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Abstract This study aimed to determine the effects of
salinity on metal uptake and metallothionein (MT) mRNA
levels in tilapia exposed to three metal ions. Male Ore-
ochromis niloticus x O. aureus juveniles (hereafter,
“tilapia”) were exposed to various concentrations (100,
500, and 1 ppm) of metal ions (Cd*", Cu*" and Zn*") in
freshwater and water with two levels of salinity (10 and
20 ppt) for 7 days. Tests were then performed to investi-
gate the effects of salinity on metal concentrations and MT
mRNA induction in the test subjects’ organs. Saline
decreased cadmium (Cd) uptake and MT mRNA fold
induction in various internal organs, but it did not enhance
MT mRNA induction in the gills. Exposure to Cu*" caused
greater copper (Cu) levels in the brains, intestines and
livers, but Cu uptake in the intestines and kidneys occurred
only at 10 ppm. MT mRNA induction caused by Cu*" was
observed in various internal organs, but it occurred in the
gills only at greater levels of salinity. Exposure at greater
salinities also decreased zinc (Zn) uptake and MT mRNA
induction in all organs except the gills. Although greater
salinity decreased Cd and Zn uptake, the metal content in
the water correlated with the MT mRNA levels in most of
the organs, except for the intestines. In conclusion, metal
accumulations in the livers and kidneys of tilapia correlated
with MT mRNA levels. The levels of MT mRNA in the
livers and kidneys of tilapia might therefore be used as
biomarkers of exposure to Cd**, Cu** and Zn** in water
of various salinities.
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Fish metallothionein (MT) is induced by metal ions;
therefore, its protein and mRNA levels are useful bio-
markers of metal contamination in water (Chan et al. 1988,
2006; Chan 1994, 1995; George et al. 1996; Sarkar et al.
2006). MT levels are commonly used as biomarkers of
metal exposure in a variety of marine and freshwater fish
species (Linde et al. 1999, 2001; Li et al. 2004; Chan et al.
2006; Fernandes et al. 2008; Knapen et al. 2007; Linde-
Arias et al. 2008). Tom et al. (2004) developed quantitative
real-time polymerase chain reaction (PCR) analysis for
biomonitoring with MT mRNA levels in fish (Oreochromis
aureus) used as a biomarker of exposure. More recently,
Kessabi et al. (2010) used real-time PCR detection of
several biomarkers, including MT mRNA, to evaluate the
environmental effects of the Mediterranean killifish
Aphanius fasciatus on natural populations.

Some researchers, however, have raised concerns about
inferring metal contamination from biomarker levels
because biomarkers can be affected by reproductive or other
biotic factors (Banks et al. 1999; Al-Yousuf et al. 2000). In
addition, the bioavailability of metal ions can be affected by
water parameters such as water hardness and salinity (Engel
and Fowler 1979; Blust et al. 1992; Penttinen et al. 1998;
Heijerick et al. 2003; Dutton and Fisher 2011), metal uptake
would also vary in different organs and affected by MT
(Pelgrom et al. 1995; Mazon and Fernandes 1999; Roesijadi
1996). These factors can ultimately affect metal uptake and
tissue MT gene expression (Roesijadi 1996). The effects of
temperature, salinity, calcium, and metal pre-exposure on
metal accumulation and MT levels have been previously
reported in various aquatic species (Barron and Albeke 2000;
Hollis et al. 2001; Van Cleef-Toedt et al. 2001; Leung et al.
2002; Rainbow and Black 2005a, b; Zhang and Wang 2005,
2006, 2007; Grosell et al. 2007; Monserrat et al. 2007,
Walker et al. 2007). Metal ions are water soluble and thus
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compete for uptake sites with other ions. For example,
Baldisserotto et al. (2005) and Franklin et al. (2005) reported
that Cd*" and Ca®" compete for the uptake channel in fish,
and Sanders and Windom (1980) reported that arsenic
(As)(V) uptake of phytoplankton is influenced by phosphate.
Cases have been observed in which the uptake of metal ions
serves to increase protection or tolerance against metal
toxicities through metal pre-exposure, which stimulates MT
induction (Cosson 1994; Unger and Roesijadi 1996; Wu and
Hwang 2003).

Tilapia are commonly used as a bioindicator of water
pollution due to their metal tolerance and availability in
many polluted sites (Chan 1995; Lam et al. 1998; Zhou et al.
1998; Linde-Arias et al. 2008; Wang et al. 2009; Kwok et al.
2010). Tilapia are also useful in this regard because of their
ability to accumulate metals (Shen et al. 1998; Zhou et al.
1998; Ay et al. 1999; Dang et al. 1999), their sensitive
responses to pollutants through gene expression (Wong et al.
2001; Cheung et al. 2004) and their distribution between
inland waters and estuarine regions in various parts of the
world including Hong Kong. In addition, tilapia can tolerate
poor water quality and resist viral, bacterial, and parasitic
diseases. This fish is therefore an ideal pollutant-resistant
species for the biomonitoring of water pollution. Tilapia are a
Cu-resistant species [24-h LCsq value of 2.82 parts per mil-
lion (ppm) and 96-h LCs value of 1.52 ppm] relative to carp,
which are sensitive to Cu®" [24-h LCs, value of 200 parts per
billion (ppb) and 96-h LCs value of 50 ppb] (Lam et al.
1998). Significant MT mRNA induction has been found in
the gills and livers of tilapia exposed to Cu*" and Zn*" for
7 days (Lam et al. 1998; Cheung et al. 2004). Real-time PCR
is also a sensitive and reliable method for detecting MT
mRNA fold induction after the administration of metal ions
(Cheung et al. 2004; Tom et al. 2004; Chen and Chan 2009).
Although tilapia inhabit a wide range of salinities, from 5 to
20 ppt, they grow optimally in brackish water and can even
grow well in salinity of 40 ppt (Shelton and Popma 2006). In
fact, tilapia is often used to study salinity adaptation because
Na—K-ATPase in gills plays a major role in metal uptake and
ion adjustments (Feng et al. 2002; Giiuner et al. 2004). To
investigate the possible effects of salinities on metal uptake
and MT mRNA levels, we used tilapia MT mRNA levels as
biomarkers of metal exposure. The aim of this study was to
determine metal uptake and MT mRNA levels in the organs
of tilapia exposed to metal ions at different levels of salinity.

Materials and Methods
Tilapia, Fish Holding, and Exposure Tests

Male interspecific hybrid tilapia (female O. niloticus x
male O. aureus) juveniles (4—6 cminlength) were purchased

from a fish farm in mainland China that used clean (filtered)
water supplied from an isolated reservoir filled with natural
rainwater. The tilapia were kept in filtered freshwater in an
aquarium room with a 16:8-h light-to-dark cycle at
25 £ 1 °C and were fed a high protein (48 %) diet (Medi-
aquafish; Japan Pet Drugs) daily for more than 1 month but
less than two months prior to the exposure tests. The mea-
sured water temperature was 25.5 + 1 °C, and the pH was
8.16 £ 0.10. These parameters were recorded daily. The
tilapia used in this experiment weighed 29.3 & 3.7 g and
were 9.7 £ 0.4 cm in length. Artificial seawater was pre-
pared using artificial sea salt (Marine Enterprises Interna-
tional). The fish were acclimatized stepwise to the desired
levels of salinity from 5 to 10 to 20 ppt, with 7 days accli-
mation at each salinity level, and were then transferred to the
testing tanks and maintained at those salinity levels for
3 days before the metal-exposure tests were performed.
The aqueous exposure tests (static with semirenewal)
were performed for 7 days, and the fish were fed on the day
3 of the exposure experiment. The actual pH levels at 10
and 20 ppt salinity were 8.20 £ 0.12 and 8.25 + 0.09,
respectively. The exposure tests were performed at differ-
ent concentrations (100, 500, and 1 ppm) of metal ions
(Cd**, Cu®* and Zn?*; all with CI~ as the counter ion)
with aeration in 30-L glass tanks. Ten tilapia were added to
each tank with the desired metal concentrations and
salinities. The same filtered water and the same salinities
were used for the control condition but without the addition
of the metal ions. Dissolved oxygen was maintained at
90-95 % saturation levels at 25 °C with an air pump.
During the exposure period, a half tank (15 L) of water was
replaced every 2 days, and water samples were collected
for metal determination before the replacements. The
concentrations of metal in the water were measured after
acidification with hydrochloric acid. On day 7, the fish
were killed by decreasing the water temperature gradually
with ice water and then dissected to obtain brain, gill,
intestine, kidney, liver, and muscle tissue. Minced organs
were frozen in liquid nitrogen after washing with auto-
claved deionized water and stored at —80 °C for further
analysis of their metal concentrations and MT mRNA
levels. The protocols for animal holding and the experi-
ments were approved by the Department of Health with
license from the Hong Kong SAR Government and the
university’s Animal Ethics Committee, respectively.

Determination of Metal Concentrations

The organs obtained were weighed to the nearest 0.1 g and
were extracted with 10 mL of 69 % analytical-grade nitric
acid and 2 mL of 30 % hydrogen peroxide for 6-10 h at
105 °C. After acid digestion to obtain clear solutions,
samples were filtered with ashless filter paper (Whatman
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no. 542) and diluted to 50 mL with ultra-pure deionized
water. A similar procedure was performed with a bovine
liver standard (National Institute of Standards and Tech-
nology, serial no. 1577b) for an acid digestion efficiency
>90 %. Calibration curves for each of the metals were
freshly prepared from 1,000 mg/L standard solutions of
Cd, Cu, and Zn for atomic absorption spectrophotometry
(Fluka) before each measurement. The Cd and Cu con-
centrations were determined using atomic absorption
spectrophotometers (Varian SpectraAA 800 or Zeeman
7Z-8400) with graphite furnaces. Zn concentrations were
measured using an acetylene gas flame on a Zeeman
Z-2000 series atomic absorption spectrophotometer.

Extraction of RNA and Real-Time Quantitative
Reverse Transcription PCR

Total RNA samples were prepared from 50 to 100 mg of
organ tainted with 1 ml of TriPure Isolation Reagent
(Roche, Indianapolis, Indiana, USA) on ice. After isopro-
panol precipitation, the RNA pellets were washed with
200 pl of 75 % ethanol, air dried by a SpeedVac for
approximately 2 min, and dissolved in 40 pl of diethyl-
pyrocarbonate-treated ddH,O at 70 °C for 10 min. The
concentrations and purity of the total RNA were deter-
mined spectrophotometrically at 260 and 280 nm with a
Hitachi U-2800 spectrophotometer with a 1-cm path quartz
cuvette. The typical 260/280 nm ratios were between 1.6
and 2.0. The RNA samples were stored at —80 °C until
use.

First-strand complementary DNA (cDNA) was synthe-
sized from 2 ng of total RNA by reverse transcription
according to the Applied Biosystems High-Capacity cDNA
Reverse Transcription Kit protocol. The reactions were
stored at —38 °C until further analysis. The integrity of the
first-strand cDNA was confirmed by PCR amplification of
the B-actin gene using conventional PCR with agarose gel
electrophoresis. Oligonucleotide primers were designed
according to a nucleotide sequence published in GenBank
(tilapia B-actin; GenBank no. AB037865).

To determine the relative fold induction of MT gene
expression, quantitative real-time PCR with TagMan probe
assay was performed using the TagMan Gene Expression
Assay protocol as provided by Applied Biosystems. In this
assay protocol, MT acted as the target gene, and actin was
used as the housekeeping gene for normalization. The
reaction was performed with the Applied Biosystems 7500
Fast Real-Time PCR System, and the nucleotide sequences
of the primers used in this TagMan assay are listed in
Table 1. The cDNA was denatured at 95 °C for 20 s, and
then 40 PCR cycles were performed with denaturation at
95 °C for 3 s with an extension at 60 °C for 30 s. Results
were analyzed using the Applied Biosystems gene
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expression program based on AACt calculation (Overbergh
et al. 2003; Tom et al. 2004). To ensure the validity of this
AACt calculation, amplification efficiencies of the target
gene and endogenous control were determined to be
approximately equal; the calculation for this study was
valid with a slope < 0.1 by plotting cDNA dilution versus
ACt (slope = 0.064, figure not shown).

Statistical Analyses

All data were analyzed using the Prism 6 program
(GraphPad Software) with one-way analysis of variance
(ANOVA) set at a 95 % confidence level and by Tukey’s
multiple comparison test (Figs. 1, 2, 3, 4, 5, 6). Table 3
lists the linear regressions, correlations, and interactions
between the metal concentrations and the MT mRNA fold
induction in different tilapia tissues after exposure to the
metals. The data were calculated using Prism 6 program
with linear regressions, two-tailed p values set at the 95 %
confidence level, and two-way ANOVA (data not shown).
Linear regressions, correlations, and interactions between
exposure concentrations, MT mRNA fold induction, and
metal concentrations in different tilapia organs under dif-
ferent salinities were used in our analysis. Data were
analyzed using two-way ANOVA in Prism 6.

Results

Measurement of Metal Concentrations in the Aqueous
Exposure Tests

The concentrations of the metals in the water collected from
the exposure tests are listed in Table 2. The background level
of Cd was <1 ppb (approximately 0.7-0.9 ppb), but it was
greater for Cu (approximately 21-26 ppb) and Zn (approx-
imately 61-63 ppb). The addition of artificial sea salt
slightly increased the metal concentrations as reflected by the
greater additional metal concentrations in the 20 ppt groups
than in the 10 ppt groups or the controls in some samples.
None of the treatments contained >10 % extra metal. Thus,
the baseline metal ion levels were low and might not have
affected the accumulations of other metal ions.

Concentrations of Cd and MT mRNA Induction
in Organs of Tilapia Exposed to Cd**

Greater concentrations of Cd were found in all of the tis-
sues of tilapia exposed to different concentrations of Cd**
in O ppt water. At greater salinities, Cd accumulation in the
brains, intestines, kidneys, livers, and muscle tissues of the
tilapia were significantly decreased, but not so in the gills,
where only the 20 ppt salinity level had a significant effect
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Table 1 Sequence of primers Target gene Primer Nucleotide sequence (5’ to 3')

used in TagMan assay of real-

time PCR analysis MT (S75042) Forward primer CCTGCAACTGCGGAGGAT
Reverse primer GACTGCTGCCCATCCGG
TagMan probe GCTGCAAGAAGAGCTGCTG

B-Actin (AB037865) Forward primer CCCCGAGGCCCTCTTC

Reverse primer GGAATCCACGAAACCACCTACA
TagMan probe CTTGGTATGGAATCCTG

on the decrease of Cd accumulation (Fig. 1). Similar pat-
terns were found in MT mRNA inductions, and the gills of
fish from tanks containing greater salinity (20 ppt) showed
enhanced MT mRNA induction on exposure to Cd**.
Greater salinities also decreased the induction of MT
mRNA in the intestine and kidney tissues of tilapia
exposed to Cd** (Fig. 2).

Concentrations of Cu and MT mRNA Induction
in Organs of Tilapia Exposed to Cu**

Although the liver is the major organ to accumulate Cu,
greater salinities decreased Cu accumulation in the tilapia.
The Cu concentrations were two times greater in the liver
of tilapia exposed to Cu®" at 1 ppm in freshwater (Fig. 3).
However, greater salinities decreased Cu concentrations to
baseline levels of approximately 200-300 ppm. Intestines
and kidneys contained greater concentrations of accumu-
lated Cu at 10 ppt than at 0 or 20 ppt salinity. The exposure
to Cu?* caused greater Cu levels in the brains, intestines,
and livers. Salinity at 10 ppt promoted Cu uptake in the
intestines of tilapia exposed to Cu”", but it decreased Cu
uptake in the livers.

Significant induction of MT mRNA occurred in the gills,
intestines, kidneys, and livers with exposure to greater
Cu?" concentrations in water at all levels of salinity. Thus,
salinity appeared to have no significant effect on MT
mRNA levels in the intestines, kidneys, or livers. Salinity
had a significant effect only on the gills of tilapia exposed
to Cu** (Fig. 4).

Concentrations of Zn and MT mRNA Induction
in Organs of Tilapia Exposed to Zn>*

Accumulation of Zn occurred only in the intestines and
livers, although greater salinities decreased the accumula-
tion of Zn in these tissues (Fig. 5). Similar trends were
found for MT mRNA levels (Fig. 6) in both livers and
intestines. However, greater Zn>" concentrations in the
water induced greater MT mRNA induction, and greater
salinities potentiated such MT mRNA induction in the gills
of tilapia exposed to Zn*". In other words, exposure to

greater Zn concentrations was enough to promote greater
Zn uptake and MT mRNA induction in the livers and
intestines of tilapia, whereas exposure to greater salinities
decreased Zn uptake and MT mRNA induction in the livers
and intestines. However, greater salinities enhanced MT
mRNA induction without causing accumulation of Zn in
the gills of tilapia exposed to Zn>*.

Discussion

This study examined the potential effects of salinity levels
on metal uptake in tilapia and investigated the possible
causes of MT induction in tilapia tissues. Male tilapia
(juveniles) were used for the 7-day exposure tests in water
with different salinities and varying concentrations of Cd,
Cu, and Zn ions. In our exposure tests, the MT mRNA
levels in tilapia kidneys and livers correlated closely with
the concentrations of Cd, Cu, and Zn accumulated in these
tissues even under different salinities. However, the MT
mRNA levels in gills did not correlate with the concen-
trations of the metals tested, nor did they correlate with Cu
concentrations in the intestines (Table 3). Our results
suggest that Cu might require other metal-binding proteins
for its uptake or metabolism in the intestines. Greater
salinities also decreased Cu accumulations in the livers (to
background levels of 200-300 ppm) but not in other tis-
sues. The baseline levels of Cu in tilapia livers are high
compared with those of other fish species. Shen et al.
(1998) and Lam et al. (1998) also reported high Cu levels
in liver samples of tilapia collected from the Shing Mun
River. Greater salinities significantly decreased Cd uptake
in many different tissues, and similar effects also occurred
with Zn*" exposure, but this occurred only in the intes-
tines, kidneys, and livers. Our results confirm that the level
of salinity significantly (p < 0.01) affected metal uptake
(mainly decrease) in the organs of tilapia exposed to dif-
ferent salinities except for that of Zn only in the intestines
and kidneys.

The rationale of this study was to evaluate the use of MT
mRNA levels (as measured using real-time PCR) as a
biomonitor of metal exposure in fish (with tilapia as the
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Fig. 1 Concentrations of Cd in different organs of tilapia exposed to
Cd*" in freshwater and water at 10 and 20 ppt salinity. The results are
represented as the mean = SD of 10 replicates. The data were
analyzed by one-way ANOVA (¥p <0.05, **p <0.01,
*#%p < (0.001) comparing the same concentration-treated groups at
different levels of salinity. Tukey’s multiple comparison test was used
to compare the results of the concentration of Cd from different

model) that inhabit waters of varying salinities in river or
estuarine regions. Before this study, we verified that the
Environmental Protection Department of the Hong Kong
Special Administrative Region Government had marine
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salinities. Columns without letters indicate no significant differences
at the p <0.05 level. Columns with different letters indicate
significant differences between different salinities in the same
concentration-treated group. Columns with the same letter indicate
no significant differences between different salinities in the same
concentration-treated group

sediment data on metal contamination and freshwater metal
levels. At some sample sites in the rivers or nullah (e.g., Fo
Tan near Tolo Harbour), concentrations of Cu and Zn
ranging from 10 to 1-2 ppm, and lower levels of Cd
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Fig. 2 Fold induction of MT mRNA levels in different organs of
tilapia exposed to Cd** in freshwater and water at 10 and 20 ppt
salinity. The results are represented as the mean £ SD of five
replicates. The data were analyzed by one-way ANOVA (*p < 0.05,
**p < 0.01, #*p < 0.001) comparing the same concentration-treated

(0.1-10 ppb) have been measured over the past two dec-
ades (Environmental Protection Department 2014). How-
ever, concentrations of Cd in some contaminated sites in
China may be <1-4 ppm (e.g., Wang et al. (2011) reported
contamination in the Grand Canal). In our exposure tests,
we used concentrations of 100—1 ppm to try to mimic the
local situations.

We also plotted correlations between MT mRNA levels
in the various organs of tilapia and the concentrations of
metal ions in the water to which these fish were exposed.
The results of a two-way ANOVA confirmed our com-
parisons of the MT mRNA levels in the gills and livers
used for biomonitoring with significant correlations
between exposure to different concentrations of metals in
water and MT mRNA fold induction in different organs of
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groups at different levels of salinity. Tukey’s multiple comparison test
was used to compare the results of fold inductions from the different
salinities. Significant differences indicated in columns with and
without letters are as defined in Fig. 1

tilapia. However, the intestinal levels of MT mRNA did not
correlate significantly with Zn levels in the water
(p = 0.056). The gills, kidneys, and liver are useful organs
to study (Lam et al. 1998; Cheung et al. 2005). However,
when tilapia were exposed to metal ions under different
salinities, the MT mRNA levels in the gills did not corre-
late with the metal concentrations in the internal organs
(Table 3). The Cu concentrations in the internal organs
also did not correlate with intestinal MT mRNA levels
(Table 3). Kidney and liver MT mRNA levels did,
however, correlate with the concentrations of Cd, Cu, and
Zn accumulated in the exposure tests under different
salinities. When comparing the MT mRNA levels in the
different organs of tilapia with the concentrations of the
metals in the exposure water, the correlations were
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Fig. 3 Concentrations of Cu in different organs of tilapia exposed
to Cu®™ in freshwater and water at 10 and 20 ppt salinity. The
results are represented as the mean & SD of ten replicates. The data
were analyzed by one-way ANOVA (¥*p <0.05, **p <0.01,
*#%p < 0.001) comparing the same concentration-treated groups at

unaffected by the different levels of salinity used. Although
greater salinity could decrease the uptake of Cd or Zn, the
metal contents in the exposure water still correlated well
(»p < 0.05) with the MT mRNA levels in the different
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different levels of salinity. Tukey’s multiple comparison test was used
to compare the results of the various concentrations of Cu from
different levels of salinity. Significant differences indicated in
columns with and without letters are as defined in Fig. 1

organs with the exception of Zn (p = 0.056) in the

intestines.
Regarding MT mRNA fold induction, decreased gene
expression was observed in the organs, except for the gills,
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Fig. 4 Induction of MT mRNA levels in different organs of tilapia
exposed to Cu?" in freshwater and water at 10 and 20 ppt salinity.
The results are represented as the mean & SD of five replicates. The
data were analyzed by one-way ANOVA (*p < 0.05, **p < 0.01,
***p < 0.001) comparing the same concentration-treated groups at

of tilapia exposed to Zn*" and Cd*" at greater salinities
(Fig. 6). Greater salinities increased the fold induction of
MT mRNA in the gills of tilapia exposed to Cu®", but no
such effects were found in the other tissues (Fig. 4). Using
black sea bream (Acanthopagrus schlegeli) as a model,
Dang et al. also reported that MT in fish organs might
contribute to Cu uptake, but such uptake might be pri-
marily contributed by dietary, not waterborne, Cu uptake.
Our results also confirm that the interaction between the
exposure concentrations of Cu>™ or Cd** and salinity had
little effect on MT mRNA fold induction in the intestine
(p = 0.89) or in the liver (p = 0.36), respectively. These
results suggest that the pathways of metal uptake and MT
induction in fish tissues might be different for Cu®" than
for Cd*" or Zn?**. In fact, metal ions might affect (1) the
phosphorylation of a metal-responsive element-binding
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different levels of salinity. Tukey’s multiple comparison test was used
to compare the results of fold inductions from the different salinities.
Significant differences indicated in columns with and without letters
are as defined in Fig. 1

transcriptional factor called MTF-1 to induce MT gene
transcription (LaRochelle et al. 2001) or (2) the oxidative
stress response pathways (Mattie and Freedman 2004). In
addition, because Cu and Zn are essential ions, the levels of
these metals are tightly regulated with metal transporters
and their own homeostasis system with Cu taken up mainly
from the intestine and gills with ATP7A or 7B as found in
zebrafish (Leung et al. 2014) or with ATP7A in tilapia
intestinal tissues (Chen and Chan 2011). However, Zn
transporters may be related to Cd uptake as has been found
in humans with SLC39A8 and SLC39A14 (Lichten and
Cousins 2009; Rentschler et al. 2014) or ZIP14 in mice gut
(Jorge-Nebert et al. 2014).

Zhang and Wang (2007) reported that increases in
salinity decreased Cd and Zn uptake in euryhaline black
sea bream (A. schlegelii). However, the calcium-channel
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Fig. 5 Concentration of Zn in different organs of tilapia exposed to
Zn*" in freshwater and water at 10 and 20 ppt salinity. The results are
represented as the mean = SD of ten replicates. The data were
analyzed by one-way ANOVA (¥*p <0.05, **p <0.01,
*#%p < (0.001) comparing the same concentration-treated groups at

blocker verapamil could decrease metal uptake only in fish
adapted to freshwater but not in fish adapted to marine
water (Zhang and Wang 2007). A detailed molecular
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different levels of salinity. Tukey’s multiple comparison test was used
to compare the results of Zn concentrations from the different
salinities. Significant differences indicated in columns with and
without letters are as defined in Fig. 1

mechanism that involves metal transporters and governs
metal uptakes has been well characterized in different fish
species, but the information on this mechanism is
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Fig. 6 Fold induction of MT mRNA levels in different organs of
tilapia exposed to Zn®>" in freshwater and water at 10 and 20 ppt
salinity. The results are represented as the mean £ SD of five
replicates. The data were analyzed by one-way ANOVA (*p < 0.05,
**p < 0.01, ***p < 0.001) comparing the same concentration-treated

fragmented (Bury et al. 2003; Galvez-Peralta et al. 2006;
Zheng et al. 2010; Chen and Chan 2012; Zhu and Chan 2012).
In addition, Zhang and Wang (2007) showed that the viscera
contributes to 34-36 % of metal uptake or accumulation in
high salinity with the gills contributing more to metal uptake
in lower salinity. Dang et al. (2009) also found MT induction
in dietary uptake of copper despite copper uptake could be
saturated in an experiment with black seabream.

Our results also show that one of the major factors
influencing the effects of metal ions and salinity on fish is
the length of exposure. The effects of metal ions on fish
increase over time, and prolonged exposure could have a
significant effect on the metabolic rate. These effects are
further complicated by variations in the types of metal and
fish species. Thus, the effects of metal ions in decreasing
the activities of Na-K-ATPase and carbonic anhydrase,

Intestine

Fold induction

Fold induction

groups in different levels of salinity. Tukey’s multiple comparison
test was used to compare the results of fold inductions from the
different salinities. Significant differences indicated in columns with
and without letters are as defined in Fig. 1

along with major effects on osmoregulation and oxygen
consumption (greater metabolic rates), have been well
documented (Kolok et al. 2002; Monserrat et al. 2007).
Therefore, prolonged exposure to salinity or metal stress
would have profound effects on the metabolic rates of the
organisms tested. For example, fathead minnows have
greater metabolic rates after 96-h than after 24-h exposures
regardless of the various concentrations of Cd*" or Cu®"
ions and salinities used (Pistole et al. 2008). What is
equally important is that the tilapia used in our experiments
were juveniles with fast rates of growth. All of the expo-
sure tests were performed for only 7 days, which elimi-
nated the effects of the fast growth rate. Further
investigation should be designed to examine the effects of
metals and salinities on the oxygen consumption and
metabolic rates of tilapia. Last, but not least, the
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Table 2 Measured metal concentrations (ppb) in aqueous exposures during the experiments

Salinity (ppt) Exposure concentration (ppb) Measured exposure concentration (ppb, n = 5) mean £ SD (range)
Cd Cu Zn
0 Control 0.78 £ 0.11 22.58 + 4.24 61.22 + 11.31
(0.61-0.89) (17.6-28.5) (45.1-73.8)
100 114.46 £+ 11.33 127.04 + 4.14 122.46 + 10.94
(100.9-131.6) (121.6-131.5) (110.5-139.4)
500 523.12 £ 9.52 525.62 + 11.09 563.62 + 33.93
(513.5-538.6) (514.6-538.8) (510.2-594.8)
1000 1006.32 + 20.38 1084 + 21.00 1082.46 + 20.87
(990.5-1040.2) (1055.8-1111.3) (1046.2-1099.4)
10 ppt Control 0.68 £+ 0.13 21.10 £ 2.06 63.1 £ 5.25
(0.55-0.84) (18.8-23.6) (57.8-71.5)
100 117.24 + 3.16 159.02 + 17.72 132.02 + 21.35
(113-120.9) (131.4-177.4) (105.4-159.9)
500 557.02 + 28.24 516.84 + 8.84 547.26 + 11.74
(519.1-583.5) (505.4-528.9) (527.7-558)
1000 1028.28 + 19.15 1036.76 + 13.25 1024.68 + 8.52
(1002.5-1053.8) (1022.1-1056.2) (1015.7-1037.5)
20 ppt Control 0.86 £+ 0.14 26.32 + 3.10 63.7 £ 64.1
(0.64-0.99) (21.3-29.8) (62.9-64.1)
100 146.83 + 27.01 132.64 + 16.44 112.92 + 15.15
(110.4-172.1) (112.1-155.6) (102.9-112.92)
500 512.78 + 14.93 532.08 + 24.54 539.44 + 19.46
(502.0-538.5) (503.8-565.1) (5123 + 565.8)
1000 1076.12 £ 32.83 1056.12 + 24.24 1071.2 + 35.07

(1028.4-1085.4)

(1022.0-1088.4)

(1010.4-1093.8)

All metal concentrations were measured after acidifying water samples with hydrochloric acid. Control means water with or without the addition
of artificial sea salt but with no extra metal salts added. Only the respective metals were measured after being added to the water for the exposure

tests

Table 3 Results of linear regressions and correlations between concentrations of Cd*", Cu®* and Zn>* and fold induction of MT mRNA levels
in different organs of tilapia after exposure to Cd>*, Cu** and Zn>" in water with 0 10 and 20 ppt salinity

Organs Correlation results Cd Cu Zn
Gills R’ 0.1130 0.0007222 0.05047
Pearson r 0.3362 0.02687 0.2246
p (two-tailed) 0.2853 0.9339 0.4827
Correlation No No No
Intestine R? 0.7753 0.1992 0.9105
Pearson r 0.8805 0.4463 0.9542
p (two-tailed) 0.0002 0.1458 0.0001
Correlation Yes*#* No Yes#**
Kidney R? 0.7824 0.4264 0.8395
Pearson r 0.8846 0.6530 0.9162
p (two-tailed) 0.0001 0.0213 0.0001
Correlation Yes#** Yes* Yes#**
Liver R? 0.5298 0.7665 0.7568
Pearson r 0.7279 0.8755 0.8699
p (two-tailed) 0.0073 0.0002 0.0002
Correlation Yes** Yes#** Yes#**

The correlation is significant when * p < 0.05, ** p < 0.01, and *** p < 0.001
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involvement of metal transporters in metal uptakes in fish
tissues also warrants further investigation.

Conclusion

In conclusion, MT mRNA levels in the kidneys and livers
of tilapia can be used as biomarkers of exposure to Cd*™,
Cu?t and Zn*" in waters of different salinities. Although
salinity can decrease metal uptake in tilapia organs, the
levels of MT mRNA in the kidneys and livers correlated
with the concentrations of metal accumulated in the organs
and the levels of metal ions found in the surrounding water.
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