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Effects of Acute Metal Exposures on the Viability and mRNA
Expression of Metallothionein in Hemibarbus mylodon Fry
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Transcriptional modulation of metallothionein (MT) during acute metal exposures
(cadmium, copper or zinc) was examined in fry of Hemibarbus mylodon, a threatened
fish species in Korean peninsula. Viability of H. mylodon fry was most affected by
copper exposure (up to 79% of mortality at 1 ppm for 48 hours) and considerably by
cadmium exposure (21 to 54% of mortality). On the other hand, Zn showed the least
adverse effect on the viability (0 to 13% of mortality) of this species. Based on the
semi-quantitative RT-PCR analysis, the stimulation of MT mRNA in response to
metal exposures followed generally in a dose-dependent fashion where cadmium
was the most potent inducer for the induction of MT transcripts in fry (up to more
than 5-fold) while the lowest response was observed in zinc-exposed group (2-fold at
maximum). From the exposure using environmentally realistic doses of cadmium (0
to 0.05 ppm for 24 hours), MT expression at mRNA level was also sensitively
modulated toward upregulation up to more than 3-fold as relative to non-exposed
control. Results from the present study would be a good basis for understanding the

adaptive capacity and stress physiology of this endangered fish species during metal
pollution.
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INTRODUCTION

Hemibarbus mylodon, an endemic natural
monument fish species in Korea, has been threat-
ened by recent anthropogenic and/or industrial
activities. Its population size has been gradually
decreased in many local habitats with a high risk
of extinction, and hence efforts for the conserva-
tion and protection of this species are urgently
needed (Jang et al., 2003; Kim et al., 2007). Con-
servation or genetic restoration of the threatened
fish species often requires the fine molecular bio-
indicator (s) to address the stress physiology oc-
curred in the target species, which might pos-
sibly be related with environmental problems or

pollutions.

Metallothionein (MT) is a cysteine-rich protein
interacting with various essential and non-essen-
tial heavy metal ions. It is also involved in a nu-
mber of cellular reactions including detoxificat-
ion or sequestration of excess heavy metals and
the reservation of essential metals for homeostatic
regulation (Coyle et al., 2002; Haq et al., 2003).
Due to its high inducibility by exogenously over-
loaded metal ions, MT has been considered as
one of potential molecular biomarkers to eval-
uate aquatic quality especially with respect to
the metal pollution (Cho et al., 2005; Alvarado et
al., 2006). In addition, MT has also been reco-
gnized as one of general stress factors of which
expression have been modulated by a wide spec-
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trum of stressors or stimuli (Coyle et al., 2002).
Generally speaking, the adoption of MT as a bio-
indicator for risk assessment of ecological envi-
ronment would be more desirable in fish species
with widespread geographic distribution in dif-
ferent ecosystems than in fish species having
restricted habitats. However in spite of their res-
tricted distributions in aquatic environment, the
understanding the cellular response to pollutants
at gene expression level would improve our
knowledge on the adaptive capacity of the endan-
gered fish species existing in a given environ-
ment, which consequently could contribute to the
development of effective strategy for their protec-
tion and/or conservation. For this reason, this
study was aimed to extend knowledge on the
stress physiology arisen from the metal pollution
in a threatened fish species, H. mylodon based
on the examination of MT gene expression. We
investigated effects of acute metal exposures on
the expression of MT gene at mRNA levels in H.
mylodon fry, and also examined any potential re-
lationship between MT gene expression and mor-
tality caused by heavy metal exposures.

MATERIALS AND METHODS

1. Nucleic acid preparation

Primary structure of H. mylodon metallothio-
nein ¢cDNA was determined previously and its
full-length sequence is available in NCBI Gen-
Bank under the accession number, EF689139. For
RT-PCR analysis, whole body total RNA from fry
was extracted using TriPure Reagent (Roche,
Germany). Total RNA was treated with DNase I
(Roche, Germany) at 10 U ug™! total RNA (37°C
for 30 min) and then cleaned by Qiagen RNA Mini
Clean-up Kit (Qiagen, Germany). All the proce-
dures for preparing RNA template were carried
out according to recommendations by manufac-
turers. RNA integrity (28S : 18S ratio) was check-
ed using an MOPS-agarose electrophoresis and
the concentration was determined using Gene-
Quant spectrophotometer (GE Healthcare, USA).

2. Fish specimen and ir vivo metal exposures

In order to examine the effects of overloaded
waterborne heavy metals on the viability of H.
mylodon fry, fish were exposed to 0, 0.2, 0.5 and
1.0 ppm of copper, cadmium or zinc. Fry (average

body weights=0.9+0.2 g) used in this study were
the laboratory stock (Marine Molecular Genetic
Breeding Lab, Soonchunhyang University) that
had been artificially propagated in spring of 2005.
Twelve individuals were allocated into 30 L tank
containing 10 um-filtered tap water (pH 7.7; con-
ductivity 325 uS em™; hardness 268 ppm; tem-
perature 20°C in average), and the desired con-
centrations of each heavy metal was adjusted by
adding stock solution (100 ppm). Exposure was
carried out for 2 days. Non-exposed control was
also prepared identically except metal treatment.
Two replicate tanks per treatment were prepar-
ed. Half of water was exchanged 1 day after ex-
posure, and metals were renewed at that time.
Viability of fish belonging to each replicate group
was checked with 12 hours of intervals, and cu-
mulative mortality was estimated at the end of
exposure experiment. When exposures were fi-
nished, 4 randomly chosen individuals per treat-
ment were subjected to RT-PCR analysis. Based
on the results from the first experiment, the sec-
ond exposure was performed in order to confirm
the potency of each heavy metal for the induction
of MT gene expression in fry. Sixteen fry of the
same sized was exposed to a given concentration
(0.5 ppm) of each heavy metal (Cu, Cd or Zn) for
48 hours again. Treatment conditions were the
same as described above. After treatment, five to
six randomly chosen fish from each treatment
were used for RT-PCR analysis. In the third ex-
posure, fry (n=12) were exposed to low doses of
cadmium (0.01 to 0.05 ppm), the most potent
metal proven in the previous experiment. Treat-
ment duration was 24 hours. MT transcripts were
analyzed with pooled total RNA prepared from
six randomly chosen fry per treatment.

3. Semi-quantitative RT-PCR analysis

Prior to semi-quantitative RT-PCR assays, RT-
PCR conditions were optimized especially regard-
ing the input amount of total RNA and the num-
ber of PCR cycles for both MT and 18S rRNA
genes (data not shown). Based on preliminary
results, complementary DNA strands were syn-
thesized from 2.5 ug of DNase-treated total RNA
using Omni-transcript RTase (Qiagen, Germany)
and oligo d(T)e primer according to recommen-
dations by manufacturer. The 18S rRNA primer
of the species Hemibarbus mylodon (reverse pri-
mer; 5-CAAGAATTTCACCTCTAGCGGC-3")
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was also included in order to prepare an internal
control standard. PCR amplification of MT frag-
ments (298 bp) was carried out using AccuPower
PCR Premix (Bioneer, Korea) including 30 pmoles
of HM MT 2F (5-TCAAGGGACTTTCGGACTCT-
3) and 2R (5-GCGATGCAGAACGAT GACTA-3)
primers and 1 pL of RT product (¢cDNA). Reaction
was cycled 22 times with the following conditions:
94°C for 30s, 58°C for 30 s and 72°C for 30s with
an initial denaturation step at 94°C for 2 min.
The 569 bp of 18S rRNA fragment was also amp-
lified as an internal control using the same ther-
mal cycling condition with 18S rRNA 1F (5’-
TAACGGGGAATCAGGGTTCGAT-3") and 1R
primers (for sequence see above). PCR products
(6 pL) were separated onto a 1.5% agarose gel by
electrophoresis and visualized by GelRed™, a
nucleic acid gel stain (Biotium, USA). Stained
bands were analyzed Quantity-One image analy-
sis software implemented into VersaDoc 4000
(Bio-Rad, USA). Triplicate amplifications per
c¢DNA were made in an independent manner,
and relative MT mRNA levels were normalized
against 18S rRNA controls.

4. Statistics

Difference in viability (expressed as percent
cumulative mortality) and MT mRNA levels
(relative levels normalized against 18S rRNA
control based on semi-quantitative RT-PCR)
among groups during exposures were assessed
by ANOVA followed by Duncan’s multiple range
test. Difference was considered to be statistically
significant when p<0.05.

RESULTS AND DISCUSSION

1. Effects of metal exposure on viability of
H. mylodon fry

No mortality was detected in non-exposed
group. However, the metal exposure affected the
viability of fry, and the amount of mortality was
different depending upon metals treated. At the
end of exposure (48 hours post exposure), the
group exposed to Cu revealed the most severe
mortality up to more than 79%. The treatment of
Cd also exhibited significant depression of viabil-
ity (mortality ranged from 21 to 54%), although
the amount of loss was lower than that observed
in Cu. On the other hand, zinc showed the least

adverse effect on the viability of H. mylodon fry:
the highest dose (1 ppm) resulted in 12.5% of
cumulative mortality, however other lower doses
caused no significant loss of fish (Fig. 1A). In the
second exposure with a given concentration (0.5
ppm) of each metal, percent mortality was simi-
lar as observed with the first exposure experi-
ment (68.8+8.8% for Cu, 34.4+4.4% for Cd and
3.1+4.4% for Zn; histograms not shown). In the
third exposure with low doses of cadmium, non-
exposed control and groups treated with 0.01
ppm Cd did not reveal any mortality. However,
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Fig. 1. Effects of metal exposures on the viability of H.
mylodon fry with different doses (0 to 1 ppm) and/
or heavy metal ions, copper (Cu), cadmium (Cd) or
zine (Zn). Cumulative mortalities of exposed groups
were compared with non-exposed control (CON).
For details, refer to Materials and methods. Means
with same letters in each trial were not significant-
ly different based on ANOVA (p>0.05). T bars
indicate standard deviations.



492 Bang, In-Chul, Young Sun Cho, lI-Rho Lee and Yoon Kwon Nam

groups exposed to 0.02 and 0.05 ppm Cd display-
ed 8 and 12% of mortality in average, respective-
ly (Fig. 1B).

It is widely accepted view that even essential
heavy metals such as Cu and Zn, may act as toxi-
cants to disrupt the body homeostasis in fish
when its levels are unnecessarily excessive. The
toxic effects of Cu have been particularly asso-
ciated with the impaired ion regulation in gills,
in which excess Cu would inhibit Nat/K*-ATPase
activity, a vital enzymatic action for most animal
species, and consequently hinder the proper ion
uptake/excretion in gills of fish (Dang et al.,
2001; Alvarado et al., 2006). Such an osmoregula-
tory disturbance or respiratory stress caused by
exposure to Cu has been reported in various tel-
eost species (Grosell et al., 2007). Excess metals
also would cause oxidative stresses in a variety of
fish tissues especially including liver and kidney
(Cho et al., 2006). Unlike Cu and Zn, Cd is a non-
essential heavy metal, which does not contribute
to metabolic processes in living organisms. This
metal also exhibited high binding affinity for
certain cell types in fish gills: waterborne Cd has
been known to compete with Ca** for Ca®* up-
take sites on the gills, which may disrupt Ca®*
homeostasis (Matsuo et al., 2005). Many previous
studies have reported toxic effects of this non-
essential heavy metal on impaired physiology
and/or performance at both sublethal and lethal
levels in a number of fish species. It includes
induced apoptosis in rainbow trout, Oncorhyn-
chus mykiss (Risso-de Faverney et al., 2001),
adverse effects on the embryogenesis in zebra-
fish, Danio rerio (Meinelt et al., 2001), impaired
cortisol regulation in rainbow trout and yellow
perch, Perca flavescens (Alexandra and Hontela,
2004) and lower body weight growth with the
impairment of lipid storage in eel, Anguilla an-
guilla (Pierron et al., 2007). In addition, a recent
study illustrated the importance of cross-accli-
mation of different metals on acute Cd toxicity in
rainbow trout (McGeer et al., 2007).

2. Response of MT expression to metal
exposures

From the first experimental exposure using
three different metals, MT expression was signi-
ficantly altered in response to all of three heavy
metals when determined by RT-PCR analysis
(Fig. 2). Among three metals, Cd was most po-

tent in the sense of the highest induction of MT
transcripts (up to more than five-fold as relative
to non-exposed control), while Zn showed the
least effect on the transcriptional stimulation of
MT. Even at the lowest concentration of cadmi-
um (0.2 ppm), MT expression in fry reached the
maximal levels as evidenced by no further incre-
ase of MT transcripts with increase of Cd concen-
tration up to 1 ppm (p>0.05). Meanwhile, MT ex-
pressions in groups exposed to relatively higher
concentration of Cu (0.5 and 1 ppm) were more
pronounced than that observed in group treated
with the lowest Cu dose (0.2 ppm) (p< 0.05). Zinc
stimulated the MT expression moderately only,
however the increase of MT transcripts was clear-
ly dose-dependent (p< 0.05). From the second ex-
periment (each 0.5 ppm for 48 hours), the potency
of each heavy metal was clearly confirmed: MT
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Fig. 2. Modulation of MT expression at mRNA level dur-
ing exposures to three heavy metals at varying
doses. (A) Representative semi-quantitative RT-
PCR gels showing the expression of MT mRNA
along with 185 rRNA internal control. (B) Densito-
metric analysis of RT-PCR bands using Quantity-
One software (Bio-Rad, USA) based on triplicate
assays. Mean+SDs (histograms with T bars) with
same letters were not significantly different (p>
0.05).
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expression in H. mylodon fry was the most res-
ponsive to Cd (up to 5-fold as relative to non-ex-
posed control), followed by exposure to Cu (2.8-
fold) and Zn (1.7-fold) (histograms not shown).

Environmentally realistic doses of cadmium
(0.01 to 0.05 ppm) were also proven to be able to
stimulate the expression of MT in H. mylodon fry
(Fig. 3). Levels of 18S rRNA were steady-state
regardless samples without significant fluctua-
tions in RT-PCR (gel not shown). However, MT
transcripts in Cd-exposed groups were clearly
modulated toward up-regulation with increasing
doses of Cd. Relative MT transcript levels were
sharply increased with increased concentrations
of cadmium up to more than 3-fold at the highest
dose (0.05 ppm). Other two lower doses (0.01 and
0.02 ppm) also represented 1.5- and 2-fold of MT
mRNA levels, respectively when compared to
that of non-exposed control (Fig. 3).

In the present study, Cd was the most potent
stimulator for MT induction in H. mylodon fry,
which is similar with previous observations made
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Fig. 3. Induction of MT mRNA in H. mylodon fry by expo-
sure to low doses of cadmium. Mean+SDs were
based on triplicate amplifications followed by
densitometric analysis. Means with different let-
ters were statistically different based on ANOVA
(p<0.05). MT mRNA level in each group was nor-
malized against 18S rRNA level in order to esti-
mate the relative MT expression. Representative
RT-PCR gels showing the amplification of MT
mRNA and 18S rRNA are also shown at top.

on other fish species (Hermesz et al., 2001). Differ-
ential regulation of MT gene by different metal
ions is not surprising, which could generally been
explained by the different availability of each
metal ion in each organism. Actually, the induc-
tion of MTs by metals has been affected readily
by the rate of accumulation and the binding affi-
nity of metals to other biomolecules such as li-
gands (Kock et al., 1995; Olsvik et al., 2001). Be-
cause MT is known to play an important role in
reserving excess metals for other metalloenzymes,
expressed levels of pre-existing other metal-bind-
ing proteins may also influence the modulation
of MT expression (Cho et al., 2006). In addition,
stimulation of MT transcripts could also be asso-
ciated with the species-specific adaptive capacity
(or degree of tolerance) to different metals (De
Boeck et al., 2003). From many previous litera-
tures, the MT expressions have been provoked
during metal exposures under sublethal condi-
tions (Olsson et al., 1998). However, in the pre-
sent exposures using relatively high concentra-
tions of metals, it was found that fish exposed to
lethal doses also might represent considerable
induction of MT mRNAs, although there was no
direct relationship between MT mRNA levels
and mortality of fish.

As a result of the third exposure experiment
using low doses of Cd, the sharp induction of MT
was possible as early as 24 hours after exposure
even at the environmentally relevant doses. Such
an expression pattern might be considered as an
indicative for the rapid accumulation of metals
in this species (Olsson et al., 1998; Basha and
Rani, 2003). Consequently our results suggest
that biological stress associated with metal con-
tamination could efficiently be detected even at
very low concentration by means of examining
the changes of MT expression. Further study to
examine effects of many other biological factors
(age, sex and tissues) or physicochemical para-
meters (temperature and dissolved oxygen) on
the modulation of MT would be valuable to ex-
tend knowledge on the metal-caused stress phy-
siology or adaptive capacity of this endangered
fish species.
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