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Abstract To assess stress level induced by multiple
stressors in aquatic organism, biomarkers have been
adopted as early warning indicator due to their high
accuracy, rapidity, and sensitivity. We investigated the
effects of ectoparasitic isopod infection on heavy metal
bioaccumulation (Fe, Cu, Zn, and Cd) in the fish Nemip-
terus furcosus and profiled the expression of metalloth-
ionein (MT) and heat shock proteins 70 (HSP70) genes of
the fish host. Sixty individuals (parasitized and nonpara-
sitized with Cymothoa truncata) were collected from three
sites differing in the levels of anthropogenic activities off
the South China Sea. Our results revealed no significant
difference in heavy metal concentrations between infected
and nonparasitized fish. We observed a positive correlation
between heavy metal bioaccumulation in the fish host and
anthropogenic activities. Accordingly, expression analysis
of MT genes in fish liver showed significant differences in
expression level between sampling sites, with lowest level
in the least exploited site (Batu Rakit). A reverse pattern in
HSP70 gene expression was demonstrated in fish muscle,
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showing the highest expression at Batu Rakit. While
cymothoid infection in N. furcosus had no significant
impact on fish MT gene expression, it resulted in a
reduction of HSP70 level in liver of parasitized fish. These
findings highlight the putative roles of MT in heavy metal
assessment. Future studies should determine the kinetics of
cymothoid infection and other potential stressors in char-
acterizing the HSP70 gene expression profile.

The discharge of heavy metals into the coastal ecosystem
may damage species diversity and ecosystem structure
(Dhaneesh et al. 2012). As the representative of the highest
levels in the aquatic food-web, fish may accumulate large
amounts of heavy metals from food and the aquatic envi-
ronment (Squadrone et al. 2013). Heavy metal accumula-
tion via polluted water or food may cause oxidative stress,
leading to a decreased reproductive ability and increased
pathogenic susceptibility in fish (Padmini et al. 2009). In
stark contrast to detrimental effects of pathogenic infec-
tion, fish infected by a range of parasites showed an inverse
correlation with heavy metal bioaccumulation (Sures
2008). Fish infected with intestinal acanthocephalans
accumulated less heavy metals in their tissues than unin-
fected fish (Sures and Siddall 1999), thus potentially reduce
adverse effects of heavy metals on fish health. Interest-
ingly, the ability of parasites to absorb essential metals
from the fish host has improved the capacity for metal
regulation mechanisms in the host. Despite the fact that
their effect on host metal accumulation functions have been
well described in a diverse group of fish endoparasites
(Sures and Siddall 1999; Oyoo-Okoth et al. 2010; Mariji¢
et al. 2013), no research has been conducted on the role of
parasitic ectoparasites in this aspect.
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Fish are one of the common sentinel organisms, which
are important as a biomonitoring device because they can
accumulate toxic metal pollutants from the surrounding
environment (Ameur et al. 2012). Whereas past environ-
mental assessments heavily relied upon conventional
metal analysis of fish tissues, recent development of
biomarkers have shown a significant breakthrough in
understanding physiological responses of fish towards
heavy metal bioaccumulation at the molecular level.
Excessive metal could enhance the expression of metal-
binding protein, such as metallothionein (MT) (Wang and
Rainbow 2010), and stress-induction protein, such as heat
shock protein 70 (HSP70), as part of the fish innate
immune defense against external stressors (Deane and
Woo 2006). Metallothioneins are low molecular weight
(6000-7000 Da), cysteine-rich (33 %), heat-resistant
cytosolic proteins, universally synthesized by all tissues in
an organism (Atli and Canli 2008). They assist in main-
taining the homeostasis of metallic ions, regulating the
detoxification processes and protect cells against oxidative
stress (Monserrat et al. 2007). Considered as metal-
specific biomarkers, MTs have been widely employed to
indicate the presence of heavy metals (Giguere et al.
2003). On the other hand, the Heat Shock Protein (HSP)
family has been identified in various organisms ranging
from bacteria to mammals and they have collectively
emerged as important molecular chaperones in protein
folding and repair mechanisms (Feder and Hofmann 1999;
Gupta et al. 2010). HSP70, proven as key component in
the first line of immune defense in refolding damaged
proteins, is the most sensitive biomarker to be used when
organisms are exposed to adverse stress conditions (Scheil
et al. 2009).

Considering the possible role of host-parasite interaction
into heavy metal bioaccumulation processes and the
potential of molecular biomarkers to be used in metal
pollutants assessment, we sought to explore these findings
in wild-caught demersal fish collected from the South
China Sea. Our study represents the first attempt to deter-
mine the effects of a parasitic isopod, Cymothoa truncata
on heavy metal bioaccumulation in its fish host, Nemip-
terus furcosus. We investigated the heavy metal levels in
the bioindicator species (fish host) and also put specific
emphasis on examining the magnitude of MT and HSP70
genes expression within the liver and muscle tissues in
parasitized and nonparasitized fish across three different
sampling sites differing in levels of anthropogenic activi-
ties. We demonstrated the first gene expression profiles of
MT and HSP genes in wild fish infected with the parasitic
isopod and suggest a role of these biomarkers in charac-
terizing heavy metal bioaccumulation and the stress level
in the fish host.

Materials and Methods
Sample Collection

Fish sampling was conducted at three selected sites as
shown in Fig. 1. Site selections were based on the levels of
anthropogenic activities along the coastal zones of the
South China Sea. Batu Rakit is the least exploited rural
area surrounded by lush forest with limited human activi-
ties, whereas Kemaman is dominated by petroleum and
steel industries. We assumed that Sedili is the most
exploited area, because it is a heavily industrialized centre
in the Southeastern region of Peninsular Malaysia with
large influx of fleet movements through the Straits of
Malacca. Fish were collected using trawl net and fish trap
and examined for the presence of cymothoids in both gill
and buccal cavity. Twenty specimens (n = 10 nonpara-
sitized fish; n = 10 parasitized fish) from each sampling
sites was used in this study. Before dissection, total length
(to the nearest mm) and weight (to the nearest gram) of all
individuals were measured (Table 1). Tissues samples
(liver and muscle) were extracted and stored at —20 °C for
heavy metal analysis and preserved in RNAlater (Life
Technologies, USA) for gene expression analysis.

Heavy Metal Quantification

Tissues samples were freeze-dried for 48 h in freeze-drying
system (Lab-Conco, USA). The microwave digestion sys-
tem Ethos I (Milestone, Italy) was used to digest the dried
fish tissues. Approximately 0.02 g of liver and 0.1 g of
muscle were taken and placed into digestion vessels. The
dried residues were dissolved in 4 ml HNOs/H,O, mixture
with a ratio of HNO3:H,0,, 3:1 at 200 °C. After comple-
tion of digestion process, the samples were diluted with
deionized water to a volume of 30 ml, and analyzed for
elements in an inductively coupled plasma mass spec-
trometer (ICP-MS-Perkin Elmer ELAN9000). Accuracy
and reproducibility of the reaction were tested by analysis
of standard reference material (DOLT-4, National
Research Council, Canada) along with each set of triplicate
samples (Table 2).

Gene Expression Analysis

Total RNA was extracted from 50 mg of tissue samples
using Trizol reagent (Life Technologies, USA), following
the manufacturer’s instruction. The concentration and
purity of total RNA were measured spectrophotometrically
using Scandrop 200 (Analytik Jena, Germany). Approxi-
mately 0.5 pg total RNA was converted to cDNA using
iScript Reverse Transcription Supermix (Bio-rad, USA).
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Table 1 Morphometric Sampling site Nonparasitized fish Parasitized fish
measurement of N. furcosus
from all sampling sites Length (cm)* Weight (g)* Length (cm)* Weight (g)*

Batu Rakit 21.8 £ 09 1349 £ 17.7 214 £ 1.0 130.1 &+ 20.3

Kemaman 213 +£03 116.4 £ 6.5 209 £ 0.7 107.1 £ 11.7

Sedili 205+ 0.6 106.7 £ 9.7 202 £ 0.7 100.1 £ 14

? Values are mean 4 SD

The primer sequences used in this study are listed in
Table 3. Real-time PCR was performed using 2x iTaq
Universal SYBR Green Supermix (Bio-rad, USA) on
MiniOpticon™ System (Bio-Rad, USA). Real-time PCR
was performed in a total reaction volume of 10 pl

@ Springer

containing 5 pl (1x) of iTaq Universal SYBR Green
Supermix (Bio-rad, USA), 0.2 ul (200 nM) of forward
primer, 0.2 pl (200 nM) of reverse primer, 0.5 pl of cDNA
template, and 4.1 pl of real-time PCR grade water (Life
Technologies, USA).
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Table 2 Metal concentrations (mean #+ SD pg g ') in the certified
standard material (Dolt-4) determined by ICP-MS

Metal Standard Certified value ICP-MS value  Accuracy (%)
Fe Dolt-4 1833.0 £ 75.0 1795.0 £ 2245 979
Cu Dolt-4 312+ 1.1 334 +29 107.1
Zn Dolt-4 116.0 £ 6.0 104.2 £+ 8.8 89.8
Cd Dolt-4 243 + 0.8 232 +24 95.4

We amplified three technical replicates using the fol-
lowing thermal cycling conditions: initial denaturation step
at 95 °C for 10 min, followed by 40 cycles at 95 °C for

15 s and 60 °C for 1 min, and finally 15 s at 95 °C, 1 min
at 60 °C, and 15 s at 95 °C. At the end of each reaction, a
melting curve analysis was performed from 60 to 95.0 °C
to ensure that only one specific amplicon was produced in
the reaction. The fluorescence intensities of the real-time
PCR products for each gene were measured by quantifi-
cation cycle (Cq) values. The Cq (y-axis) versus log cDNA
dilution (x-axis) was plotted. Fivefold serial dilutions were
conducted on cDNA to generate standard curve for esti-
mation of amplification efficiency. The amplification effi-
ciency (Ef) was calculated from the slope of the standard
curve using the following formula by Bio-Rad ( 2006):

Table 3 Primer sequences used

for Real-time PCR Gene Primer sequence (5'-3") Annealing Tm (°C) References
MT F: GCGAGTGCTCTAAGACTGGA 60 Man and Woo (2008)
R: ACTGGCAGCAGCTAGTGTCG
HSP70 F: AATGTTCTGCGCATCATCAA 60 Guardiola et al. (2014)
R: GCCTCCACCAAGATCAAAGA
EFla F: CTGTCAAGGAAATCCGTCGT 60 Guardiola et al. (2014)

R: TGACCTGAGCGTTGAAGTTG

F forward; R reverse; Tm annealing temperature; MT metallothionein; HSP70 heat shock protein 70
kilodalton; EF1o elongation factor la as reference gene

Table 4 Metal concentrations

Sampling site

Batu Rakit

Kemaman Sedili

(mean £ SD pg/g dry weight) Tissue Metal

in liver and muscle of

nonparasitized fish and

parasitized fish at three Liver Nonparasitized fish

sampling sites along the East Fe
Coast of Peninsular Malaysia

855.7 + 180.0°

1550.7 &+ 179.5° 1523.5 & 392.3°

Cu 14.94 + 2.32 16.95 + 2.44 17.12 + 5.08N8
Zn 80.7 + 10.3* 101.3 + 15.3° 1042 &+ 15.7°
cd 3.01 + 1.94* 422 + 1.48° 11.46 + 3.93°
Parasitized fish
Fe 845.4 + 228.2* 1348.6 + 452.6° 1456.4 £ 596.9°
Cu 13.59 + 1.68° 15.16 + 4.22° 19.57 + 3.63°
Zn 84.8 + 13.4° 98.0 + 14.1*° 114.6 &+ 12.2°
Cd 3.80 + 0.98* 4.80 + 2.02° 9.40 + 4.35°
Muscle Nonparasitized fish
Fe 21.91 + 3.62° 30.79 + 4.27° 27.13 £ 7.10°*°
Cu 1.74 + 0.24 1.64 + 0.15 1.63 + 039S
Zn 16.42 + 1.97 17.26 + 1.16 16.49 + 2.34S
cd 0.0045 + 0.0028 0.0043 + 0.0020 0.0038 + 0.0013"S
Parasitized fish
Fe 22.69 + 3.84 26.94 + 5.13 26.17 + 2.82N
Cu 1.57 £ 0.28 1.48 £ 0.22 1.55 £ 021N
Zn 15.84 & 1.56 16.73 & 1.54 16.37 &+ 2.20N8
cd 0.0037 + 0.0016 0.0037 + 0.0026 0.0044 + 0.0022NS

Values with different letters denote significant difference (P < 0.05) among sampling sites (one-way
ANOVA followed by post hoc Tukey’s test). NS indicates no significant difference for that analyzed
element. No significant differences in metal bioaccumulation were found between nonparasitized fish and

parasitized fish at each sampling site
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Table 5 Two-way ANOVA analysis showing interactive effects of
sampling sites (Batu Rakit, Kemaman and Sedili) and parasite
infection (nonparasitized fish and parasitized fish) on heavy metal
concentrations in fish tissues

Organ Metal F P value

Liver Fe

Site x nonparasitized fish 0.377 0.688
Site x parasitized fish
Cu
Site x nonparasitized fish 3.025 0.057
Site x parasitized fish
Zn
Site x nonparasitized fish 1.212 0.306
Site x parasitized fish
Cd
Site x nonparasitized fish 2.399 0.100
Site x parasitized fish
Muscle Fe
Site x nonparasitized fish 1.572 0.217
Site x parasitized fish
Cu
Site x nonparasitized fish 0.346 0.709
Site x parasitized fish
Zn
Site x nonparasitized fish 0.082 0.921
Site x parasitized fish
Cd
Site x nonparasitized fish

0.588 0.599

Site x parasitized fish

Ef = lo—l/slope
Efficiency = (Ef —1) x 100

Statistics and Data Analysis

Heavy metal data analysis was performed using SPSS
version 20 (IBM, USA). Heavy metal concentrations in fish
tissues were presented as means £ SD. The data were log
transformed to satisfy the assumptions of parametric sta-
tistical methods. Student ¢ test was used to compare heavy
metal concentration between parasitized fish and nonpara-
sitized fish at each sampling site. One-way ANOVA
analysis was performed to determine the differences of
heavy metal levels among sampling sites, followed by
Tukey’s test when there was significant differences among
sites (P < 0.05). Two-way ANOVA was analyzed to
investigate interactive effects of sampling sites (Batu
Rakit, Kemaman, and Sedili) and parasite infection on
heavy metal accumulation in N. furcosus.

@ Springer

Relative quantification of each gene expression level
was normalized according to the expression of the EFla
(elongation factor lo) reference gene for each biological
and technical samples using Relative Expression Software
Tool 384 v. 1 (REST). The transcription levels between
nonparasitized fish and parasitized fish, as well as tran-
scription levels in fish among sampling sites for each gene,
were compared and converted to relative fold changes by
the relative quantification method (Pfaffl et al. 2002).
Relative fold changes for each gene between nonpara-
sitized and parasitized groups as well as between sampling
sites were assessed for statistical significance (P < 0.05)
using a randomization test in the REST software. To
compare gene expression among sampling sites, Batu Rakit
was chosen as the reference site.

Results
Heavy Metal Bioaccumulation

To discover the role of parasitic isopods on heavy metal
accumulation in N. furcosus, heavy metal concentrations in
nonparasitized fish and parasitized fish were compared.
Our result indicated that no significant difference was
shown in metal bioaccumulation between nonparasitized
fish and parasitized fish at each sampling site for both liver
and muscle tissues (P > 0.05).

Concentrations of Fe, Cu, Zn, and Cd in liver and
muscle of nonparasitized and parasitized N. furcosus were
compared among three sampling sites (Table 4). For fish
liver, heavy metal levels in both nonparasitized (except Cu)
and parasitized fish were significantly different between all
sampling sites (P < 0.05). While Fe and Zn were elevated
in both nonparasitized and parasitized fish from Kemaman
and Sedili, Cu in liver of parasitized fish from Sedili was
significantly higher than those from Batu Rakit and
Kemaman. Noticeably, Cd was highest in fish from Sedili,
whereas there was no significant difference in Cd level
between fish from Batu Rakit and Kemaman.

For fish muscle (Table 4), all heavy metals in nonpar-
asitized fish (except Fe) and parasitized fish indicated no
significant differences among sites (P > 0.05). Although
Fe in muscle of fish from Kemaman was not significantly
different compared with that in fish from Sedili (P > 0.05),
it was significantly higher compared to that in fish from
Batu Rakit (P < 0.05).

Two-way analyses of variance (ANOVA) assessed
interactions between sampling sites and parasitic cymoth-
oid on heavy metal accumulation in fish tissues (Table 5).
However, we found no significant interaction between sites
and parasitic cymothoid (P > 0.05) for heavy metal con-
centrations in the collected fish.
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heat shock protein 70 (HSP70) gene (c) and (d) in liver and muscle of
parasitized fish were expressed as fold change over nonparasitized

Expression of MT and HSP70 Genes

Similar to the heavy metal data, the MT gene was not
significantly differentially expressed (P > 0.05) between
parasitized and nonparasitized fish at all sampling sites for
both muscle and liver tissue (Fig. 2a, b). However, gene
expression pattern of the HSP70 gene was inherently dif-
ferent from that of the MT gene (Fig. 2c). Although no
significant difference gene expression occurred in fish
muscle (P > 0.05) between the two fish groups (Fig. 2d),
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fish at each sampling site. Error bars represent standard error.
Asterisks indicate statistical significance (P < 0.05)

HSP70 gene expression was significantly down-regulated
in liver of parasitized fish at all studied sites. The expres-
sion level of HSP70 gene in parasitized fish was reduced by
0.51-fold, 0.55-fold, and 0.6-fold for individuals from Batu
Rakit, Kemaman, and Sedili, respectively.

Figure 3 depicted the comparison of MT gene expres-
sion among all sampling sites, in which Batu Rakit was
selected as the reference site. Liver of fish from Sedili had
the highest expression level of MT gene across all sam-
pling sites. In fact, the expression of MT gene in liver of
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nonparasitized fish from Sedili showed a 4.43-fold up-
regulation compared with individuals from Batu Rakit.
However, no significant difference was detected for MT
gene expression in fish muscle from all sampling sites for
both groups.

The expression of HSP70 mRNA expression in fish liver
was not significantly different among sampling sites
(Fig. 4a, b). In contrast, HSP70 was down-regulated in
muscle tissue of both nonparasitized and parasitized fish
from Kemaman and Sedili (Fig. 4c, d). The expression of
HSP70 gene in muscle of non-parasitized fish from
Kemaman and Sedili differed by 0.33-fold and 0.46-fold
relative to that in Batu Rakit, respectively. In muscle tis-
sues of parasitized fish, HSP70 expression was significantly
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lower by 0.55-fold (Kemaman) and 0.38-fold (Sedili) rel-
ative to Batu Rakit.

Discussion

A remarkable array of metal regulatory capacities of fish
parasites have been revealed in recent years, in which
parasites reduce metal levels in their fish host by competing
with their host for essential metal elements (Sures 2002;
Oyo0-Okoth et al. 2010, 2012). These parasites are capable
of absorbing various substances from the host gut,
including metal binding proteins (Jawale et al. 2011; Oyoo-
Okoth et al. 2012). The present study represents the first
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investigation of interaction between ectoparasites (a para-
sitic isopod) and heavy metal accumulations in fish tissues.
Unlike other fish parasites, such as acanthocephalans and
cestodes, our result demonstrated that these cymothoid
individuals are not directly involved in metal regulations in
their fish host, N. furcosus.

Overall, we observed a consistent trend in the concen-
tration for all heavy metals (Fe, Cu, Zn, and Cd) among
studied sites. Fish sampled from Sedili accumulated the
highest level of heavy metal, followed by individuals of
Kemaman and Batu Rakit. Concordant with other studies
(Kalay et al. 1999; Yilmaz 2003; Javed 2005; Ashraf et al.
2012; Squadrone et al. 2013), heavy metal bioaccumulation
in fish correlates positively with the level of aquatic pollu-
tion. Following exposure to heavy metal, these toxicants will
be accumulated through their gill, skin, or gut via food
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consumption (Weber et al. 2013). As expected, the sites with
highest level of anthropogenic activities along the East Coast
of Peninsular Malaysia, Sedili, and Kemaman displayed a
higher heavy metal concentration in the fish collected. Heavy
metals discharged from industrial and shipping activities in
these areas may be the main sources of pollution. Similarly,
bigeye scad (Selar crumenophthalmus) and oyster (Sac-
costrea cucullata) was found to have consistent pattern of
metal bioaccumulation with our results at the respective
sampling sites (Agusa et al. 2005; Fuad et al. 2013).

In recent years, a wide array of biomarkers has been
established to study potential ecological impacts of various
anthropogenic contaminants including metal elements on
aquatic organisms (Pina et al. 2007; Yudkovski et al. 2008).
The expression profiles of stress-related transcripts may rep-
resent a powerful ecotoxicology tool to measure the direct
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response of aquatic organism to external stressors. In this
context, the level of expression of the gene coding for met-
allothionein (MT), a metal-detoxicating protein in fish would
be measured to estimate the metal contamination level of
polluted sites. The main functions of MTs include antioxidant
defence and detoxification of both essential and nonessential
metals (Monserrat et al. 2007). In aquatic animals, MTs are
suggested as suitable biomarkers for heavy metal exposure
(Kim et al. 2012). However, very limited studies have
examined the roles of MT as bioindicator in wild fish popu-
lations (Knapen et al. 2007). Our findings revealed that the
expression profiles of the MT gene in liver tissue were con-
gruent with the heavy metal analysis, whereas MT gene
expression was observed highest in fish collected from Sedili.
These results have been anticipated, because Sedili is a
heavily industrialized area located near a river mouth, which is
contaminated with metal discharge from anthropogenic
activities. In fact, higher levels of MT transcript and protein
have been vastly documented in several teleost species, such
as striped seabream (Lithognathus mormyrus), rainbow trout
(Oncorhynchus mykiss), and gudgeons (Gobio gobio), all
collected from sites differing in pollution gradients (Tom et al.
1998; Farag et al. 2003; Knapen et al. 2007). Collectively, MT
expression demonstrated marked increase in expression level,
specifically at heavily polluted area compared with least
exploited control sites. Taken together, it appears that MT
gene is a highly sensitive biomarker to assess heavy metal
pollution in both fish and its habitat.

In contrast to transcript expression of MT gene in fish
individuals among sampling site, expression of HSP70 gene
was not correlated with heavy metal levels. Interestingly,
HSP70 gene expression in fish muscle from Kemaman and
Sedili were significantly lower than was observed in samples
from Batu Rakit (the least exploited site). Unlike the MT
gene, the HSP70 gene is a universal biomarker, which could
be induced by other environmental stressors, such as heat,
organic chemicals, and pathogenic infection (Ming et al.
2010). Our contrasting results, which show an inverse cor-
relation of HSP70 with metal pollutants, are particularly
noteworthy as this may reflect the presence of others stres-
sors on fish collected from Batu Rakit. Concomitant with this
assumption, we observed significantly lower HSP70
expression in fish infected with parasites across all sampling
sites. Notably, parasite infection incurs negative interference
with the fish host immune system by producing a variety of
molecules and enzymes damaging to host immune function
and protection mechanisms (Dzik 2006; Sures 2008).
Indeed, down-regulation of the HSP70 gene following par-
asitic infection was reported extensively, indicating the
likely specific response of HSP70 as molecular chaperone in
immunity defense against pathogenic invasion (Basu et al.
2003; Fazio et al. 2008; Frank et al. 2013). However, as
described previously, the parasitic cymothoid in our study
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has no significant effect on the heavy metal accumulation in
N. furcosus. Predictably, the MT expression was not signif-
icantly altered, which is consistent with its main role as
heavy metal chaperone. Clearly, our results emphasize that
parasitic cymothoids are not directly involved in heavy metal
accumulation in their fish hosts unlike many other
endoparasites, such as helminths (Sures and Siddall 1999;
Sures et al. 2003; Mariji¢ et al. 2013).

Conclusions

Our comparison between nonparasitized and parasitized
fish among sampling sites revealed that the cymothoid
parasite had no significant impact on heavy metal con-
centration in their host, N. furcosus. In this study, metal
concentration displayed significant variation among sam-
pling sites with the highest bioaccumulation level in fish
liver from Sedili. While there was no significant difference
in MT gene expression of nonparasitized fish and para-
sitized fish, HSP70 gene expression was lower in the liver
of parasitized fish. The down-regulation of HSP70 tran-
scription level showed that parasites caused a decrease in
fish’s HSP70 gene expression. The present study also
demonstrated that while HSP70 gene expression in fish
liver was not related to the pollution gradient, MT levels
increased in parallel with the pollution level of sampling
sites. The highest level of MT expression gene was
observed in the liver of fish collected from Sedili. Based on
these findings, MT gene expression is suggested as a
potential biomarker for heavy metal pollution. Our present
study advances our knowledge of the role of ectoparasites
on heavy metal accumulation and biomarker expression in
fish hosts, which represent another step forward towards a
more comprehensive aquatic environment assessment and
management. Further research is recommended to deter-
mine the role of cymothoid parasites on metal regulation
functions and expression of stress and immunity genes in
different fish species.
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