  (Gould) is a common 
species inhabiting the temperate zone along the coastal 
water of East Asia (Chang, 2007). Within China, this 
species is one of the most heavily commercially 
exploited marine bivalves, particularly within Zhejiang 

Province (Zhang and Zhao, 2003; Chang and Wu, 
2007). In the present study, the authors investigated the 
biochemical response of three tissue types (digestive 
gland, adductor muscle and gills) of the adult mussels 
to exposure to copper. The response was assessed 
through the measurement of six selected biomarkers, 
namely the antioxidant enzymes, superoxide dismutase 
(SOD) and catalase (CAT), and the metabolic enzymes 
acid phosphatase (ACP), alkaline phosphatase (AKP), 
glutamic-oxaloacetic transaminase (GOT) and 
glutamic-pyruvic transaminase (GPT). 

 2 MATERIAL AND METHOD 

 2.1 Animal culture  

 Adult  M .    coruscus  were collected in September and 
October 2010 from Gouqi Island, Zhoushan, China 
(30°43'N, 122°46'E). Adult mussels were maintained 
in 120 L plastic containers containing sea water of 
30±1 and acclimated for one week within laboratory 
conditions prior to exposure to copper. During the 
period of acclimation, the collected  M .    coruscus   
 individuals   were fed daily with a mixed diet of 
 Chaetoceros gracilis ,  Chlorella  spp. and  Dicrateria   
  inornata .   The culture water was changed daily and the 
temperature was maintained at 20±1°C. The wet weight 
(ww), shell length (SL) and shell height (SH) of  M .  
  coruscus  used within the bioassays were 49.52±9.53 g, 
8.70±0.64 cm and 4.65±0.05 cm, respectively.  

 2.2 Copper solution 

 Copper chloride (CuCl 2 ) used in the experiments 
was purchased from Sinopharm Chemical Reagent 
Co. Ltd. (Shanghai, China). A 1  g/L  stock solution 
was prepared by dissolving CuCl 2  in autoclaved 
fi ltered sea water (AFSW) on the day of the assays. 
Test solutions were prepared immediately prior to the 
assays by diluting the stock solution in AFSW to the 
desired concentrations. The background total copper 
(Cu) content within the assays was measured using an 
atomic absorption spectrophotometer and was found 
to be 7.40±0.23  μg/L.   

 2.3 Acute and sublethal toxicity tests 

 To perform the acute toxicity test, adults were 
placed in a container (20 L) containing 10 L of the test 
solution. The treatments were 0 (control), 0.1, 0.2, 
0.3, 0.4, and 0.5  mg/L  of Cu. Each treatment consisted 
of three replicates and each replicate contained 20 
individuals. Test solutions were renewed daily but no 
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additional food was added. Dissolved oxygen (DO) 
and temperature of each container was monitored 
every 12 h during the assay. DO ranged from 
8.82  9.47  mg/L  and water temperature was 
maintained at 20±1°C. A photoperiod of 12 h light 
and 12 h darkness was used. Within the assay, mussel 
survival was examined at   24, 48, 72 and 96 h. The 
criterion for death was no response toward repeated 
touches with a glass rod (Winner and Farrel, 1976; 
APHA et al., 1985). Dead mussels were removed.  

 Based on results of the acute toxicity test, effects of 
sub-lethal concentrations of copper on antioxidant 
and metabolic enzymes were investigated. Adult 
mussels were exposed to Cu concentrations of 0, 0.01, 
0.02, 0.05, 0.1 and 0.2  mg/L  for a period of 96 h. 
Tissue samples of the digestive gland, gills and 
adductor muscle of 10–16  M .    coruscus  individuals 
from each treatment container were dissected on ice, 
and immediately stored in liquid nitrogen at -80°C 
until the bioassays were carried out. 

2.4 Biochemical assays

 Approximately 0.5 g samples of gill, digestive 
gland and adductor muscle tissue were individually 
homogenized at 15 000 r/min for 1 min within 4.5 mL 
ice-cold mussel physiologic saline (Lowe et al., 1995) 
using an automatic homogenizer (Ika T 10 b, 
Germany). Mussel physiological saline was prepared 
with Millipore ultra-pure water to avoid adding 
exogenous toxic metal ions. Homogenized samples 
were centrifuged at 1 431× g  for 20 min at 4°C, and 
the resulting supernatants were used to determine 
enzyme activity. Activities of antioxidant and 
metabolic enzymes (detailed below) were determined 
using substrates obtained from the Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China) according 
to protocols provided by the manufacturer. Optical 
density values were measured with a spectrophotometer 
(UV-2600, Unico, China) and used to calculate 
enzyme activities. 

 2.4.1 Total superoxide dismutase (T-SOD; EC 
1.15.1.1) activity 

 T-SOD activity was measured through the 
inhibition of nitro blue tetrazolium (NBT) reduction 
by O  2  ̄    generated by the  xanthine/xanthine  oxidase 
system (Beauchamp and Fridovich, 1971). One unit 
(U) of enzyme activity was defi ned as the amount of 
enzyme that caused a 50% inhibition in a 1-mL 
reaction  solution/mg  protein. Data were expressed as 
 U/mg  protein. 

 2.4.2 Catalase (CAT; EC 1.11.1.6) activity 

 CAT activity was detected using the ammonium 
molybdate method (Shen et al., 2007). Briefl y, a H 2 O 2  
degradation reaction catalyzed by CAT was terminated 
by adding ammonium molybdate, and the intensity of 
a yellow complex formed by molybdate and H 2 O 2  at 
405 nm was measured. One U of enzyme activity was 
defi ned as the degradation of 1 μmol H 2 O 2  per second 
per mg tissue protein and the enzyme activity was 
expressed as  U/mg  protein. 

 2.4.3 Acid phosphatase (ACP; EC 3.1.3.2) and 
alkaline phosphatase (AKP; EC 3.1.3.1) activities 

 ACP and AKP activities were assessed by the 
method of King (1965) using disodium 
phenylphosphate as the substrate. The enzyme unit 
defi nitions of ACP ( U/g  protein) and AKP ( U/g  
protein) were expressed as the degradation of 1 mg 
 phenol/mg  protein at 37°C within 30 min and 15 min, 
respectively. 

 2.4.4 Glutamic-oxaloacetic transaminase (GOT; EC 
2.6.1.1) and glutamic-pyruvic transaminase (GPT; 
EC 2.6.1.2) activities 

 GOT and GPT activities were detected following 
the method of Reitman and Frankel (1957). For 
determining the activity of GPT, 0.1 mL of enzyme 
source was taken and 0.5 mL of GPT substrate. 
Similarly, for determination of GOT, 0.1 mL of 
enzyme source was taken and 0.5 mL of GOT substrate 
was added to it. After 30 min of incubation at 37°C, 
0.5 mL of 2, 4-dinitrophenyl hydrazine solution was 
added and contents were incubated for 20 min at 37°C. 
Subsequently, 5 mL of 0.4  mol/L  NaOH was added, 
rigorously mixed and allowed to stand at room 
temperature for 5 minutes. The optical density was 
read at 505 nm after setting the blank. One unit of 
either GOT or GPT enzymatic activity was defi ned as 
tissue activity (Reitman-Frankel unit) per mg protein.  

 2.4.5 Protein assays 

 The concentration of total protein in the 
supernatants was determined using Coomassie 
Brilliant Blue G250 (Li and Jiao, 1980) according to 
the provided protocol. 

 2.5 Statistical analysis 

 Prior to one-way Analysis of variance, the 
normality and homogeneity of the analyzed data were 
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both assessed. When normality and homogeneity of 
variance assumptions were not satisfi ed, the equivalent 
non-parametric Kruskal-Wallis test was applied. The 
LC 50  values of adult mussels were calculated by the 
Probit analysis method (Finney, 1971). All statistical 
computations were performed using JMP™ software 
(JMP 6, SAS Institute, Cary, NC, USA). Differences 
were considered signifi cant at  P <0.05. 

 3 RESULT  

 3.1 Effect of copper on the survival of adult mussels 

 The survival rates of adult mussel after exposure to 
Cu for 24, 48, 72 and 96 h are shown in Fig.1. Within 
the control and Cu treated samples up to 0.2  mg/L,  no 
dead animals were observed, even after 96 h. Within 
the 0.3 and 0.4  mg/L  treatments, the percentage of 
survival decreased signifi cantly after 48 h (Kruskal-
Wallis Tests,  P <0.000 1). Within the 0.5  mg/L  treatment, 
no surviving adults were found after 96 h. Based on the 
results shown in Fig.1, the concentrations that caused 
50% mortality (LC 50 ) in the Cu treated specimens were 
calculated. The LC 50  decreased with increasing 
exposure time and the LC 50 s at 48, 72 and 96 h were 
calculated to be 0.48, 0.37 and 0.32  mg/L,  respectively. 

 3.2 Biochemical response 

 3.2.1 Effect of copper on the activities of antioxidant enzymes 

 The effect of a 96 h Cu exposure on the activities of 
the antioxidant enzymes, SOD and CAT, in digestive 
gland, gill and adductor muscle tissue of adult 
 M .  coruscus  are presented in Fig.2. In general, the 
SOD activity tended to decrease in digestive gland 
tissue with increasing Cu concentrations ( P <0.05). 
When compared with the control, the activity of SOD 
in gill tissue decreased only at the 0.2  mg/L  
concentration ( P <0.05) and the SOD activity in 
adductor muscle tissue signifi cantly decreased at 
0.02, 0.05 and 0.2  mg/L  exposure concentrations 
( P <0.05). SOD activities were higher in gill tissue 
than in the other investigated tissue types ( P <0.05). 
The CAT activity was higher in digestive gland tissue 
compared to the other two tissue types ( P <0.05) and 
showed an increasing trend with increasing copper 
concentration ( P <0.05), while the opposite effects 
were observed within gill and adductor muscle tissue.  

 3.2.2 Effect of copper on the activities of metabolic enzymes 

 The effect of a 96 h Cu exposure on the activities of 
the metabolic enzymes, ACP, AKP, GOT and GPT, 

within digestive gland, gill and adductor muscle 
tissue of adult  M .  coruscus  are shown in Fig.3. The 
ACP and AKP activities were signifi cantly higher in 
the digestive gland tissue than that in gill or adductor 
muscle tissue (Fig.3a, b;  P <0.05). The ACP activity 
decreased in digestive gland and gill tissue whereas 
no change in adductor muscle tissue occurred with 
increasing copper concentration (Fig.3a;  P <0.05). 
The GOT and GPT activities within digestive gland 

 Fig.1 Survival rates of adult mussels following exposure to 
different Cu concentrations for 24, 48, 72, and 96 h 
 Data are means (± SD) of the nine replicates.  

 Fig.2 Effect of 96 h exposure to Cu concentrations ( mg/L ) 
on the activities ( U/mg  protein) of SOD (a) and CAT 
(b) in digestive gland, gills and adductor muscle of 
adult  M .    coruscus  

  Data are the means (± SD) of nine replicates. 
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tissue were signifi cantly lower compared to those in 
gill and adductor muscle tissue (Fig.3c, d;  P <0.05). 
The activity of GOT within gill and adductor muscle 
tissue decreased signifi cantly in the 0.1  mg/L  
treatment ( P <0.05) and increased signifi cantly within 
the 0.2  mg/L  treatment ( P <0.05). 

 4 DISCUSSION 

 In the present study, results showed that the survival 
of  M .    coruscus  decreased with increasing copper 
concentrations and exposure times. The LC 50  for 96 h 
Cu exposure was 0.32  mg/L,  which was lower than 

that for many other aquatic organisms, such as the 
molluscs  Mytilus     edulis  (Amiard-Triquet et al., 1986; 
LC 50 , 0.48  mg/L ),  Perna     viridis  (Chan, 1988; LC 50 , 
0.62  mg/L ), and  O .  struma  (Li et al., 2009; LC 50 , 
7.48  mg/L ), and the crustaceans,  Callianassa   
  australiensis    (Ahsanullah et al., 1981; LC 50 , 
1.03  mg/L ) and  Crangon     crangon    (Portmann and 
wilson, 1971; LC 50 , 1.9  mg/L ). Contrastingly, the 
LC 50 s   for 96 h Cu   exposure in some marine 
invertebrates were lower than those for the species 
presented in this study (Bryan, 1976; Heslinga, 1976; 
Reish et al., 1976; Pesch and Morgan, 1978; Bielmyer 
et al., 2005; Wang et al., 2007). Values of LC 50  in 
these marine invertebrates ranged from 0.025  mg/L  to 
0.3  mg/L.  Although the reasons for these differences 
in copper sensitivity are unknown, it may be related to 
the differences in age, size and condition of the test 
organisms, and the environmental conditions (Chan, 
1988). The different sensitivity to Cu may be also 
correlated with the species of test animal.  

 Marine invertebrates, especially mollusks, have 
been known to bioaccumulate copper to varying 
degrees, and body Cu concentration may reach high 
levels (Bryan, 1979; Chan 1988). Cu accumulation 
has been known to be important for understand the 
varying response of different tissues to Cu 
concentrations. In the present study, no data on the 
actual Cu accumulation was provided, and this needs 
to be investigated in future research. 

 To cope with stress induced by environmental 
pollution, organisms have evolved antioxidant 
systems to scavenge reactive oxygen species (ROS) 
and to control the oxidative damage they induce 
(Cheeseman and Slater, 1993). Enzymatic antioxidant 
systems are known to include SOD and CAT 
(Fridovich, 1978), and these are regarded as the two 
main antioxidant enzymes to protect organisms 
against damages induced by oxygen radical production 
(Borković et al., 2008). An important feature of these 
enzymes is their inducibility under conditions of 
oxidative stress, and such an induction may be an 
important adaptation to pollutant-induced stress (Liu 
et al., 2006). The effect of Metal exposure has been 
known as one of the different ROS-generating 
mechanisms, and consequently metal exposure causes 
oxidative stress within biological systems (Stohs and 
Bagchi, 1995). Cu exposure may activate redox 
cycling, which is a typical sign of damage due to 
oxidative stress (Roméo et al., 2000; Liu et al., 2006; 
Company et al., 2008).  

 This study showed that SOD activities within three 

 Fig.3 Effect of 96 h exposure of various concentrations of 
Cu ( mg/L ) on the activities ( U/mg  protein) of ACP 
(a), AKP (b), GOT (c) and GPT (d) in digestive gland, 
gills and adductor muscle of adult  M .    coruscus  
 Data are the means (± SD) of nine replicates. 
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tissue types showed an inhibitory trend and decreased 
at the highest (0.2  mg/L ) concentrations of copper. 
SOD activities within gill tissue were higher than 
those in the other two tissue types. The fi nding that 
tissue type specifi c variation of SOD activity exists, is 
consistent with previous reports of SOD activity in 
other organisms (Company et al., 2008; Li et al., 
2009). For example, Company et al. (2008) 
demonstrated that the activity of SOD in gill tissue 
was signifi cantly higher than that in the mantle tissue 
of the mussel  Bathymodiolus     azoricus  after copper 
exposure. Li et al. (2009) also suggested that in SOD 
activity in hepatopancreas tissue was signifi cantly 
higher than that in muscle tissue of  O .  struma . 
Although the reason is unknown, it may be due to the 
different physiological function and responses to Cu 
(Company et al., 2008).  

 The antioxidant enzyme CAT is a major primary 
antioxidant defense component that works primarily 
to catalyze the decomposition of H 2 O 2  to H 2 O 
(Borković et al., 2008). In contrast to SOD activity, 
CAT activities in the present study were signifi cantly 
induced within digestive gland tissue with increasing 
Cu concentrations. Activities of CAT were inhibited 
within gill and adductor muscle tissue, suggesting 
that different tissues have a qualitatively different 
response pattern (Li et al., 2009) or different 
physiological functions (Company et al., 2006). 
Among the three tissue types, the results presented 
here demonstrate that digestive gland tissue is very 
sensitive to Cu stress, and is therefore a suitable tissue 
type for further study. 

 ACP acts as a marker enzyme for the detection of 
lysosomes within cell fractions, and can be utilized as 
a reliable tool for the biological assessment of metal 
pollution (Blasco et al., 1993; Mazorra et al., 2002; 
Rajalakshmi and Mohandas, 2005). AKP are intrinsic 
plasma membrane enzymes found on the membranes 
of almost all animal cells, and are sensitive to metals 
(Blasco et al., 1993; Mazorra et al., 2002; Jing et al., 
2006). 

 In the present study, signifi cantly higher activities 
of ACP and AKP were observed in digestive gland 
tissue compared to the other two tissues types. 
Previous studies on ACP and AKP activities within 
different tissues of aquatic organisms also suggested 
that the enzymatic activity and response to metal 
pollution is tissue type specifi c (Mazorra et al., 2002; 
Rajalakshmi and Mohandas, 2005; Li et al., 2008; Li 
et al., 2009; Aanand et al., 2010). In addition, variation 
of ACP and AKP activities due to Cu exposure in the 

same tissue type were different within different 
species. For example, the results presented in this 
study suggested that the ACP activity in digestive 
gland tissue decreased when Cu concentrations were 
>0.01  mg/L,  while AKP activity remained unchanged. 
In  Eriocheir     sinensis , activities of ACP and AKP in 
digestive gland tissue increased initially at low Cu 
concentrations but decreased with increasing Cu 
concentrations (Yang et al., 2006). 

 The transaminases GOT and GPT have been 
known to be involved in cellular transfer systems, 
protein and nucleic acid synthetic processes and 
energy producing mechanisms (Bradfi eld, 1950; Rao 
and Panda, 1981). A recent study on the green mussel 
( P .    viridis ) found that exposure to copper increased 
the activity of GOT and GPT in adductor muscle 
tissue (Aanand et al., 2010). In the present study, 
activities of GOT and GPT in adductor muscle tissue 
initially increased after exposure to Cu in the 
0.01  mg/L  treatment, which was followed by decrease 
of activity at higher Cu concentrations. Activities of 
GOT and GPT within digestive gland tissue were 
inhibited by increasing Cu concentrations, indicating 
that copper produced serious deformation of the 
membrane of mitochondria in cells, and hence 
reduced the ability of mitochondria to produce 
suffi cient adenosine triphosphate (ATP) as energy for 
living organisms (Bubel, 1976). The differences in 
activities of GOT and GPT may be due to the variation 
among species. 

 5 CONCLUSION 

 The results presented in this study provide valuable 
information for determining the Cu tolerance levels 
for the important bioindicator species  M .  coruscus , 
which could be applied in the assessment of the levels 
of coastal Cu pollution. In the current study, tissue 
specifi c differences for the six selected biomarkers 
SOD, CAT, ACP, AKP, GOT and GPT do exist within 
 M .    coruscus . In general, the activity of CAT within 
digestive gland tissue showed an increasing tendency 
with increasing Cu concentrations, while the activity 
of other enzymes tended to decrease as a consequence 
of increasing Cu concentrations. The digestive gland 
can be viewed as potential target tissue for further 
study, and activities of CAT are suitable to indicate 
Cu contamination and may be used as a potentially 
useful biomarker due to sensitivity to Cu exposure. 
Field studies to develop a comprehensive profi le of 
the biochemical response within  M .    coruscus  to 
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copper are needed. Overall,  M .  coruscus    could be 
used as a potential bioindicator species for Cu 
monitoring. 

 6 ACKNOWLEDGEMENT  

 The authors wish to thank Mr. C WANG, Ms. S H 
LI and Ms. P J SHEN for technical assistance.  

 References 

 Aanand S, Purushothaman C S, Pal A K, Rajendran K V. 2010. 
 Toxicological studies on the effect of copper, lead and 
zinc on selected enzymes in the adductor adductor muscle 
and intestinal diverticula of the green mussel Perna 
viridis .  I  ndian   J .  M  ar .  S  ci .,  39 : 299-302. 

 Ahsanullah M, Negilski D S, Mobley M C. 1981. Toxicity of 
zinc, cadmium and copper to the shrimp  Callianassa   
  australiensis . I. Effects of individual metals.  Mar .  Biol ., 
 64 : 299-304. 

 American Public Health Association (APHA), American Water 
Works Association, Water Pollution Control Federation. 
1985. Standard Methods for the Examination of Water 
and Wastewater. 16 th  edn. American Public Health 
Association, Washington, DC. 

 Amiard-Triquet C, Berthet B, Metayer C, Amiard J C. 1986. 
Contribution to the ecotoxicological study of cadmium, 
copper and zinc in the mussel  Mytilus     edulis .  M  ar .  B  iol ., 
 92 : 7-13. 

 Arnold W R, Cotsifas J S, Ogle R S, DePalma S G S, Smith D 
S. 2010. A comparison of the copper sensitivity of six 
invertebrate species in ambient salt water of varying 
dissolved organic matter concentrations.  Environ .    Toxicol .  
Chem .,  29 : 311-319. 

 Arun S, Subramanian P. 1998. Antioxidant enzymes in 
freshwater prawn  Macrobrachium     malcolmsonii  during 
embryonic and larval development.  C  omp .  B  iochem .  
P  hy  s .  B ,  121 : 273-277. 

 Beauchamp C, Fridovich I. 1971. Superoxide dismutase: 
improved assays and an assay applicable to acrylamide 
gels.  Anal .  Biochem .,  44 : 276-287. 

 Bielmyer G K, Brix K V, Capo T R, Grosell M. 2005. The 
effects of metals on embryo-larval and adult life stages of 
the sea urchin,  Diadema     antillarum .  Aquat .    Toxicol .,  74 : 
254-263. 

 Blasco J, Puppo J, Sarasquete M C. 1993. Acid and alkaline 
phosphatase activities in the clam  Rudita  p  es 
Phili  pp  inarum .  Mar .  Biol .,  115 : 113-118. 

 Borković S S, Pavlović S Z, Kovačević T B, Štajn A Š, Petrović 
V M, Saičić Z S. 2008. Antioxidant defence enzyme 
activities in digestive gland, gills and adductor muscle of 
Spiny cheek crayfi sh ( Orconectes     limosus ) from the River 
Danube.  C  omp .  Biochem .  Phys .  C ,  147 : 122-128. 

 Bradfi eld J R G. 1950. The localization of enzymes in cells. 
 Biol .  Rev .,  25 : 113-157. 

 Bryan G W. 1976. Some aspects of heavy metal tolerance in 
aquatic organisms.  In : Lockwood A P M ed. Effects of 
Pollutants on Aquatic Organisms. Cambridge University 
Press, Cambridge, UK. p.7-34. 

 Bryan G W. 1979. Bioaccumulation of marine pollutant.  Phil . 

 Trans .  R .  Soc .  Lond . ( B ),  286 : 483-505. 
 Bubel A. 1976. Histological and electron microscopical 

observations on the effects of different salinities and 
heavy metal ions, on the gills of  Jeara     nordmanni  (Tathke) 
(Crustacea, Isopoda).  Cell     Tissue Res .,  167 : 65-95. 

 Chan H M. 1988. Accumulation and tolerance to cadmium, 
copper, lead and zinc by the green mussel  Perna viridis . 
 Mar .  Ecol .  Prog .  Ser .,  48 : 295-303. 

 Chandran R, Sivakumar A A, Mohandass S, Aruchami M. 
2005. Effect of cadmium and zinc on antioxidant enzyme 
activity in the gastropod,  Achatina     fulica .  Com  p .  Biochem .  
Phys .  C ,  140 : 422-426. 

 Chang K M, Wu J F. 2007. Study on artifi cial propagation of 
mussel  Mytilus     coruscus .  South China   Fisheries Science , 
 3 : 26-30. (in Chinese with English abstract) 

 Chang Y Q. 2007. Aquaculture of Molluscs (Beilei 
Zengyangzhixue; in Chinese). 1 st  edn. Agriculture Press, 
Beijing, China. 

 Cheeseman K H, Slater T F. 1993. An introduction to free 
radical biochemistry.  Br  it .  Med .  Bull .,  49 : 481-493. 

 Company R, Serafim A, Cosson R, Camus L, Shillito B, Fiala-
Médioni A, Bebianno M J. 2006. The effect of cadmium 
on antioxidant responses and the susceptibility to 
oxidative stress in the hydrothermal vent mussel 
 Bathymodiolus azoricus .  Mar .  Biol .,  148 : 817-825. 

 Company R, Serafi m A, Cosson R P, Fiala-Médioni A, Camus 
L, Colaço A, Serrão-Santos R, Bebianno M J. 2008. 
Antioxidant biochemical responses to long-term copper 
exposure in  Bathymodiolus     azoricus  from Menez-Gwen 
hydrothermal vent.  S  ci .  T  otal   E  nviron .,  389 : 407-417. 

 de Almeida E A, Miyamoto S, Bainy A C D, de Medeiros M H 
G, Mascio P D. 2004. Protective effect of phospholipid 
hydroperoxide glutathione peroxidase (PHGPx) against 
lipid peroxidation in mussels  Perna perna  exposed to 
different metals.  M  ar .  P  ollut .  B  ull .,  49 : 386-392. 

 East China Sea Branch of State Oceanic Administration. 2009. 
Report on the State of the East China Sea Marine 
Environment Bulletin in China for the Year 2009. 
Shanghai, China.  (in Chinese)

 Finney D J. 1971. Probit Analysis. 3 rd  ed. Cambridge University 
Press, London, UK. 

 Fridovich I. 1978. The biology of oxygen radicals.  Science , 
 201 : 875-880. 

 Heslinga G A. 1976. Effects of copper on the coral-reef 
echinoid  Echinometra     mathaei .  Mar .  Biol .,  35 : 155-160. 

 Jiang T J, Niu T. 2006. Effects of heavy metals on superoxide 
dismutase (SOD) of  Crassostrea     rivularis .  Ecol .  Environ ., 
 15 : 289-294. (in Chinese with English abstract) 

 Jing G, Li Y, Xie L P, Zhang R Q. 2006. Metal accumulation 
and enzyme activities in gills and digestive gland of pearl 
oyster ( Pinctada fucata ) exposed to copper.  Comp .  
Biochem .    Phy  s .  C ,  144 : 184-190. 

 King J. 1965. The hydrolases-acid and alkaline phosphatases. 
 In : Van D ed. Practical Clinical Enzymology. Nostrand, 
London, UK. 

 Li L, Jiao X Z. 1980. A method for protein determination using 
the protein stain Coomassie brilliant blue G250.  Plant .  
Physiol .    Commun .,  6 : 52-55. 

 Li N, Zhao Y L, Yang J. 2008. Effects of water-borne copper 
on digestive and metabolic enzymes of the giant 



745No.5 LI et al.: Mussel biochemical response to copper

freshwater prawn  Macrobrachium rosenbergii .  Arch .  
Environ .    Contam .    Toxicol .,  55 : 86-93. 

 Li X B, Hou X L, Mao Q, Zhao Y L, Cheng Y X, Wang Q. 
2009. Toxic effects of copper on antioxidative and 
metabolic enzymes of the marine gastropod,  Onchidium 
struma .  Arch .  Environ .    Contam .  Toxicol .,  56 : 776-784. 

 Liu H, Wang W M, Zhang J F, Wang X R. 2006.   Effects of 
copper and its ethylenediaminetetraacetate complex on 
the antioxidant defenses of the goldfi sh,  Carassius   
  auratus .  E  cotox .  E  nviron .  S  afe .,  65 : 350-354. 

 Lorenzo J I  , Nieto O, Beiras R. 2002. Effect of humic acids on 
speciation and toxicity of copper to  Paracentrotus     lividus  
larvae in seawater.  Aqua  t .  Toxicol .,  58 : 27-41. 

 Lowe D M, Soverchia C, Moore M N. 1995. Lysosomal 
membrane responses in the blood and digestive cells of 
mussels experimentally exposed to fl uoranthene.  Aqua  t .  
Toxicol .,  33 : 105-112. 

 Mazorra M T, Rubio J A, Blasco J. 2002. Acid and alkaline 
phosphatase activities in the clam  Scrobicularia   Plana : 
kinetic characteristics and effects of heavy metals.  C  omp .  
B  iochem .    P  hys .  B ,  131 : 241-249. 

 Omae I. 2003. Organotin antifouling paints and their 
alternatives.  Appl .    Organomet .  Chem .,  17 : 81-105. 

 Parks R, Donnier-Marechal M, Frickers P E, Turner A, 
Readman J W. 2010. Antifouling, biocides in discarded 
marine paint particles.  M  ar .    P  ollut .    B  ull .,  60 : 1 226-1 230. 

 Pesch C E, Morgan D. 1978. Infl uence of sediment in copper 
toxicity tests with the polychaete  Neanthes   
  arenaceodentata .  W  ater   R  es .,  12 : 747-751. 

 Portmann J E, Wilson K W. 1971. The Toxicity of 140 
Substances to the Brown Shrimp and Other Marine 
Animals. Ministry of agriculture, fi sheries and food 
(MAFF) and Fisheries Laboratory Burnham-on-Crouch, 
Essex, UK. 

 Rajalakshmi S, Mohandas A. 2005. Copper-induced changes 
in tissue enzyme activity in a freshwater mussel.  Ecotox. 
Environ. Safe.,    62 : 140-143. 

 Rao P M, Panda J N. 1981. Uterine enzyme changes in 
thyroidectomized rats at parturition.  J .  R  epro  d .    F  ertil .,  61 : 
109-113. 

 Regoli F, Principato G. 1995. Glutathione, glutathione-
dependent and antioxidant enzymes in mussel,  Mytilus   
  galloprovincialis , exposed to metals under fi eld and 
laboratory conditions implications for the use of 
biochemical biomarkers.  Aqua  t .  Toxicol .,  31 : 143-164. 

 Regoli F, Nigro M, Orlando E. 1998. Lysosomal and 
antioxidant responses to metals in the Antarctic scallop 
 Adamussium     colbecki .  Aqua  t .    Toxicol .,  40 : 375-392. 

 Reitman S, Frankel S. 1957. A colorimetric method for the 
determination of serum glutamic oxalacetic and glutamic 
pyruvic transaminases.  Am .  J .  Clin .    Pathol .,  28 : 56-63. 

 Reish D J, Martin J M, Piltz F M, Word J Q. 1976. The effect 
of heavy metals on laboratory populations of two 
polychaetes with comparisons to the water quality 
conditions and standards in Southern California marine 

waters.  W  ater   R  es .,  10 : 299-302. 
 Roméo M, Bennani N, Gnassia-Barelli M, Lafaurie M, Girard 

J P. 2000. Cadmium and copper display different responses 
towards oxidative stress in the kidney of the sea bass 
 Dicentrarchus     labrax .  Aquat .    Toxicol .,  48 : 185-194. 

 Shen S Q, Zhang Y, Xiang J J, Xiong C L. 2007. Protective 
effect of curcumin against liver warm  ischemia/
reperfusion  injury in rat model is associated with 
regulation of heat shock protein and antioxidant enzymes. 
 World J .  Gastroenterol .,  13 : 1 953-1 961. 

 Soegianto A, Charmantier-Daures M, Trilles J P, Charmantier 
G. 1999. Impact of copper on the structure of gills and 
epipodites of the shrimp  Penaeus     japonicus  (Decapoda). 
  J. Crustacean Biol.,  19 : 209-223. 

 Stohs S J, Bagchi D. 1995. Oxidative mechanisms in the 
toxicity of metal ions.  Free Radic  al   Biol .  Med .,  1  8 : 321-
336. 

 Viarengo A. 1989. Heavy metals in marine invertebrates: 
mechanisms of regulation and toxicity at the cellular 
level.  Aquat .    Sci .,  1 : 295-317. 

 Viarengo A, Canesi L. 1991. Mussels and biological indicators 
of pollution.  Aquaculture ,  94 : 225-243. 

   Voulvoulis N, Scrimshaw M D, Lester J N. 1999. Alternative 
antifouling biocides.  Appl .    Organomet .  Chem .,  13 : 135-143. 

 Wang C Y, Wang X L, Li K Q, Liang S K, Su R G, Yang S P. 
2010. The estimation of copper, lead, zinc and cadmium 
fl uxes into the sea area of the East China Sea interferenced 
by terrigenous matter and their environmental capacities. 
 Acta Oceanologica Sinica ,  32 : 62-76. (in Chinese with 
English abstract) 

 Wang Z Z, Wang W D, Yang Y, Lu Z F. 2007. Acute toxic 
effects of four heavy metals on  Moerella     iridescens . 
 O  ceanologia   e  t   L  imnologia   S  inica ,  38 : 373-378. (in 
Chinese with Englilsh abstract) 

 White S L, Rainbow P S. 1985. On the metabolic requirements 
for copper and zinc in molluscs and crustaceans.  Mar .  
Environ .  Res .,  16 : 215-229. 

 Winner R W, Farrell M P. 1976. Acute and chronic toxicity of 
copper to four species of Daphnia  .  J .  Fish Res .  Board 
  Can .,  33 : 1 685-1 691. 

 Xie Z C, Wong N C, Qian P Y, Qiu J W. 2005. Responses of 
polychaete  Hydroides elegans  life stages to copper stress. 
 Mar .  Ecol .    Prog .  Ser .,  285 : 89-96. 

 Yang Z B, Zhao Y L, Zhou Z L, Li N, Yang J. 2006. Effects of 
water-borne copper on activities of metabolism enzymes 
in  Eriocheir     sinensis .  O  ceanologia e    t   L  imnologia   S  inica , 
 37 : 118-124. (in Chinese with English abstract) 

 Yebra D M, Kiil S  ,   Dam-Johansen K. 2004. Antifouling 
technology-past, present and future steps towards effi cient 
and environmentally friendly antifouling coatings.  Pro  g .  
Org .  Coat .,  50 : 75-104. 

 Zhang Y H, Zhao S L. 2003. Mussel species and growth 
developing investigation around shengshan archipelago.  
J .    Zhejiang     Ocean     Uni .,  22 : 67-73. (in Chinese with 
English abstract) 


