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ABSTRACT

Water pollution by metals and subsequent fish contamination are considered to be severe problems with detrimental ecological
consequences. The purpose of the present study was to determine the median acute toxicity (LCsy) of copper (Cu) and cadmium (Cd) in
kutum, Rutilus frisii kutum fingerlings. Also, using sub-lethal tests, metal accumulation and gill ion changes were evaluated. Fingerlings
(1.1 £ 0.25 g) were exposed to different concentrations of CuSO4-5H,0 and CdCl,.2-5H,0 in the static bioassay OECD test. In definitive
tests, fish were exposed to nominal concentrations of 0.127, 0.229, 0.330, 0.432, 0.534, and 0.636 mg/l of Cu and 3.938, 6.893, 9.847,
12.801, 15.755, and 18.709 mg/1 of Cd. Results from a Probit analysis showed that 96-h LCs, values were 0.45 and 12.22 mg/1 for Cu and
Cd, respectively. Semi-static sub-lethal tests were conducted with nominal concentrations of 0, 12.7, 25.4, 50.9, and 101.8 pg/l of Cu and
0, 0.1, 0.25, 0.5, and 1 mg/l of Cd for 4 days. Significant accumulations were observed in gill Cu/Cd levels in all treatments in
comparison to the controls (P < 0.05) with a maximum average of 22.32 = 1.25 ng Cu/g gill wet weight at 12.7 pg Cu/l treatment and
6.18 + 0.44 ng Cd/g gill wet weight at 1.0 mg Cd/l treatment. Finally, no significant (P > 0.05) changes were observed in gill sodium and

calcium contents during Cu/Cd exposure. In conclusion, Cu is more toxic than Cd for kutum, and it has higher uptake in the gills.
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INTRODUCTION

Environmental pollutants such as heavy metals, pesticides,
and other organic materials have detrimental effects on
aquatic organisms. Metals as non-degradable pollutants are
considered serious threat for aquatic environments by enter-
ing through different anthropogenic and natural sources
(Moore 1991). Copper (Cu) and cadmium (Cd) are two
existent metals in aquatic ecosystems, and numerous studies
focus on different aspects of their toxicity for aquatic biota.
They are cumulative pollutants, which exert a wide range of
biochemical, physiological and genetic alterations in fish
and other aquatic organisms (Heath 1995; Khangarot and
Rathore 2003; Di Giulio and Hinton 2008; Eyckmans ef al.
2012). Nowadays, the extensive use of Cu in aquaculture,
agriculture, industry, and mining has resulted in its release
and subsequent increase in receiving waters (Khangarot and
Rathore 2003; Guardiola et al. 2012). Similarly, Cd as a
non-essential heavy metal is used widely in industry for
producing paints, dyes, cement and phosphate fertilizers
causing increased amounts in aquatic ecosystems (Jarrup
2003; Burger 2008).

LCs tests measure the susceptibility and survival poten-
tial of organisms to a particular toxic substance. Pollutants
with higher LCs, values are less toxic because greater
concentrations are required to induce mortality in organisms
(Eaton ef al. 2005). In addition, in most natural waters,
metals are usually present only at sub-lethal concentrations,
and such a contamination in aquatic environments is a
widespread problem particularly in rivers and estuaries.
Pollution of rivers, lakes, coastal, and marine waters by
metals like Cu and Cd is widely observed in aquatic envi-
ronments which leads to a considerable increase of their
concentrations in aquatic organisms (Simpson 1981; Ravera
1984; Ray 1984; Harrison 1986; Lopes et al. 2001; Jarrup
2003; Agusa et al. 2004; Burger 2008).

Numerous investigations point out the behavioral chan-
ges in fish exposed to lethal or sub-lethal concentrations of
metals like Cu and Cd (Sloman et al. 2003; Vutukuru ef al.
2005). In addition, metals accumulate in different organs of
aquatic animals, and produce deleterious effects on fish
(Asagba et al. 2008; Isani et al. 2009; Javed 2012). How-
ever, their accumulation levels in living organisms depends
on species, the size of individuals, type of tissue or organ,
and the metal itself (Lloyd 1992; Finn 2007). Generally, the
uptake of water-borne Cu and Cd in freshwater fish occurs
mainly through the gills, and this organ has crucial role in
ion uptake and homeostasis (McGeer et al. 2000). Water-
borne Cu/Cd can accumulate in fish gill cells, and then,
affect the function of branchial pumps like Na'K'-ATPase
and Ca'?-ATPase. These pumps are active in chloride cells,
and have vital role in fish osmoregulation (Shephard and
Simkiss 1978; Pelgrom et al. 1995; Wong and Wong 2000).

The Caspian Sea, the largest continental water body on
the earth (Dumont 1998), is the habitat for numerous com-
mercial fishes, but some investigators have documented the
accumulation of contaminants like metals in Caspian Sea
fish populations (Moore ef al. 2003; Agusa et al. 2004;
Anan et al. 2005). Moreover, chemical contamination is
described as one of the most significant factors influencing
the commercial fish populations in Caspian Sea (Karpinsky
1992). Accordingly, some investigations have documented
water and sediment pollution in southern parts of the Cas-
pian Sea (De Mora et al. 2004; Charkhabi et al. 2005;
Parizanganeh et al. 2006; Saeedi and Karbassi 2006; Pari-
zanganeh et al. 2008; Saeedi et al. 2010; Bagheri et al.
2011) that some commercial fishes spend part of their larval
and fingerling stages in such polluted environments.

Kutum, Rutilus frisii kutum is a species with great eco-
logical and commercial value, and its stocks in the Caspian
Sea are replenished through artificial breeding. Every year
more than hundreds of millions fries are produced by Ira-
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nian Fisheries Organization, and then, fingerlings are
released into the southern rivers and estuaries of the Sea
(Farabi et al. 2007; Abdolhay e al. 2010) in which they
probably experience different sub-lethal concentrations of
pollutants like metals. The first objective of the present
study was to determine the LCsy values of Cu and Cd and
the second objective was to study their accumulations and
gill sodium (Na") and calcium (Ca") changes during sub-
lethal exposure in kutum fingerlings.

MATERIALS AND METHODS
Fish

The kutum fingerlings with average body weight of 1.1 £ 0.25 g
were obtained from the Shahid Rajace Fish Hatchery Center, Sari,
Iran. Fish were transferred to aquaculture laboratory of the same
center on July, 2008. Fish acclimated to the laboratory conditions
with ambient photoperiod in the 1000 1 stock tanks for 2 weeks
before the experimental use. The fish were fed 3% of body weight
by commercial food once daily in the morning (at 9:00 a.m.).

Acute exposure

Cu and Cd stock solutions were prepared by using CuSO,45H,O
and CdCl,.2:5H,0, and were stored at 4°C. Before commencing
the experiments, stock solutions were diluted to the desired con-
centrations. Following a two week acclimation period and for pilot
experiments, fish were transferred from the stock tanks to the 20 1
experimental ones based on a static bioassay test following the
OECD No. 203 protocol (OECD 1992). Each tank contains 10
fish/10 1 of oxygenated well water with maintaining constant dis-
solved oxygen at 7.6 = 0.2 mg/l, temperature at 23.5 + 0.9°C, pH
at 8.1 £ 0.2 and water hardness at 275 + 8§ mg CaCOs/I. The fish
were starved for 24 h prior to and during the experiment. Healthy
kutum fingerlings were exposed to various concentrations of
metals for range-finding tests to choose concentrations that resul-
ted in mortality of fish within the range of 5 to 95%.

Thereafter, in definitive tests, fish were treated in the same
conditions with 0.127, 0.229, 0.330, 0.432, 0.534, and 0.636 mg/1
of Cu (equivalent to 0.5, 0.9, 1.3, 1.7, 2.1, and 2.5 mg/l of
CuSO45H,0) and 3.938, 6.893, 9.847, 12.801, 15.755, and 18.709
mg/l of Cd (equivalent to 8, 14, 20, 26, 32, and 38 mg/l of
CdCl,.2-5H,0) concentrations. Acute toxicity of Cu and Cd to
kutum was estimated as the median lethal concentration, LCs,
after exposing of fish for 96 h to the mentioned concentrations.
Fish mortality was recorded after 0, 24, 48, 72, and 96 h of expo-
sure to Cu/Cd solutions. Fishes were considered dead when gill
opercula and body movement ceased, and when these characteris-
tics occurred, fishes were immediately collected. LCs, values were
calculated by the Probit Analysis test (Finney 1971).

Sub-lethal exposure
For sub-lethal tests, fish were randomly distributed in thirty 20 1

tanks (three replicates per treatment) to perform the 4 day period
sub-lethal tests. Every tank containing 10 fishes was exposed to

test solutions with the following concentrations of 12.7, 25.4, 50.9,
and 101.8 pg/l of Cu (equivalent to 50, 100, 200 and 400 pg/l of
CuSO45H,0) and 0.1, 0.25, 0.5, and 1 mg/l of Cd (equivalent to
0.2, 0.5, 1 and 2 mg/l of CdCl,.2:5H,0) and 0.0 mg/l (control),
respectively. Sub-lethal concentrations derived as about 3, 6, 12
and 22%, and also 0.8, 2, 4 and 8% of 96-h LCs, value of Cu and
Cd, respectively. About 90% of water was changed from stock
tanks daily to keep concentrations of Cd and Cu solution near the
nominal level. All fishes of both experimental and control groups
were captured and sacrificed after 4 days of exposure. Then, the
gill tissues were quickly removed and washed with 0.9 % NaCl
solution. Samples were maintained at -20°C until metal analysis.

Analysis

For metal ion determination, gill samples were dry-ashed in silica
vessels according to Cinier et al. (1999). Then, 1 ml of 65% super
pure nitric acid (Merck, Darmstadt, Germany) was added to each
ashed sample in test tube. After complete digestion, ultra pure
water was added to each sample to reach volume of 15 ml. Then,
sample filtered (0.22 p Cellulose acetate, Sandic, S&S, Germany),
and the metal concentrations determined by ICP-OES (GBC,
Integra XL). The concentration of metal in gill was reported as
ng/g wet weight (WW). Also, accumulation factor (AF) was cal-
culated based on the following definition (Kim ez al. 2004):

Accumulation Factor (AF): C, -C/C,,

where C,, C., C,, are the metal concentration in the experimental
groups, controls, and water, respectively.

Statistical analysis

Statistical analyses were performed using SPSS software (ver. 17.0,
SPSS Co., Chicago, IL, USA). Data are presented as mean + SE.
All the data were tested for normality (Kolmogorov—Smirnov test)
and homogeneity (Levene’s test). Data were analyzed by One-way
analysis of variance (ANOVA). Means were compared by Dun-
can’s multiple comparison test (P < 0.05) (Sokal and Rohlf 1995).

RESULTS

Results of the LCs, experiments have presented in Table 1.
Under our experimental conditions, the 96-h LCs, values of
Cu and Cd for R. frisii kutum was found to be approx. 0.45
+ 0.024 and 12.22 + 0.64 mg/l1, respectively.

As soon as the fish were exposed to acute and sub-lethal
concentrations of Cd/Cu, they have become slightly excited
and swam erratically, becoming normal only a few hours
later. In sub-lethal test, after a 4 day exposure, there was a
consistent increase in the rate of opercular movement, and
also, excess mucus secretion was partly evident. It should
be noted that behavioral and swimming patterns in control
groups were normal, and there was not any mortality in this
group during the experimental period.

According to the detailed results shown in Figs. 1 and 2,
it is clear that Cu and Cd could accumulate in the gills of

Table 1 Median acute toxicity (LCso) and 95% confidence limits of Cu and Cd to fingerlings kutum, R. frisii kutum.

LCs Time (h)
24 48 72 96

Cu 0.7403 % 0.0779 0.5596 + 0.0329 0.4537 + 0.0237 0.4537 = 0.0237
(0.6310-1.0183) (0.5043-0.6442) (0.4090-0.5065) (0.4090-0.5065)

cd 23.7233 +3.6554 16.4807 + 1.2847 13.5012 + 0.7964 12.2206 % 0.6415
(18.9961-40.4886) (14.4055-20.1075) (12.0165-15.324) (10.9566-13.5721)

Table 2 Gill ion concentrations (pmol/g gill W.W) on day 4 of exposure to single sub-lethal concentration of Cu and Cd.

CdCl,.2-5H,0 (mg/l) CuSO,-5H,0 (ng/l)
0 0.2 0.5 1 2 0 50 100 200 400
Na 84.63+75 798+42  80.9+57 8023+88 8544+57 72.55+6.76 76.03+7.89 7520£591 77.80+348 80.74+4.37
(®) ©) (®) (6) ©) @) (3) (6) @) )
Ca 35.06+28 2877+17 3356+179 29.70+193 36.05+3.6 40.12+6.83 38.12+598 36.05+557 36.90+257 37.22+3.08
(3) © (10) (@) @) (3) © ()] (10) (10)

Data were analyzed by one-way ANOVA with Duncan comparisons for different metal concentrations. Data are presented as mean + SE, n = 6-9.

72



LCs determination and Cu and Cd accumulation in kutum gills. Zahedi et al.

O Cu

=y N N N
o [$)] o o
L L L |
o
o

pg Cu/g gill WW

o
L

(]

0 50 100 200

Water concentration (pg/l)

o

400

Fig. 1 Cu concentrations in gills of R. frisii kutum fingerlings exposed
to different water-borne sub-lethal copper sulphate concentrations for
4 days (mean = SE, n= 6-9). The significant difference between groups
was analyzed by one-way analysis of variance with Duncan comparisons
(P <0.05).
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Fig. 2 Cd concentrations in gills of R. frisii kutum fingerlings exposed
to different water-borne sub-lethal cadmium chloride concentrations
for 4 days (mean + SE, n=6-9). The significant difference between
groups was analyzed by one-way analysis of variance with Duncan com-
parisons (P < 0.05).

exposed fish at all treatments compared to control group
after 96-h sub-lethal exposure significantly (P > 0.05). Also,
significant difference was observed between the result of
101.8 pg Cu/l (400 pg CuSO45H,0/1) dose compared to
other Cu doses (P < 0.05), but significant differences was
not observed in gill Cd concentrations among experimental
ones (P >0.05). The highest levels of Cu and Cd compounds
were 22.32 + 1.25 pg/g wet weight (12.7 pg Cu/l treatment
equivalent to 50 pg CuSO45H,0/1) and 6.18 + 0.44 p/g wet
weight (1 mg Cd/l treatment equivalent to 2 mg
CdCl,.2-5H,0/1), respectively. Accumulation factors (AF)
of Cu and Cd in fish gills are shown in Fig. 3. The AFs
were decreased with increasing in exposure concentration,
and showing an inverse relationship between AFs and expo-
sure concentrations. A comparison between groups revealed
neither difference in gill sodium nor calcium levels during
Cd/Cu exposures for 4 days (P > 0.05, Table 2).

DISCUSSION
Acute toxicity

The susceptibility of fish to a particular metal is a very im-

portant factor for LCs, determination and subsequent values.

In this study, the toxicity of Cu and Cd for R. frisii kutum
increased with increasing concentration and exposure time.
When fish were exposed to 0.127 mg/l of Cu and 3.938
mg/1 of Cd, only 6.7% and 10% of fish died after 96 h, res-
pectively, whereas 83.3% and 86.7% of fish died after 96 h
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Fig. 3 Accumulation factor (AF) in gills of R. fiisii kutum fingerlings
exposed to different water-borne sub-lethal copper sulphate (ng/l, A)
and cadmium chloride (mg/l, B) concentrations for 4 days (mean
SE, n=6-9).

when fish were exposed to concentrations of 0.636 mg/I of
Cu and 18.709 of mg/l of Cd. Results obtained from the
acute toxicity tests obviously demonstrated that Cu is
extremely more toxic than Cd for kutum, and the 96-h LCs,
value of Cd is about 27.2-fold higher than Cu one. Acute
toxicity tests can detect the toxic damages of special pol-
lutants in a short period of time. They ascribe the degree of
toxicity among various pollutants, and the relative sensiti-
vities of species to a particular one (Buikema et al. 1982).

The obtained LCs, values showed that kutum finger-
lings are more sensitive to Cu and Cd than some other
fishes. Values of 1.402 mg/1 of Cu for Esomus danricus and
17.1 mg/l of Cd for Cyprinus carpio have already been
reported (Suresh ef al. 1993; Vutukuru et al. 2005). Also,
Chen et al. (2012) reported a 96-h LCs, of 2.55 £ 0.03 mg/1
for 1-month old Juvenile tilapia Oreochromis mossambicus
during pulsed Cu exposure. Moreover, Tsay and Yu (1981)
showed a 96-h LCsy of 23.20 mg/l in Anguilla japonica
(0.65 g) during copper sulphate exposure. The 96-h LCs,
values of Cu and Cd for fish differ from species to species
and according to the type of metal. However, metal toxi-
cities depend upon various factors such as water hardness
and pH (Lauren and McDonald 1986; Perschbacher and
Wurts 1999). It is worth noting that in the present study,
high water hardness (275 + 8 mg CaCO;/1) and to some ex-
tent pH (8.1 = 0.2) have affected LCs, values because high
water hardness minimizes the bioavailability of Cu and Cd
to fish and waterborne calcium and magnesium have a pro-
tective effect against Cu and Cd toxicity (Pagenkopf 1983;
Perschbacher and Wurts 1999).

Sub-lethal exposure

According to obtained LCs, values of Cu, and its higher
toxicity to kutum, its concentrations in the present study
were lower compared to Cd in sub-lethal tests. Besides,
some of the tested Cu concentrations in sub-lethal tests
occur in Iranian surface water occasionally (Varedi et al.
2010). No mortality was observed in R. frisii kutum finger-
lings exposed to all sub-lethal Cd concentrations over a 4
day period, but one fish died in one of 3 replications at the
both 25.4 and 50.9 pg Cu/l treatments during the 96 h sub-
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lethal experiments.
During this study, behavioral changes in exposed fish

were slight at sub-lethal tests when comparing to acute ones.

Behavioral changes are of the most sensitive indicators of
potential effects of intoxication. Increasing of mucus that
was observed on the gill surface during metal exposure may
contribute to lower uptake of metal through gills. Thus,
mucus is thought to act as buffer and to prevent the metal
from interacting with site of the toxicity (Reid and McDon-
ald 1991; Hmoud 1995; Lee et al. 2010). Vutukuru et al.
(2005) also reported behavioral responses such as copious
mucus secretion, loss of scales, grouping and loss of equi-
librium in Esomus danricus when they exposed fishes to
water-borne sub-lethal level of 0.1402 mg/l of Cu. These
results also agree with the finding by other authors around
Cd exposure (Thophon ef al. 2003; Pandey et al. 2008).

In the present study, the results show that Cu/Cd expo-
sures produce significant accumulations in gills of experi-
mental groups in comparison to control, but there was no
obvious trend between increasing of water-borne metal
doses and subsequent gill metal accumulations in experi-
mental groups. For example, in Cd exposures, unlike the
10-fold incresease in the water nominal concentrations in
the 2 mg/l treatment compared to 0.2 mg/l one, no signifi-
cant changes were observed in the gill Cd accumulations
(Fig. 2). The results of present study are contrary to some
studies that have shown such a relationship for branchial
metal accumulations (Cinier et al. 1999; Kim et al. 2004;
Atli and Canli 2008). Their findings corroborate those of
Asagba et al. (2008) who showed an increasing of gill
cadmium accumulations with a 4-fold increasing (0.4 ppm
compared to 0.10 ppm) in water Cd dose after 7 and 21
days. Water-borne metals enter the fish mainly through the
gills because gills are in direct contact with aquatic envi-
ronment (Lemaire-Gony and Mayer-Gostan 1994; Jaya-
kumar and Paul 2006). Fish gills, as physiologically com-
plex and vulnerable structures, are the first target tissue to
accumulate metals. These properties make them as target
organs for water-borne toxicants (Wu et al. 2007). More-
over, gills are one of the main sites for metallothionein
(MT) production in fishes (Klavercamp et al. 1984). MT
influences the uptake, distribution, and toxicity of metal by
binding it, and can describe the cause of subsequent tol-
erance (De la Torre et al. 2000; Wimmer et al. 2005).
Numerous studies show that the accumulation of a metal in
fish tissues is related to numerous factors such as exposure
dose and time, temperature, water chemistry, metal type,
metal interactions, fish age, and metabolism as well as food
habits (Heath 1995; Chen and Folt 2000; Kim et al. 2004;
Erickson et al. 2008; Burridge et al. 2010).

AF is a useful factor to compare the body burden of an
organism with the degree of exposure dose (Kim et al.
2004). Obtained AFs were about 358.6, 142, 84.4, and 23.7
for 50, 100, 200, and 400 pg CuSO, 5H,0/1 and about 26.9,
10.1, 5.2, and 2.8 for 0.2, 0.5, 1, and 2 mg CdCl,.2-5H,0/1,
respectively. Obtained data demonstrated that water metal
concentration influences the branchial AF in kutum. These
results are in accordance with calculated bioconcentration
factor in Cyprinus carpio where at both concentrations (53
and 443 pg/l Cd) lower gill bioconcentration factor was
observed in higher one (Cinier ef al. 1999). Also, gill AF of
olive flounder, Paralichthys olivaceus was inversely related
to the exposure concentration as higher AF was reported at
10 pg/l of Cd after sub-chronic exposure to 10, 50, and 100
pg/l Cd for 10, 20, and 30 days (Kim ef al. 2004). Similar
patterns of AF were indicated in Japanese eel, Anguilla
japonica during Cd exposure (Yang and Chen 1999).
McGeer et al. (2000) showed the ability of gills of rainbow

trout to absorb and store large amounts of Cd in a short time.

However, it is supposed that the short period of exposure
during this study and the capacity of gill ion channels for
metal uptake at this limited time resulted in a relatively high
AF at the lowest metal concentration compared to other
concentrations.

Both Cu and Cd disturb either branchial Na" or Ca®*
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transport by affecting branchial ionic pumps like Na"/K'-
ATPase, Ca’'-ATPase, and carbonic anhydrase (Christensen
and Tucker 1976; Shephard and Simkiss 1978; Pelgrom et
al. 1995; Pratap and Wendlaar Bonga 1993; Li et al. 1998;
Wong and Wong 2000), and therefore, metals change the
ion balances of fish osmoregulatory organs (Ay et al. 1999;
Grosell et al. 2003). In oppose to our supposition for gill
Na'/Ca®" changes during Cu/Cd concentration exposure,
significant differences comparing to correspondence control
value was not observed. In this study, because plasmatic
ionic changes were not studied in fingerlings, comparison
with others plasmatic ionic data during metal exposure was
impossible. It was proposed that short duration of exposure
period was certainly effectual on obtained results and thus,
it is likely that the sufficient time was not provided for
manifestations of ionic changes in fingerling gills.

In conclusion, LCsy results clearly show that Cu/Cd
toxicity for R. frisii kutum increased with increasing con-
centration and exposure time, and more importantly, Cu is
more toxic than Cd for fingerlings. Also, water concentra-
tion influences the branchial metal concentrations and AF in
kutum but not in a dose-dependent manner. Moreover, Cu
has a greater potential for entering through the fish gills.
According to the results, we need more concern around
environmental metal concentrations especially in rivers and
estuaries for protecting the fish larva and juveniles from
metal contamination.

ACKNOWLEDGEMENTS

This work was supported by the Research Fund of University of
Tehran. We thank Dr. Ehsan Shahriary, Dr. Rajab-Mohammad
Nazari, Dr. Reza Tahergorabi and Mr. Changiz Makhdoomi for
their useful comments. We also express our deep sense of gratitude
to personnel of Shahid Rajaee Fish Hatchery Center for their sin-
cere help.

REFERENCES

Abdolhay HA, Daud SK, Rezvani Ghilkolahi S, Pourkazemi M, Siraj SS,
Abdul Satar MK (2010) Fingerling production and stock enhancement of
Mahisefid (Rutilus frisii kutum) lessons for others in the south of Caspian Sea.
Review in Fish Biology Fisheries 21, 247-257

Agusa T, Kunito T, Tanabe S, Pourkazemi M, Aubrey DG (2004) Concentra-
tions of trace elements in muscle of sturgeons in the Caspian Sea. Marine
Pollution Bulletin 49, 789-800

Anan Y, Kunito T, Tanabe S, Mitrofanov I, Aubrey DG (2005) Trace element
accumulation in fishes collected from coastal waters of the Caspian Sea.
Marine Pollution Bulletin 51, 882-888

Asagba SO, Eriyamremu GE, Igberaese ME (2008) Bioaccumulation of cad-
mium and its biochemical effects on selected tissues of the catfish (Clarias
gariepinus). Fish Physiology and Biochemistry 34, 61-69

Atli G, Canli M (2008) Responses of metallothionein and reduced glutathione
in a freshwater fish Oreochromis niloticus following metal exposure. Envi-
ronmental Toxicology and Pharmacology 25, 33-38

Ay O, Kalay M, Tamer L, Canli M (1999) Copper and lead accumulation in
tissues of a freshwater fish Tilapia zillii and its effects on the branchial Na'/
K'-ATPase activity. Bulletin of Environmental Contamination and Toxicology
62, 160-168

Bagheri H, Alinejad S, Darvish Bastami K (2011) Heavy metals (Co, Cr, Cd,
Ni, Pb and Zn) in sediment of Gorganrud River, Iran. Research Journal of
Environmental Toxicology 2, 147-151

Buikema AL, Niedertehner RR, Cairns J (1982) Biological monitoring. Part
IV-toxicity testing. Water Research 16, 239-262

Burger J (2008) Assessment and management of risk to wild life from cad-
mium. Science of the Total Environment 389, 37-45

Burridge L, Weis J, Cabello F, Pizarro J (2010) Chemical use in salmon
aquaculture: A review of current practices and possible environmental effects.
Aquaculture 306, 7-23

Charkhabi AH, Sakizadeh M, Rafiee G (2005) Seasonal fluctuation of heavy
metals pollution in Iran's Siahrood River. Environmental Science and Pol-
lution Research 12,264-270

Chen CY, Folt CL (2000) Bioaccumulation and diminution of arsenic and lead
in a freshwater food web. Environmental Science and Technology 34, 3878-
3884

Chen WY, Lin CJ, Ju YR, Tsai JW, Liao CM (2012) Assessing the effects of
pulsed waterborne copper toxicity on life-stage tilapia populations. Science of
the Total Environment in press

Christensen GM, Tucker JH (1976) Effects of selected water toxicants on the



LCs determination and Cu and Cd accumulation in kutum gills. Zahedi et al.

in vitro activity of fish carbonic anhydrase. Chemico-Biological Interactions
13, 181-192

Cinier C, Petit-Ramel M, Faure R, Garin D, Bouvet Y (1999) Kinetics of
cadmium accumulation and elimination in carp, Cyprinus carpio tissue. Com-
parative Biochemistry and Physiology 122 C, 345-352

De la Torre FR, Salibian A, Ferrari L (2000) Biomarkrs assessment in juve-
nile Cyprinus carpio exposed to water-borne cadmium. Environmental Pol-
lution 109, 277-282

De Mora S, Sheikholeslami MR, Wyse E, Azemard S, Cassi R (2004) An
assessment of metal contamination in coastal sediments of the Caspian Sea.
Marine Pollution Bulletin 48, 61-77

Di Giulio RT, Hinton DE (2008) The Toxicology of Fishes, CRC Press (Taylor
& Francis Group), New York, 1071 pp

Dumont HJ (1998) The Caspian Lake: History, biota, structure and function.
Limnology and Oceanography 43, 44-52

Eaton AD, Clesceri LS, Rice EW, Greenberg AE, Franson MAH (2005)
Standard Methods for the Examination of Water and Wastewater: Centennial
Edition (21* Edn), American Public Health Association, Washington, D.C.
1368 pp

Erickson RJ, Nichols JV, Cook PM, Ankley T (2008) Bioavailability of Che-
mical Contaminants in Aquatic Systems. In: Di Giuliu RT, Hinton DE (Eds)
The Toxicology of Fishes, CRC Press (Taylor & Francis Group), New York,
pp 9-54

Eyckmans M, Benoot D, Van Raemdonck GA, Zegels G Van Ostade XW,
Witters E, Blust R, De Boeck G (2012) Comparative proteomics of copper
exposure and toxicity in rainbow trout, common carp and gibel carp. Com-
parative Biochemistry and Physiology 7D, 220-232

Farabi SMYV, Khoshbavar Rostami H, Ghanei Tehrani H, Ghiasi M, Azari
M, Behrouzi A, Mosavi H, Firozkandian H, Habibi S, Zahedi Tabares-
tani F, Mallaei A, Madavi Amiri H, Aghilmandi A, Binaei F (2007) The
investigation of status broodstock and releasing fingerlings of Rutilus frisii
kutum (Kaminski, 1901) in the south of Caspian Sea (Mazadaran province).
Pajouhesh-va-Sazandegi 19, 156-166

Finn RN (2007) The physiology and toxicology of salmonid eggs and larvae in
relation to water quality criteria. Aquatic Toxicology 81, 337-354

Finney DJ (1971) Probit Analysis, Third Edition, Cambridge University Press,
London, 383 pp

Grosell M, Wood CM, Walsh PJ (2003) Copper homeostasis and toxicity in
the elasmobranch Raja erinacea and the teleost Myoxocephalus octodecem-
spinosus during exposure to elevated water-borne copper. Comparative Bio-
chemistry and Physiology 135 C, 179-190

Guardiola FA, Cuesta A, Meseguer J, Esteban MA (2012) Risks of using
antifouling biocides in aquaculture. International Journal of Molecular Sci-
ences 13, 1541-1560

Harrison FL (1986) The impact of increased copper concentrations on fresh-
water ecosystems. In: Hodgson E (Ed) Reviews in Environmental Toxicology
2, Elsevier Science, Amsterdam, pp 117-250

Heath AG (1995) Water Pollution and Fish Physiology, CRC Press Inc, Boca
Raton, Florida, 359 pp

Hmoud FA (1995) Acute and sublethal exposure of catfish (Clarias gariepinus)
to cadmium chloride: survival, behavioral and physiological responses.
Pakistan Journal of Zoology 27, 33-37

Isani G, Andreani G, Cocchioni F, Fedeli D, Carpene E, Falcioni G (2009)
Cadmium accumulation and biochemical responses in Sparus aurata fol-
lowing sub-lethal cadmium exposure. Ecotoxicolgy and Environmental Safety
72 (1), 224-230

Jarrup L (2003) Hazards of heavy metal contamination. British Medical Bul-
letin 68, 167-182

Javed M (2012) Growth responses of fish under chronic exposure of water-
borne and dietary metals. International Journal of Agriculture and Biology
14, 281-285

Jayakumar P, Paul VI (2006) Patterns of cadmium accumulation in selected
tissues of the catfish Clarias batrachus (Linn.) exposed to sub-lethal con-
centration of cadmium chloride. Veterinary Archives 76, 167-177

Karpinsky MG (1992) Aspects of the Caspian Sea benthic ecosystem. Marine
Pollution Bulletin 24, 389-394

Khangarot BS, Rathore RS (2003) Effects of copper on respiration, reproduc-
tion, and some biochemical parameters of water flea Daphnia magna Straus.
Bulletin of Environmental Contamination and Toxicology 70, 112-117

Kim S, Jee J, Kang J (2004) Cadmium accumulation and elimination in tissues
of juvenile olive flounder, Paralichthys olivaceus after sub-chronic cadmium
exposure. Environmental Pollution 127, 117-123

Klavercamp JE, McDonald WA, Duncan DA, Wagenann R (1984) Metallo-
thionein and acclimation to heavy metals in fish: a review. In: Cairns VW,
Hodson PV, Nriagu JO (Eds) Contaminants Effects on Fisheries, Wiley, New
York, pp 99-113

Lauren DJ, McDonald DG (1986) Influence of water hardness, pH, and alka-
linity on the mechanisms of copper toxicity in juvenile rainbow trout, Sa/mo
gairdneri. Canadian Journal of Fisheries and Aquatic Sciences 43, 1488-
1496

Lee JA, Marsden ID, Glover CN (2010) The influence of salinity on copper
accumulation and its toxic effects in estuarine animals with differing osmo-
regulatory strategies. Aquatic Toxicology 99, 65-72

75

Lemaire-Gony S, Mayer-Gostan N (1994) In vitro dose-response study of the
effect of cadmium on eel (4nguilla anguilla) gill Na'/K'-ATPase activities.
Ecotoxicology and Environmental Safety 28, 43-52

Li J, Quabius ES, Wendelaar Bonga SE, Flik G (1998) Effects of water-
borne copper on branchial chloride cells and Na"/K'-ATPase activities in
Mozambique tilapia (Oreochromis mossambicus). Aquatic Toxicology 43, 1-
11

Lloyd R (1992) Pollution and Freshwater Fish, Fishing News Books Ltd.,
Oxford, UK, 192 pp

Lopes PA, Pinheiro T, Santos MC, Mathias ML, Collares-Pereira MJ,
Viegas-Crespo AM (2001) Response of antioxidant enzymes in freshwater
fish populations (Leuciscus alburnoides complex) to inorganic pollutants
exposure. The Science of the Total Environment 280, 153-163

McGeer JC, Szebedinszkey C, McDonald G, Wood CM (2000) Effects of
chronic sub-lethal exposure to waterborne Cu, Cd or Zn in rainbow trout. 2:
Tissue specific metal accumulation. Aquatic Toxicology 50, 245-256

Moore JW (1991) Inorganic Contaminants of Surface Water: Research and
Monitoring Priorities, Springer-Verlag, New York, 334 pp

Moore MJ, Mitrofanov IV, Valentini SS, Volkov VV, Kurbskiy AV, Zhimbey
EN, Eglinton LB, Stegeman JJ (2003) Cytochrome P4501A expression,
chemical contaminants and histopathology in roach, goby and sturgeon and
chemical contaminants in sediments from the Caspian Sea, Lake Balkhash
and the Ily River Delta, Kazakhstan. Marine Pollution Bulletin 46, 107-119

O.E.C.D. (1992) O.E.C.D guideline for testing of chemicals, section 2. No. 203.
fish acute toxicity test, adopted July 17

Pandey S, Parvez S, Ansari RA, Ali M, Kaur M, Hayat F, Ahmad F, Rai-
suddin S (2008) Effects of exposure to multiple trace metals on biochemical,
histological and ultrastructural features of gills of a freshwater fish, Channa
punctata Bloch. Chemico-Biological Interactions 174, 183-192

Parizanganeh A, Lakhan VC, Ahmad SR (2006) Pollution of the Caspian Sea
marine environment along the Iranian coast. Environmental Informatics
Archives 4,209-217

Parizanganeh A, Lakhan VC, Jalalian H, Ahmad SR (2008) Contamination
of near shore surficial sediments from the Iranian coast of Caspian Sea. Soil
and Sediment Contamination 17, 19-28

Pagenkopf GK (1983) Gill surface interaction model for trace-metal toxicity to
fishes: role of complexation, pH and water hardness. Environmental Science
and Technology 17, 342-347

Pelgrom SMGJ, Lock RAC, Balm PHM, Wendelaar Bonga SE (1995) Ef-
fects of combined waterborne cadmium and copper exposures on ionic com-
position and plasma cortisol in tilapia, Oreochromis mossambicus. Compara-
tive Biochemistry and Physiology 111 C, 227-235

Perschbacher PW, Wurts WA (1999) Effects of calcium and magnesium hard-
ness on acute copper toxicity to juvenile channel catfish Ictalurus punctatus.
Aquaculture 172, 275-280

Pratap HB, Wendelaar Bonga SEW (1993) Effects of ambient and dietary
cadmium on pavement cells, chloride cells and Na'/K'-ATPase activity in the
gills of freshwater teleost, Oreochromis mossambicus at normal and high
cadmium levels in the ambient water. Aquatic Toxicology 26, 133-150

Ravera O (1984) Cadmium in freshwater ecosystems. Experientia 40, 2-14

Ray S (1984) Bioaccumulation of cadmium in marine organism. Experientia 40,
14-23

Reid SD, McDonald DG (1991) Metal binding activity of the gills of rainbow
trout (Oncorhynchus mykiss). Canadian Journal of Fisheries and Aquatic
Sciences 48, 1061-1068

Saeedi M, Abesi A, Jamshidi A (2010) Assessment of heavy metal and oil pol-
lution of sediments of south eastern Caspian Sea using indices. Journal of
Environmental Studies 36 (53), 21-38

Saeedi M, Karbassi A (2006) Heavy metal pollution and speciation in sedi-
ments of southern part of Caspian Sea. Pakistan Journal of Biological Scien-
ces 9 (4), 733-740

Shephard K, Simkiss K (1978) The effects of heavy metal ions on Ca®'-
ATPase extracted from fish gills. Comparative Biochemistry and Physiology
61 B, 69-72

Simpson WR (1981) A critical review of cadmium in the marine environment.
Progress in Oceanography 10, 1-70

Sloman KA, Baker DW, Ho C, McDonald DG, Wood CM (2003) The effect
of trace metal exposure on agonistic encounters in juvenile rainbow trout,
Oncorhynchus mykiss. Aquatic Toxicology 63, 187-196

Sokal RR, Rohlf FJ (1995) Biometry, The Principles and Practice of Statistics
in Biological Research (3" Edn), W.H. Freeman and Co., New York, 887 pp

Suresh A, Sivaramakrishna B, Radhakrishnaiah K (1993) Patterns of cad-
mium accumulation in the organs of fry and fingerlings of fresh water fish
Cyprinus carpio following cadmium exposure. Chemosphere 26, 945-953

Thophon S, Kruatrachue M, Upatham ES, Pokethitiyook P, Sahaphong S,
Jaritkhuan S (2003) Histopathological alterations of white sea bass, Lates
calcarifer, in acute and sub acute cadmium exposure. Environmental Pol-
lution 121, 307-320

Tsay TT, Yu TC (1981) Acute toxicity of some heavy metals to Tilapia sp. and
eel (Anguilla japonica) and oyster (Crassostrea gigas). Bulletin of Taiwan
Fisheries Research Institute 33, 581-586

Varedi SE, Gholamipoor S, Rezaei M (2010) The heavy metals concentrations
in water column of 5, 10 and 50 m in the southern part of the Caspian Sea (In



Terrestrial and Aquatic Environmental Toxicology 6 (2), 71-76 ©2012 Global Science Books

Persian). In: The 1st National-regional Conference on Ecology of the Caspian
Sea (FCECS2010), Sari, Iran, June 1-2

Vutukuru SS, Suma C, Madhavi KR, Juveria J, Pauleena JS, Rao JV, Anja-
neyulu Y (2005) Studies on the development of potential biomarkers for
rapid assessment of copper toxicity to fresh water fish using Esomus danricus
as model. International Journal of Environmental Research and Public
Health 2 (1), 63-73

Wimmer U, Wang Y, Georgiev O, Schaffner W (2005) Two major branches
of anti-cadmium defense in the mouse: MTF-1/metall.othionein and gluta-
thione. Nucleic Acids Research 33 (18), 5715-5727

76

‘Wong CKC, Wong MH (2000) Morphological and biochemical changes in the
gills of tilapia (Oreochromis mossambicus) to ambient cadmium exposure.
Aquatic Toxicology 48, 517-527

‘Wu SM, Shih MJ, Ho YC (2007) Toxicological stress responses and cadmium
distribution in hybrid tilapia (Oreochromis spp) upon cadmium exposure.
Comparative Biochemistry and Physiology 145 C, 218-226

Yang HN, Chen HC (1999) Uptake and elimination of cadmium by Japanese
eel, Anguilla japonica, at various temperatures. Bulletin of Environmental
Contamination and Toxicology 56, 670-676



