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Abstract

Hexavalent chromium (Cr (VI)) is widely distributed in the marine environment of Hainan Province, China and poses a
potential threat to its mangrove ecosystems. However, the mechanisms underlying Cr-induced stress and reproductive
toxicity in clams remain largely unknown. In this study, the clams, Geloina erosa, were exposed to 4.34, 8.69, 17.38 and
34.76 mg/L Cr (VI) for 24, 48 and 72 h. The gonad-somatic index (GSI) was determined and histological alterations of the
ovaries were quantified by light microscopy. The micronucleus test was performed which quantifies the genotoxic presence
of small cytoplasmic bodies in eukaryotic cells. Enzymatic assays for catalase (CAT), glutathione reductase (GR), and
malondialdehyde (MDA) activities were done. Quantitative real-time PCR (qQRT-PCR) was used to quantify the expression
of glutathione-S-transferase (GST), heat shock protein 70 (HSP70) and vitellogenin (Vtg) in ovaries of G. erosa. The results
showed that the micronucleus frequency was significantly increased when clams were exposed to Cr (VI). Cr (VI) exposure
induced the accumulation of MDA and affected CAT and GR enzyme activities. The high Cr (VI) concentration of
34.76 mg/L significantly increased the levels of GR activity, GST expression and HSP70 expression and inhibited Vtg
expression and CAT activity. MDA content was significantly increased after 72 h at the high Cr (VI) exposure (34.76 mg/L).
Therefore, Cr (VI) exposure may be toxic to the development of ovaries of G. erosa.
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Introduction

In recent years, marine environmental pollution has become
increasingly serious in China, especially for heavy metals.
The concentrations of copper (Cu), cadmium (Cd) and
chromium (Cr) found in edible shellfish in some marine
locales in China exceed the known ecological thresholds of
toxicity (Cheng et al. 2016). Huang et al. (2005) found that
the concentrations of Cr and Pb in the surficial sediments at
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Dapeng Bay and Pearl River Estuary in Shenzhen exceeded
the standard level (GB3097-1997: The standard level of Cr
(VD) is Cr (VI)<0.005 mg/L). Mangroves are important
sinks for toxic compounds because of their capacity for
retaining various harmful substances. In mangrove areas, Cr
contamination by human activities threatens the health of
mangrove ecosystems (Shi et al. 2019). A previous study of
sediments in Wenchang, Hainan Province, China, reported
Cr levels as high as 109 mg/kg, a concentration that might
affect local sediment dwelling biota (Vane et al. 2009).
Another investigation of contamination at the same location
in Wenchang reported a concentration of 54.83 mg/kg of Cr
in the surface sediments of the mangrove (Ye et al. 2014).

Chromium can accumulate to elevated levels in benthic
marine organisms (Rittschof and McClellan-Green 2005).
Chromium exists in the environment as two valence states:
hexavalent Cr (VI) and trivalent Cr (IIT). Cr (IIT) is generally
recognized as nontoxic or may pose potential risk (Fan et al.
2015). In contrast, with its strong oxidative capacity, Cr
(VI) can produce reactive oxygen species (ROS) and free
radicals that can cause lipid peroxidation and induce oxi-
dative stress which further damages organs (Lushchak
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2011; Chen et al. 2015). Some previous studies have indi-
cated that the toxic mechanism of Cr (VI) is genotoxic
(Thompson et al. 2012; Yang et al. 2020). The direct heavy
metal exposure of gametes showed the adverse effects on
the reproduction of bivalves, including decreases of energy
storage availability for reproduction (Smolders et al. 2004;
Voets et al. 2006; Weng and Wang (2019)). Cr (VD
exposure can reduce recruitment to marine bivalve popu-
lations in mangrove areas due to reproductive toxicity.

Geloina erosa is a widely distributed clam species in
intertidal and estuarine areas of tropical and subtropical
mangroves. In China, G. erosa is mainly found in Hainan,
Guangxi, and Guangdong provinces where it is the main
economic shellfish species harvested by local residents
because of its large size, rapid growth, and availability (Cai
et al. 1995). Because of their ubiquity, sedentary life style,
and bioaccumulation, bivalve mollusks are excellent
bioindicator species (Kimbrough et al. 2008; Apeti et al.
2010; Venier et al. 2011). There have been several reports
on the biological and ecological characteristics of G. erosa
(Hiong et al. 2004; Cuong et al. 2005; Clemente and Ingole
2009, 2011), however few studies have focused on their
response to heavy metals exposures. In 2011, Lai et al.
(2011) studied the effects of Cd exposure on antioxidant
enzymes, digestive enzymes and malondialdehyde (MDA)
content of G. erosa. Mo et al. (2015) screened the internal
reference gene (B-actin) of G. erosa by Quantitative Real-
time PCR under polychlorinated biphenyls exposure.
Finally, Xing et al. (2017) studied the response of oxidative
stress biomarkers of G. erosa to short chain chlorinated
paraffin exposures.

Biomarkers are common tools used in environmental
quality evaluation and risk assessment, since they can
provide the early molecular and cellular responses to
environmental disturbance (Zhang et al. 2010; Gueguen
et al. 2017). In this study, G. erosa was used as the test
organism for the assessment of the effect of Cr (VI) expo-
sure on its reproduction. G. erosa clams were exposed to
five different doses of Cr (VI) and the following assays
were conducted to evaluate their responses. The micro-
nucleus test was performed to evaluate the genotoxicity of
Cr (VI) exposure. Oxidative stress biomarkers including
catalase (CAT), glutathione reductase (GR), and
glutathione-S-transferase (GST) activities were investigated
in the ovaries of G. erosa. MDA content, heat shock protein
70 (HSP70) expression and vitellogenin (Vtg) expression in
ovaries of G. erosa were evaluated. Histological changes
were evaluated and the gonad-somatic index quantified
under different doses of Cr (VI) exposure. The results will
provide valuable data on the reproductive toxicity of Cr
(VD) to bivalve mollusks in mangrove ecosystems and offer
a reference for future studies in mangrove environmental
monitoring.

Materials and methods
Treatments and exposure of clams

G. erosa clams were collected from Bamen Bay, Wenchang
City, Hainan Province (110°47/38.84"E, 19°37/28.02"N).
Mature females of similar sizes were selected for the
experiments. The average fresh weight of individuals was
32.19 +£6.37 g/individual (mean + SD) and the average shell
height was 32.15+2.33mm (mean=+SD). Clams were
acclimated in plastic tanks (980 x 760 x 680 mm) contain-
ing artificial seawater (1 L/clam) for 5 days. The salinity of
the seawater was 15 parts per thousand (ppt), the tempera-
ture was maintained at 26 + 1 °C and the clams were fed
with dried algal powder. Before the formal experiment, we
carried out the pre-acute toxicology experiment and mea-
sured the 96-h LC50 of Cr (VI) in G. erosa (69.52 mg/L).

A stock solution of 1000 mg/L of pure K,Cr,0O; (XNK,
China) was prepared and then diluted to five different doses.
Based on the results of the preliminary acute toxicity test,
groups of female G. erosa were separately exposed for 24 h,
48h and 72h to 4.34, 8.69, 17.38 and 34.76 mg/L. of Cr
(VD) (corresponding to 1/16, 1/8, 1/4 and 1/2 of the 96-
h LC50).

To investigate the effect of Cr (VI) on the development of
G. erosa ovaries, we designed the first experiment to analyze
GSI and histopathological observation. In the first experiment,
we designed three Cr (VI) concentration groups (0, 4.34,
34.76 mg/L) and 30 G. erosa individual were exposed in each
Cr (VI) concentration group. Ten G. erosa (GSI measurement,
n =5; histopathological observation, n =5) were sampled at
72 h for each Cr (VI) concentration group. Based on the results
of the first experiment, we designed the second experiment for
the detection of micronucleus, enzyme activity and gene
expression. In the second experiment, we designed five Cr
(VI) concentration groups (0, 4.34, 8.69, 17.38, 34.76 mg/l)
with three biological replicates for each concentration group,
and 18 G. erosa were exposed in each biological replicate.
Samples were taken at 24 h, 48 h, and 72 h in each biological
replicate for each Cr (VI) concentration.

GSI and histopathological observation

Ovarian tissue samples were collected. The GSI was
expressed as wet gonad weight/wet soft tissue weight *
100%. Ovarian tissues were immediately placed in Bouin’s
solution (saturated picric acid: 75 parts, 37-40% for-
maldehyde: 25 parts and glacial acetic acid: 5 parts) for
histopathological observation. Samples for light microscopy
were soaked in Bouin’s for 18 h, dehydrated with ethanol,
embedded in paraffin, sliced into 4 um thick slices, and
stained with Ehrlich’s haematoxylin and eosin (H&E) and
were observed with light microscopy (Olympus IX71).
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Micronucleus test

Micronucleus tests were performed according to the meth-
odology of Kumar et al. (2010) with slight modifications. A
drop of blood was used to prepare smears which were fixed
with methanol for 10 min. The smears were air-dried at
room temperature and further stained with diluted Giemsa
stain for 30 min and 1000 erythrocytes from each clam were
counted from the experimental and control groups for each
concentration and duration of exposure.

Extraction of oxidative stress biomarkers and
measurement of relative enzyme activity

Assays for CAT, GR, and MDA were performed using kits
provided by Nanjing Jiancheng Bioengineering Institute (Cat-
alase assay kit, AOO7; glutathion reductases assay kit, A062;
malondialdehyde assay kit, AO0O3). Assays were conducted as
instructed by the manufacturer. The ovarian tissues were
homogenized (1:10, w/v) in ice-cold buffer and the pH was
adjusted to 7.60 (50 mM phosphate buffer, 1 mM DDT, 1 mM
EDTA and 150 mM KCl). Homogenates were centrifuged at
10,000 x g for 20 min (4 °C) to obtain the supernatants which
were stored at —80 °C. CAT activity was measured at 405 nm
and expressed as U (mg wet weight) ~'. GR activity was
measured at 340 nm and expressed as U (g wet weight) ~!. The
concentrations of MDA content were measured at 532 nm and
expressed as nmol (mg wet weight) ~'.

Quantitative real-time PCR analysis of biomarkers

The quantitative real-time polymerase chain reaction (qQRT-
PCR) was used to quantify gene expression of GST, HSP70
and Vtg in ovaries of G. erosa. Total RNA was extracted from
the samples using RNAiso Plus (Takara Corp, Dalian, China),
according to the manufacturer’s instructions. The concentra-
tions and purities of the isolated RNA were assessed using a
NanoDrop 2000 (Thermo Fisher Scientific, USA). RNA was
then reverse-transcribed to cDNA using PrimeScript™ RT
reagent kits (Takara, Japan) following the manufacturer’s
instructions. All primers were designed using Primer Premier
5.0 software and are presented in Table 1. In this study, f-actin
was used as an internal reference gene. An ABI 7500 HT
Real-time Detection System (Applied Biosystems, USA) was
used in qRT-PCR along with SperReal Premix (SYBR Green)
(TTIANGEN, China). The whole reaction system consisted of
5uL SYBR Premix Ex Taq™, 04 pL (10 umol/L) of the
forward and reverse primers, 1 uL cDNA template diluted by
10 times, and 3.2 uL of RNase free H,O. qRT-PCR reaction
conditions were: an initial denaturation at 95 °C for 30s,
followed by 40 cycles at 95 °C for 5, 60 °C for 30s, 72 °C
for 30 s. The melting curve analysis was performed. After the
gRT-PCR was completed, data were analyzed with ABI
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Table 1 Primers used for qRT-PCR

Primer name Sequence (5’-3')

GST-F CGTCTGCTGCTCACCTATGTTGG
GST-R CTGGCAATGTGCTTCAAGATGGC
HSP70-F GGTTGATTGGACGCAGGTTCG
HSP70-R TTGTACTCCGCCTGGATCTTGG
Vtg-F GTGGAAGCCTCAGTGCAAGTAGTG
Vtg-R CTGCTCCAGTCTGACGCTGTATTG
B-actin-F CTGAGGAGGATATTGCCGCCATTG
fB-actin-R TGATGTCTAGGTCTGCCGACGATC

7900HT SDS software 2.3 (Applied Biosystems, USA). Data
normalization with the 2-2ACT method was conducted with
the internal reference f-actin gene (Livak and Schmittgen
2001). A value of 100 for the normalized control group means
100%, this has been set to 1.0 (Fig. 5).

Data analysis

The results were presented as arithmetical mean + standard
deviation (SD). Data were analyzed with one-way analysis
of variance (ANOVA) and least significant difference
(LSD) using SPSS software (version 17.0).

Results

G. erosa reproductive development affected by Cr
(VI) exposure

The condition of G. erosa gonads after 72h of Cr (VI)
exposure was quantitatively evaluated as GSI, and the
results are shown in (Fig. 1). Compared with the control
group, the GSI of G. erosa initially declined at 4.34 mg/L of
Cr (VI) exposure and showed a significant decrease at
34.76 mg/L of Cr (VI) exposure.

Figure 2 shows the negative histological effect of Cr (VI)
exposure on ovaries of G. erosa as evidenced by the higher
incidence of hemocyte aggregates with the higher Cr (VI)
concentrations (Fig. 2B, C). Evidence of histopathological
atretic oocytes are indicated by the black arrows
(Fig. 2B-D).

Micronucleus frequency

The mean value of cell micronucleus permillage of G. erosa
were significantly increased after 24 h Cr (VI) exposures at
all doses. After 48h exposures, the mean value of cell
micronucleus permillage was 3.72 + 0.03 when treated with
3476 mg/L Cr (VI) and showed a significant effect
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compared to the control. After 72 h exposures, the mean
value of cell micronucleus permillage was 3.75 +0.02 when
treated with 4.34 mg/L. and 5.6 +0.20 when treated with
3476 mg/L. After different exposure times, the greatest
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Fig. 1 This figure depicts the GSI of G. erosa exposed for 72h to
graded doses of Cr (VI) and expressed as wet gonad weight/wet soft
tissue weight * 100%. Data are presented as mean + S.D. *p < 0.05

effect was observed when clams were treated with
34.76 mg/L. The results are shown in (Fig. 3).

Biochemical biomarkers affected by Cr (VI) exposure

CAT activity in ovaries of G. erosa was significantly
depressed after 24 h Cr (VI) exposure at all doses. How-
ever, after 48 h exposures, the activity of CAT in the
4.34 mg/L Cr (VI) group showed no effect compared to the
control group. The lowest CAT activity was recorded as
33.84 +6.60 U (mg wet weight) ~' for the ovaries exposed
to 34.76 mg L™" of Cr (VI) for 24 h (Fig. 4A). The activ-
ities of GR were up-regulated responding to the different
Cr (VI) exposure (Fig. 4B). The highest value of GR
activity was recorded as 18.49+2.22 U (mg wet weight)
~1at 34.76 mg/L. Cr (VI) at 48h. The MDA content
remained unaltered after 24 h of Cr (VI) exposures com-
pared to the control groups, but MDA content showed an
upward trend with longer exposures and increasing con-
centrations and reached a maximum value of
534.21 +42.74 nmol (mg wet weight) ~! at 34.76 mg/L Cr
(VI) at 48 h.

After Cr (VI) exposure, the mRNA expressions of GST
and HSP70 were increased in G. erosa while the
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Fig. 2 Light micrographs of G. erosa ovary sections stained with
hematoxylin/eosin. Atretic oocytes marked with black arrows.
A Ovary section of an individual exposed to 0 mg1~! Cr (VI) for 72 h.

B Ovary section of an individual exposed to 4.34 mg1~! Cr (VI) for
72 h. C Ovary section of an individual exposed to 34.76 mg1~! Cr (VI)
for 72 h. D Atretic oocytes. O oocyte, OF ovarian follicle, H hemocyte
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Fig. 3 Results of micronucleus
test in ovarian tissues of G.
erosa exposed to four different
doses of Cr (VI) for (A) 24 h,
(B) 48 h, and (C) 72 h. Results
are shown as means + S.D.
Different letters a, b, c, d signify
effect of treatment at the same
time interval with ‘a’ being
significantly higher than ‘b’, ‘¢’
as well as ‘d” and ‘b’ being
significantly higher than ‘c’ as
well as ‘d’ and ‘c’ being
significantly higher than ‘d’.
(p<0.05)

Fig. 4 A comparison of the
effects of four different doses of
Cr (VI) exposure on (A) CAT
activity, (B) GR activity, and
(C) malondialdehyde content
compared to negative controls in
G. erosa ovaries over three
different times (24, 48, and

72 h). Data are presented as
mean + S.D. *p <0.05,

*#p <0.01, ***p <0.001
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Fig. 5 A comparison of the A
effects of four different doses of
Cr (VI) exposure on (A) GST, = 4.0
(B) HSP70, and (C) Vtg mRNA 2
expression compared to negative § 3.0
controls in G. erosa ovaries over =3 )
three different times (24, 48, and o
72 h). Data are presented as ! 2.0 =
mean + S.D. *p <0.05, E
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Relative mRNA expression

transcriptional expression of Vtg was suppressed (Fig. 5).
GST expression was significantly increased and reached
the maximum value after 48 h at 34.76 mg/L Cr (VI)
exposure, which was almost 3 times higher than the
control. Expression of HSP70 was induced in response to
Cr (VI) exposures, and it expression reached the highest
level at 34.76 mg/L Cr (VI) after 72 h, which was almost 3
times higher than the control. Expression of Vtg increased
in the control group over time, while Vtg expression
exhibited a negative association with increasing con-
centrations of Cr (VI) exposure. Vtg expression exhibited
a minimum value after 72h at an Cr (VI) level of
34.76 mg/L, that level was almost 4 times lower than that
of the control.
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Discussion

In this study, Geloina erosa clams were exposed to four
different doses of Cr (VI) for three different times (24, 48,
and 72 h) and a variety of biomarkers responses from the
molecular through the histopathological were assessed. For
example, with increasing Cr (VI) concentrations, the fre-
quency of micronuclei increased, which may affect the
growth and development of G. erosa ovum. The micro-
nucleus test is used to evaluate the genotoxic potential of
pollutants under field and laboratory conditions (Canedo et
al. 2021). In the micronucleus test, micronucleated cell
frequency is taken as evidence of genotoxic and cytotoxic
damage. In this study, cell micronucleus permillage were
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considered and the maximum effect was observed when
clams were treated with 34.76 mg/L of Cr (VI). Similarly, a
study performed by Osman et al. (2011) revealed the
occurrence of nuclear lesions along with micronuclei in Nile
tilapia Oreochromis niloticus niloticus and African catfish
Clarias gariepinus in river water with high heavy metal
concentrations (Pb, Cr, Mn, Cd, Hg, Fe, Zn, and Cu).

The higher concentration of Cr (VI) and the lower GSI of
G. erosa were consistent with the histopathological observa-
tions. The lower GSI indicated that Cr (VI) exposure could
reduce recruitment to G. erosa populations in mangrove areas.
Cr (VI) can cause inhibition of sperm production, changes in
ultrastructure of gonads, leakage of cell junctions, damage of
germ cells and reduction in gamete motility (Marouani et al.
2012). From previous studies, Cr (VI) could alter the expres-
sion of germ cell-related genes (Schulz et al. 2009) and
reproductive function (Chen et al. 2016). Our histopathology
results suggested that Cr (VI) negatively impacted the hemo-
cyte aggregations and by elevating the frequency of atretic
oocytes in ovaries of G. erosa. Many other anthropogenic
pollutants and ocean acidification induced this phenomenon in
bivalves such as Mytilus galloprovincialis and Adamussium
colbecki (Gonzdlez-Ferndndez et al. 2016; Dell’Acqua et al.
2019). Abnormal hemocyte aggregation is an important bio-
marker in the affected tissues that is induced in response to
external stress of metal contamination (Dorange and Le Pen-
nec 1989). It can also be induced by parasite infections,
nutritional deficits and organic pollutants (Donaghy et al.
2009; Ortiz-Zarragoitia and Cajaraville 2010; Cuevas et al.
2015). The direct heavy metal exposure of gametes showed
the potential adverse effects on the reproduction of bivalves
(Smolders et al. 2004; Voets et al. 2006; Weng and Wang
2019).

In this study, the change of CAT activity in response to
low concentrations of Cr (VI) exposure suggested that this
change was reversible, which was similar to a previous
study of mercury-exposed goldfish (Carassius auratus)
(Kong et al. 2012). In Mytilus galloprovincialis mussels
exposed to sublethal concentrations of Cr (VI), it has been
demonstrated that Cr (VI) inhibits CAT activity, which is
consistent with our results (Ciacci et al. 2012; Franzellitti
et al. 2012). Cr (VI) as a variable valence metal can easily
enter cells through cell membranes, producing reactive
oxygen species (ROS) and free radicals causing oxidative
stress effects in organisms (Lushchak 2011; Chen et al.
2015). CAT is an important antioxidant enzyme that can
scavenge oxygen free radicals and protect organisms. After
Cr (VI) is absorbed by organisms, the production of free
radicals will be significantly increased. As the main anti-
oxidant enzyme in the first line of defense of the antioxidant
system, CAT is one of the earliest antioxidant enzymes to
participate in detoxification reactions. SOD decomposes
superoxide anion radical (0*) into H,0, and O,, and CAT

@ Springer

decomposes H,O, into H,O and O,, thus reducing the
concentration of H,O; in organisms. CAT activity was also
decreased in the bivalve Chlamys farreri exposed to lead
and mercury (Zhang et al. 2010).

The activities of GR were upregulated in response to the
different Cr (VI) exposures in G. erosa. GR is a critical
molecule in resisting oxidative stress and maintaining cell
integrity that has been used as a biomarker of marine con-
tamination in bivalves (Cheung et al. 2001; Manduzio et al.
2004). Similar to our results, PAHs (Polycyclic aromatic
hydrocarbons) contamination increased the levels of GR
activity and inhibited CAT activity in Mytilus gallopro-
vincialis during the reproductive stage (Gonzalez-Fernandez
et al. 2016).

The MDA content of G. erosa remained unaltered after
24 h of Cr (VI) exposures compared to the control groups,
but MDA content increased with longer exposures and
higher concentrations and reached a maximum value at
3476 mg/L Cr (VI) at 48 h. Commonly, changes in anti-
oxidant enzymes activities are associated with significant
changes in MDA. MDA is a lipid peroxidation product and
has a strong destructive effect on cell membranes. MDA
content can reflect the production of free radicals in
organisms. Bebianno et al. (2005) suggested that high
content of MDA was the result of the loss of antioxidant
defense in organisms. After Cr (VI) exposure, the MDA
content in tissues of goldfish Carassius auratus was
increased with damaged the function of its liver and kidneys
(Velma and Tchounwou 2013). A significant and delayed
accumulation of MDA content was reported in zebrafish
Danio rerio after Cr (VI) metal exposure (Yin et al. 2018)
and the MDA content was observed significantly increased
in the lead-exposed group (Zhang et al. 2010), which were
similar to our results.

The significant increases of GST with dose that we
observed indicated that they were involved in protecting
against the deleterious effects of Cr (VI) exposure in G. erosa.
GST has the effects of detoxification and inhibition of lipid
peroxidation. GST mainly exists in cell fluid and is the second
line of defense of the antioxidant system (Gueguen et al.
2017). GST not only participates in free radical scavenging,
but also scavenges lipid peroxides. In addition, it can prevent
covalent binding between exogenous chemicals and biological
macromolecules and plays an antidotal role (Li 2013). It was
reported that elevated levels of GST were induced by Cr (VI)
to combat toxicity in ovaries of Japanese medaka (Oryzias
latipes) (Chen et al. 2016).

HSP70 is a cytosolic protein that is induced in response to
several external stressors such as heat stress, metal con-
tamination, and bacterial infection in bivalve mollusks
(Gupta et al. 2010; Taylor et al. 2013). In this study, HSP70
was up-regulated after Cr (VI) exposure, which indicated that
Cr (V]) can induce the immune and apoptosis activities of G.
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erosa as an external stress. This result was consistent with
our previous transcriptome analysis (Wang et al. 2020).
Commonly, HSP70 expression is up-regulated with low
concentrations of metal exposures in bivalves (Taylor et al.
2013; de Boissel et al. 2017). For example, Cr (VI) exposure
induced small but significant increases in the transcriptional
level of HSP70 at 1 and 10 ugL™" Cr (VI) in the gills of
female Mytilus galloprovincialis (Ciacci et al. 2012).

After Cr (VI) exposure, the mRNA expression of Vtg
was decreased in G. erosa. The reduced expression of Vtg
indicated that Cr (VI) exposure affected the expression of
hormone-regulated gene and caused obvious reproductive
toxicity in female G. erosa. Vtg is the vitellin precursor in
almost all oviparous animals. Vtg levels is used as an
indicator of estrogenic exposure and heavy metals expo-
sures in bivalves (Falfushynska et al. 2013).

Conclusion

Cr (VD) exposure induced histological changes of hemo-
cyte aggregations and elevations of atretic oocytes in
ovaries of G. erosa, accompanied by antitoxic and anti-
oxidant molecular responses. The significant changes in
antioxidant enzyme activities and significant induction of
HSP70 mRNA by Cr (VI) exposure indicated that anti-
oxidant enzymes and HSP70 were involved in protecting
against the deleterious effects of Cr (VI). The reduction in
GSI, increase in the number of micronucleus cells, accu-
mulation of MDA content and inhibition of Vtg levels in
G. erosa ovaries suggested that lipid peroxidation was
induced by Cr (VI) exposure and caused ovarian tissue
damage. The reproductive toxicity of Cr (VI) might affect
gametes directly and may reduce recruitment to G. erosa
populations. Our results provided new information to
guide future investigations to assess the toxic effects of
hexavalent chromium on marine invertebrates and sug-
gested the possible use of G. erosa as an informative
indicator species of contamination of mangrove
ecosystems.
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