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A multibiomarkers approach was used in order to estimate and monitor marine pollution. Coris julis

(Linneaus, 1758) was chosen as a sentinel organism, and the specimens were collected from three well-

known sites along the Ionic coast of Sicily: the protected marine area (P.M.A) ‘‘Cyclop’s Islands’’ of

Acitrezza (CT), used as a control site, Riposto (CT), and the industrial site of Augusta (SR). Abiotic levels

of contaminants were also detected. High levels of biotic and abiotic accumulation were found at the

industrial site in which the presence of genotoxic and oxidative damage were also evidenced, measured

by Micronuclei, Alkaline and Fpg-modified Comet assays. The protein expression analysis showed

metallothioneins (MTs) as good tissue-specific markers of metal accumulation. Their levels were

significantly higher in muscle than in liver tissue for all the sampling sites, with a positive correlation

among tissue levels and the degree of pollution at the sites. Conversely, heat shock proteins 70 (HSP70)

expression was higher in Augusta and Riposto than in the control site, but no significant difference was

found between the examined tissues among all sites.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

Aquatic pollution, due to the growing levels of contaminants in
the marine environment, represents a serious and global problem
(Conti et al., 2012; Copat et al., 2012a, 2012b; De Andrade et al.,
2004b; Sasaki et al., 1997). Bioconcentrations of highly persistent
pollutants such as polychlorinated biphenyls (PCBs), polycyclic
aromatic hydrocarbons (PAHs), organochlorine pesticides and
toxic metals in species of marine organisms, and/or biomagnifica-
tion along the trophic chain, are considered to be one of the major
threats to human and ecosystem health.

Recent literature data shows the advantage of utilizing a
multidisciplinary approach in monitoring the acute and chronic
adverse effects caused by pollution (Huang et al., 2011; Jebali
et al., 2011; Knapen et al., 2007; Parolini et al., 2010; Sanchez
et al., 2007; Smolkova et al., 2004). As a matter of fact, the use of a
single-factorial approach to analyse the state of marine ecosystems
underestimates the complexity of anthropogenic impact and gen-
erally leads to an unclear, distorted and incomplete knowledge of
the consequences.
ll rights reserved.
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In fish, stress response can be considered an early pollutants-
induced event that may elicit forms of cellular damage such as
different types of DNA damage (adduct formation, strand breaks,
changes in composition of DNA’s minor base, increase in the level
of DNA repair, oxidative DNA damage and apoptosis), and in
particular oxidative DNA damage, which is often used as an
indicator of the effects of pollutants in ecotoxicological studies
(Vijayavel and Balasubramanian, 2008). A wide literature (Akcha
et al., 2004; Fasulo et al., 2010; Frenzilli et al., 2004; Steinert et al.,
1998) establishes the positive correlation between site contam-
ination and DNA damage, confirming in particular that Comet and
Micronuclei assays are two useful tools in determining the
potential genotoxicity of water pollutants in monitoring pro-
grams, both in controlled and natural conditions (Buschini et al.,
2004; Matsumoto et al., 2006; Nwani et al., 2010; Rocha et al.,
2009; Russo et al., 2004). Furthermore, pollution modulates the
expression of some stress-related proteins, such as metallothio-
neins (MTs) and heat shock proteins (HSPs) (Padmini and Usha
Rani, 2008; Wang et al., 2007; Webb and Gagnon, 2009). MTs are
cytosolic and/or nuclear cysteine-rich proteins, selectively linking
their cysteine residues to Cu2þ and Zn2þ and other toxic metals
(Hellou, 2011). Thus, these proteins, involved in the mechanisms
of general responses to stress as well as in the tolerance and the
detoxification of heavy metals, have been proposed as a sensitive
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biomarker in the assessment of potential effects induced by metal
exposure (Flora et al., 2008; Ivankovic et al., 2005). HSPs, indeed, a
family of ubiquitous proteins, are considered the first line of
defence following exposure from high temperatures and many
other stressors, including xenobiotics and contaminants. There-
fore, they are commonly accepted as biochemical indicators of
toxicity index, providing a measure of proteotoxicity of pollutants
(Iwama et al., 1998; Kohler et al., 2007; Padmini and Usha Rani,
2008; Sanders and Martin, 1993).

The goal of our study was to select specific and good markers
useful in marine monitoring programs. The impact of the different
marine pollutants on Coris julis collected from different marine
sites of the Ionic coast of Sicily was evaluated. This teleost was
chosen as a model since it is widely distributed in the Mediterra-
nean sea and considered to be a good bioindicator (Bonacci et al.,
2003; Fasulo et al., 2010), including all criteria of fish bioindica-
tors species (Whitfield and Elliot, 2002).

In particular, our experimental project focused on detecting
different chemical parameters (PCBs, PAHs, organochlorine pesti-
cides and toxic metals in water and sediments, the muscle
bioaccumulation levels) as well as some biological markers to
evaluate early adverse effects of contamination: (i) DNA status by
both Micronuclei test and Comet assays, focusing on oxidative
DNA damage in blood and hepatic cells by Fpg-modified version
of Comet assay; (ii) the levels of HSP70 and MTs in the liver and
muscles.
2. Materials and methods

2.1. Study areas and tissue sampling

Field sampling was conducted at three different sites along the Ionic coast of

Sicily: (1) the protected marine area (P.M.A.) ‘‘Cyclop’s Islands’’ of Acitrezza (CT)

(371 330 ‘46.6300 N-151 090 ‘ 44.1900 E), which is only a hundred meters from the

coast, and includes a small harbour and numerous freshwater springs, which come

from the rural and volcanic hills (2) the rural and volcanic area of Riposto (371 430 ‘

24.7200 N-151 120 ‘ 43.4600 E), in which is situated the biggest touristic harbour of

Sicily; 3) Augusta harbour (371120‘40.3400 N-151130 ‘34.0800 E), a site that hosts one

of the biggest petrochemical plants in Italy and is on the list of Italian sites at

elevated environmental risk (Fig. 1).

Sea water temperatures during sampling procedure ranged between 18 and

21 1C at the Riposto and P.M.A sites, and between 19 and 21 1C at the Augusta site.

A total of 90 females of C. julis 4, 5 years old (average length of 15 cm) were

collected between May and June 2010 (n¼30 for each site). Fishes were promptly

transported to the laboratory for analysis in containers of 25 l filled with sea water

taken at the same time of sampling. In each container were placed only 5 fish to

avoid stress conditions and the travel time ranged from a minimum of 15 min

(PMA) to a maximum of 35 min (Augusta).

Blood samples were collected from the caudal vein with an heparinised

syringe. Then the specimens were sacrificed by a blow to the head and the liver

and muscle fillets were excised. Samples for the immunoblotting and Comet

assays analyses were processed immediately according to each analysis protocol;

for the chemical and micronuclei analyses, samples were stored at �80 1C until

analysis.
2.2. Chemical analyses of water and sediment

Water and sediment samples were collected in the three sampling sites,

during the collection of fish. Water was filtered on-site through Whatman filter

papers (porosity 0.45 mm). Sediment samples, characterized by a mixed granulo-

metry of sand and gravel, were taken using a grab technique to define the

characteristics of the area at the time of collection. The larger fractions of samples

were removed. Sediment and water samples were collected in specific containers:

teflon containers, previously treated with 1 M HNO3 for 12 h and then washed

with double-distilled water (Merck), were used for heavy metals analysis, whereas

amber glass bottles fitted with teflon-lined screw caps were used for the analysis

of organochlorine pesticides, PAHs and PCBs. Water samples were stabilized with

the addition of 1 ml of HNO3 65% for each 1-l sample for the analysis of chromium

(Cr), mercury (Hg), lead (Pb), cadmium (Cd), arsenic (As) and PAHs, while for the

analysis of chlorinated pesticides and PCBs the samples were stabilized with 1 ml

of HCl 37% for each 1-l sample, and stored at �4 1C.
2.2.1. Heavy metals

Water analysis was performed following the UNI EN ISO 17294–2:2005

method for As, Cr, Cd and Pb, and with the UNI EN 1483:2008 method for Hg.

Sediment analysis was performed with the 3051A and 6010C EPA methods. A total

of 0.25 gr of each sediment sample were mineralized with 6 ml of HNO3 65%

(Carlo Erba Chemicals), 1 ml of H2O2 (Carlo Erba Chemicals), and 1 ml of HClO4

65% (Carlo Erba Chemicals) with a 30 min operation cycle at 200 1C. After

mineralization, the samples were brought up to 40 ml by adding ultra pure water

(Merck), then divided into 2 aliquots of 20 ml each, one for the study of Hg and the

second for the study of the other metals. The sample used for the analysis of Hg

was first oxidized with 5% potassium permanganate (KMnO4), then neutralized

with 1.5% hydroxylamine hydrochloride (NH2OH �HCL). An ICP-MS Elan DRC-e

(Perkin Elmer) was used for Cr, Cd, As and Pb quantification in water and

sediments. Hg was analysed with a Flow Injection Analysis System 100 (FIAS)

(Perkin Elmer) using the cold vapour capture technique. Standards were prepared

on the basis of multi-element reference solution ICP Standards (Merck).

2.2.2. Polycyclic aromatic hydrocarbons (PAHs)

Water samples were extracted and purified with Pressurized Solvent Extrac-

tion (PSE) on C18 Bond Elut of 12 ml, in accordance with the analytical method

EPA 500.1. PAHs in sediments were extracted with an Accelerated Solvent

Extraction (ASE)—Fast PSE (LabService) following the analytical method EPA

3545A. Extracts were concentrated in a Büchi Syncore and then purified with

Gel Permeation Chromatography (GPC, LabService). PAHs analysis was carried out

with an HPLC Perkin Elmer 200 with UV and FL detectors, using certified standard

reference material 11647 PAH NIST.

2.2.3. Organochlorine pesticides

Water samples were extracted at neutral pH using the EPA 3520 method.

Using the EPA 3550 method, 10 g aliquots of sediment samples were extracted.

The extracts were purified with GPC (LabService), in accordance with the

EPA 3640 method. The analysis of organochlorine pesticide concentrations in

the extracts was carried out according to the EPA 8081A method, using Gas

Chromatography (GC) 2010 AF Shimadzu apparatus and certified standard

reference material multi-element Custom Pesticides (Restek).

2.2.4. Polychlorinated biphenyls (PCBs)

Extraction and purification steps were the same as those used for the

organochlorine pesticide chemical analysis (EPA 3520 and EPA 3550). The extracts

were then subjected to a sulphuric acid cleanup following the EPA 3665 method.

After cleanup, the extracts were analysed with the EPA 8082 method using GC

2010 AF Shimadzu apparatus and certified standard reference material mono-

element Custom PCB (AccuStandard).

2.3. Heavy metals accumulation in muscle

Using an heated mixture of strong acids, 1 g of muscle tissue per fish was

mineralized in a microwave system Ethos TC (Milestone). The method for animal

tissue requires a digestion solution prepared with 6 ml of HNO3 65% (Carlo Erba

Chemicals) and 2 ml of H2O2 30% (Carlo Erba Chemicals) with a 50 min. operation

cycle at 200 1C. After mineralization, the samples were brought up to 20 ml by

adding ultra pure water (Merck), then they were divided into two aliquots of

10 ml each: one for Hg measurement and the second for the other metals. The

sample for Hg analysis was oxidized with potassium permanganate 5% (KMnO4),

to obtain the conversion of organic Hg into inorganic Hg, then neutralized with

hydroxylamine hydrochloride (NH2OH �HCl) 1.5%. An ICP-MS Elan-DRC-e (Perkin

Elmer) was used for the quantification of As, Cd, Cr, Pb and Zn. Hg was analysed

with a FIAS 100 (Perkin Elmer) using the cold vapour capture technique. Standards

for the instrument calibration were prepared on the basis of the mono-element

certified reference solution AAS Standard (Merck).

2.4. Immunoblotting

HSP70 and MTs determination in muscle and liver was carried out by Western

blotting as previously reported in Tigano et al. (2009). Briefly, the fish tissues were

weighed, homogenized 1:10 (w/v) in a lysis buffer (Tris–HCl 40 mM, EDTA 25 mM,

0.2% SDS, pH 7.4) containing 1/100 (v/v) protease inhibitors (Sigma) and centri-

fuged. Total protein concentration in the supernatant was determined according

to the Bradford method (Bradford, 1976). Thirty micrograms of protein/lane were

analysed by minigel SDS-PAGE (8% for HSP70; 12% for MTs) and transferred to a

nitrocellulose membrane using Transblot (Biorad). The HSP 70 and MTs levels

were measured by incubating nitrocellulose membranes overnight at 4 1C with

mouse monoclonal primary antibodies specific for fish epitope anti-HSP70

(1:1000, cat. N. C92F3A-5 - Abcam) and anti-MTs (1:500, cat. N. 56262-QED

Bioscience Inc.) respectively.

The complex protein-primary antibody was detected using a HRP-

conjugated Ig-G anti-mouse secondary antibody (1:3000 Santa Cruz) by the



Fig. 1. Sampling sites along the Ionic coast of Sicily.
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chemiluminescent method. Quantitative measurements were performed by

densitometry analysis of the X-ray films with the Scion Image (4.03) program,

expressing values as arbitrary densitometric units (A.D.U.). The results repre-

sent the mean of three independent experiments performed in triplicate.

2.5. Comet assay

The test was carried out on whole blood and/or on isolated hepatic nuclei

following our standardized protocol (Tigano et al., 2009). Prior to the assay, the

viability of both erythrocytes and hepatic nuclei was assessed with trypan blue

and a cell viability of 85% was considered to be suitable for the comet assay. Fpg-

Comet assay protocol (Trevigen Fpg-flare kit s) was performed as previously

described in Tigano et al. (2009) in order to measure both total DNA fragmentation

and 8-dOH guanine by using Fpg enzyme, which specifically recognizes and

cleaves the purine oxidate bases in DNA generating strand breaks as a result of its

endonuclease activity (Collins et al., 1996). Electrophoresis conducted under

alkaline conditions (pH 12.1) enables the detection of single/double strand breaks,

abasic sites and others types of damage. For each sample, two slides with the

agarose embedded cells or nuclei (minigel) were needed and incubated for 40’ in a

humidity chamber, covering each minigel with 100 ml of working Fpg enzyme

solution (dilution 1:1000) or with 100 ml of Fpg Flare reaction buffer alone (kit),

considered as the negative control sample. The samples were analysed using a

fluorescence microscope (Leica) equipped with a camera and the CASP (1.2.2)

image analysis software. Each phase was performed in the dark and all analyses

were carried out in triplicate, scoring 50 randomly selected nucleoids per sample

and calculating the percentage of DNA present in the tail of comet (%TDNA) using

the ESCODD guidelines (ESCODD, 2003). In order to relate DNA damage to break

frequencies, the %TDNA values were converted to DNA break/109 Da/Gy standard

units. The reference values of TDNA% were assessed in separate experiments

through an indirect calibration obtained following exposure of C. julis erythrocytes
to X-rays according to Collins et al. (1996). In the case of 8-Oxo-dG measurement,

the %TDNA data was also expressed as a number of oxidised bases, breaks/106 bp

(altered bases/106 unaltered bases) (Griffiths et al., 2002).
2.6. Micronuclei assay

A drop of blood from caudal vessels was directly smeared on slides. The slides

were then air-dried, fixed in methanol for 10 min and stained with a 10% GIEMSA

solution for 15 min. For each slide, 2000 erythrocytes were scored using a light

microscope. Only the cells clearly isolated from the surrounding cells were scored.

Round or ovoid-shaped non-refractory particles similar to chromatin in colour and

structure, with a diameter of 1/3–1/50 of the main nucleus and clearly detached

from it were interpreted as micronuclei, while nuclear abnormalities were

classified as suggested by Carrasco et al. (1990).
2.7. Statistical analysis

One-way analysis of variance (ANOVA) was used to test differences in muscle

metal concentrations and blood micronuclei scores among sites, and a two-way

ANOVA was used to test for differences between sites and tissues for HSP70, MTs,

and DNA damage levels.

Furthermore, Spearman test was applied to test the correlation between each

of the fish biochemical parameters and muscle metals bioaccumulation to

evaluate the sensitivity of each biomarker to these pollutants. All analyses were

computed using the software SYSTAT version 9, Systat Inc., Evanston, IL, USA. We

applied p¼0.05as the minimum level of significance.



Table 1
Bioaccumulation of heavy metals in muscle.

Pb Cdn Crnnn Cunnn As Zn Hgnnn

P.M.A.
Mean 0.032 0.002 0.239 0.340 11,79 7.902 0.021

Sd 0.022 0.001 0.107 0.138 3.433 2.851 0.016

RIPOSTO
Mean 0.068 0.003 0.387 0.485 3.701 6.166 0.017

Sd 0.067 0.002 0.171 0.250 2.368 1.287 0.032

AUGUSTA
Mean 0.095 0.011 0.724 2.670 6.765 7.015 0.450

Sd 0.159 0.016 0.324 2.672 2.824 6.363 0.482

The values are: the mean concentrations of heavy metals (mg/kg wet w.) in the

muscle of C. julis (N¼30) and standard deviation (Sd). One-way Anova analysis.
n po0.05.
nnn po0.0001.
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3. Results

3.1. Chemical analyses of water and sediment

Our results were compared to quality standards for toxic
substances in aquatic environments set by the Italian Environ-
ment and Land Ministry (D.M. 367/2003; D. Lgs 152/2006).

The analysis of the samples from Augusta showed levels above
the limits set by Italian law for total PAHs (1.301 mg/l) and Cd
(5.065 mg/l) in water and total PAHs (2.420 mg/kg), benzo(k)-
fluoranthene (0.098 mg/kg), benzo(a)pirene (0.457 mg/kg), Hg
(1.789 mg/kg) and PCBs (0.067 mg/kg) in sediments. In contrast,
the chemical analysis at the Riposto and P.M.A sites revealed low
concentrations of contaminants both in water and sediments (by
referring to Appendix A for complete list of analyzed compounds’
results).

3.2. Bioaccumulation of heavy metals in muscle

One-way ANOVA testing showed a highly significant differ-
ence for Cd (po0.05), Cr, Cu and Hg (po0.0001) among the sites.
In particular, mean values of Cd, Cr and Cu showed an increase
trend P.M.A.oRipostooAugusta, instead Hg had the trend
Augusta4Riposto¼P.M.A. Furthermore, Hg concentrations were
above limits set by law (D.M. 1881/2006) in 10% of the total
analysed fish sampled in Augusta (Table 1).

Spearman test evidenced that Cr concentration has a positive
correlation with all biomarkers analysed (po0.001) except for
liver MTs (p¼0.053) and muscle HSP70 expression (p¼0.115).
The same happened for Hg (po0.001) except for liver MTs
(p¼0.365) and HSP70 expression in both tissues analysed (muscle
p¼0.415, liver p¼0.379).

3.3. Immunoblotting

Levels of MTs and HSP70, expressed as arbitrary densitometric
units (A.D.U.), were reported in Figs. 2 and 3, respectively. Two-
way ANOVA analysis revealed that MTs expression was signifi-
cantly different between tissues (po0.0001), being higher in
muscle than in liver and between sites (po0.0001), but there
was also a statistical significance in the interaction term between
site and tissue (p¼0.02), meaning that MTs had a different
classification at the 3 sites in each tissue. In particular, muscular
MTs levels of C. julis from Augusta were the highest and the
lowest MTs levels were found in both tissues of the P.M.A. fish
when compared with the samples of other sites. Conversely, the
HSP70 two-way ANOVA analysis, showed a significant difference
between sites (po0.001), but the expression was similar between
tissue (p¼0.139), and the interaction term between sites and
tissue was not statistically significant (p¼0.797). Again, the mean
values measured in both tissues at the P.M.A. were the lowest.

3.4. Comet assay

The averages of %TDNA in the comet tail for both whole blood
and hepatic nuclei samples were shown in Fig. 4. Total DNA
damage (FULL COLUMN: Buffer damageþOxidative damage) was
significantly higher in all the Augusta samples, compared with the
bioindicators of other sites. In particular, the total DNA fragmenta-
tion was higher in the hepatic nuclei (Augusta, 78%; Riposto, 48%;
P.M.A. 24%) than in blood cells (Augusta, 66%; Riposto 33%; P.M.A.
20%), as it also results when the damage is expressed as DNA
break/109 Da (Table 2). Two-way analysis confirmed that the total
DNA damage was significantly different across site (po0.0001)
and tissue (po0.0001), but the interaction term between the two
variables was not statistically significant (p¼0.15) (Fig. 4).
The degree of oxidative damage measured by the Fpg-Comet
assay resulted to be very similar in all the samples of the studied
areas (hepatic nuclei: Augusta 23.54%, Riposto 25.24%, P.M.A.
27,02 of total TDNA, respectively; blood cells: Augusta 24.5%,
Riposto 26.2%, P.M.A. 21%) when the data was expressed as a
percentage of ratio oxidative damage/total DNA damage. In
contrast, when the analysis of data was performed considering
the number of FPG-sites as 8-Oxo-dG/106 Gua, significant differ-
ences were observed in oxidative damage between Augusta and
the other two sites in both tissues examined, as reported in
Table 2. The levels of oxidative damage resulted to be the highest
in specimens collected in Augusta and the lowest in specimens
collected in the P.M.A. Two-way analysis revealed a significant
difference in oxidative damage between hepatic nuclei and blood
cells (po0.0001) and among sites (po0.001). Conversely to the
total DNA damage, the interaction term between site and tissue
for oxidative damage was statistically significant (po0.0001)
(Fig. 4 and Table 2).

3.5. Micronuclei assay

True micronuclei (fully detached, with a diameter of less than
one-third of the main nuclei) were found to be rare. Other nuclear
abnormalities, in particular ‘‘notched’’ nuclei, were common and
represented the largest majority of nuclear alterations. A higher
percentage of micronuclei and nuclear abnormalities in samples
from Augusta (70%) compared with specimens from Riposto (20%)
and the P.M.A (10%) were found. Two-way analysis of variance
showed indeed a significant difference of micronuclei and nuclear
abnormalities between sites (po0.001) (Fig. 5).
4. Discussion

This work studied C. julis (Linneaus, 1758) as a bioindicator and
relied on a multibiochemical approach in order to represent a
panel of markers useful in environmental biomonitoring programs.

Our research was performed at three different sites along the
Sicilian coast by measuring background contamination in abiotic
samples, metals bioaccumulation in muscle, MTs and HSP70
expression in liver and muscle, as well as DNA damage.

The chemical analysis of contaminants in water and sediments
of marine ecosystems is a preliminary investigation for assessing
anthropogenic impacts (Flammarion et al., 2002). In our research,
Augusta, one of the largest industrial sites in Italy, resulted to be
the most contaminated with the highest levels of PAHs, PCBs,
pesticides and heavy metals in water and sediments, sometimes
over the limits set by Italian legislation. However, traces of PAHs



Fig. 2. Metallothionein expression in muscle and liver of C. julis. The values,

expressed as arbitrary densiometric units (A.D.U.), are the mean7SD of three

independent experiments performed in triplicate. Two way analysis by sites

po0.0001, and tissue po0.0001, interaction term p¼0.02.

Fig. 3. HSP70 expression in muscle and liver of C. julis. The values, expressed as

arbitrary densiometric units (A.D.U.), are the mean7SD of three independent

experiments performed in triplicate. Two way analysis by sites po0.0001, and

tissue p¼0.139, interaction term p¼0.797.

Fig. 4. Results of the Comet assay for blood and liver. Values are expressed as

%TDNA (percent of DNA in the& comet tail). Total DNA & damage: Two way

analysis by site po0.0001 and tissue po0.0001, interaction term p¼0.15 %

oxidative damage: Two way analysis by site po0.0001 and tissue po0.0001,

interaction term po0.0001 þ : total DNA damage; percentage of oxidative

damage in respect to the total DNA damage.
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and metals at Riposto and the P.M.A. sites were also detected,
especially in sediments.

This data is in agreement with the higher bioaccumulation
levels of metals analysed in the muscle of C. julis (Linneaus, 1758)
specimens collected at Augusta, where only Hg was over the
limits set by EC Regulation 1881/2006 in 10% of cases. Although
the higher load of contaminants and exposure biomarkers were
found at the Augusta site, among muscle metals detected, only
Cr and Hg revealed a strong positive correlation with almost all of
the biomarkers analysed.

Particularly evident is the correlation between MTs expression
and degree of pollution, confirming that their expression levels
are influenced by various metals (Berthet et al., 2005; Hamza-
Chaffai et al., 2000; Rotchell et al., 2001; Sinaie et al., 2010).
Furthermore, confounding factors such as seasonal variation, age
and reproductive status, water temperature, types of tissue and
individual variation, could all contribute to MTs expression
modulation, interacting with each other or acting all together
(Shariati and Shariati, 2011).

Among these factors, temperature is well known to modulate
the aquatics specimens’ sensitivity to metals by affecting physio-
logical tolerance, energy demand and oxygen supply and/or
mitochondrial biogenesis (Sokolova and Lanning, 2008). However,
no variation in temperature was found among the three sites. So
the quantitative difference observed in MTs tissues expression
may reflect metal loading at a single point in time (Knapen et al.,
2007).

In agreement with van der Oost et al. (2003), the variation in
MTs expression among tissues evidences the more discriminative
power of muscle in respect to liver. These differences could be
due to: (i) the lower metal-binding capacity (metal uptake and/or
accumulation) of the liver in respect to the muscle, (ii) a distorted
mechanism of membrane transport, (iii) an altered mitochondrial
biogenesis with consequent reduced energy power or oxygen
supply, all induced by metal intoxication.

Moreover, it may be hypothesized that the presence of organic
contaminants reduces MTs synthesis by increasing the demand
for cysteine residues for the synthesis of GSH, a very important
cellular antioxidant molecule (van der Oost et al., 2003).

For the expression of HSP70, no difference has been found
between muscle and liver among sites. In our opinion, the
observed un-modulated expression of HSP70 at the Augusta site
compared to Riposto results by the suppression of the cytopro-
tective upregulation of molecular chaperone due to either simul-
taneous exposure to different stressors or high concentrations of
pollutants at this site (Ivanina et al., 2009). This is well-known as
hormetic adaptive response, which is characterized by a low-dose
stimulation and a high-dose inhibition, since a living organism
is not a passive entity but, rather, a dynamic unit that will
respond to damage signals with a coordinated series of tempo-
rally mediated repair processes, which are adaptive in nature
(Calabrese, 2008). The HSP70 decrease at high metal concentra-
tions was also attributed to pathological damage and inhibition of
protein synthesis in the cell (Clayton et al., 2000; Ivanina et al.,
2009). As previously shown by other authors in fish that are over-
whelmed by stress, HSP70 levels are suppressed (Kohler et al.,
2001), and, one stressor may increase resistance to another



Table 2
Determination of Fpg- sensible sites assessed by FPG-Comet Assay at pH 12.1.

P.M.A. Riposto Augusta

Blood Liver Blood Liver Blood Liver

Buffer pH 12.1 15.472.8 17.2373.1 24.472.6 36.674.6 49.973.6 60.274.7

Breaks/109 Dalton 0.43 0.53 0.74 1.43 1.74 2.17

FPG pH 12.1 19.573.1 23.6174 33.273.3 48.974.3 66.274.0 78.875.2

Breaks/109 Da 0.62 0.74 1.08 1.77 2.57 3.41

Fpg-sites/109 Da 0.19 0.22 0.34 0.34 0.837 1.24

8 oxo-dGua/106 Gu 0.11 0.13 0.21 0.21 0.51 0.76

Values expressed as %TDNA (mean7SD). Each value is averaged from three different experiments in which each sample was processed in duplicate. %TDNA are also

converted in: (a)Breaks/109 Da using for calculation of DNA break frequencies the calibration curve reported by Collins et al. (1996); (b) 8oxo-dGua/106 Gu using as

conversion factor 1 8-oxo-Gua per 109 Da is equivalent to 1 8-oxo-Gua per 0.61�106 Gua as reported by Griffiths et al. (2002).

% TDNA: Two way analysis by site po0.0001 and tissue po0.0001, interaction term p¼0.15% oxidative damage: Two way analysis by site po0.0001 and tissue

po0.0001, interaction term po0.0001.

Fig. 5. Frequency of micronuclei and other nuclear abnormalities. One way

analysis by sites po0.0001.
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stressor, until it reaches a threshold above which the animal is
unable to respond adequately or quickly to a stressful event (Basu
et al., 2002).

Recently Fasulo et al. (2010) have defined the increase
observed in both MTs and HSP70 expression in C. julis as a
defensive process elaborated by stressed fish to maintain func-
tions of the organs more exposed to the action of pollutants. This
hypothesis can fully explain our results for HSP70 expression in C.

julis from Riposto where HSP70 induction by low doses of
contaminants was observed. In addition, no significant change
in temperature was observed among the sampling sites such as to
justify a temperature induced HSP70 modulation, so we conclude
that the absence or the lowest concentrations of pollutants are
responsible for the lowest HSP70 levels measured in the P.M.A.

Other authors (Webb and Gagnon, 2009) reported a high
variation among individuals of Acanthopagrus butcheri in HSP70
levels in several tissue groups, and muscle provided the best
discriminatory power to elucidate spatial variability.

Utilizing Comet assay to examine DNA damage provided both
answers to the goal of the study and useful information about the
importance of the method in evaluating the data. In fact, when
the measurement of oxidative DNA damage was expressed as a
percentage of total DNA damage, it represented about 23–25% of
total damage and it did not vary among sites or tissues. Con-
versely when oxidative DNA damage was reported as 8-0xo-dG/
106 Gua, significant differences were observed among sites:
Augusta samples had the highest levels of oxidative damage
while the lowest were found in the P.M.A.

The Augusta samples also showed a higher DNA fragmentation
both in blood cells and in hepatic nuclei compared to Riposto and/or
the P.M.A. samples, reflecting well with the observed levels of
pollutants in water and sediments. Moreover, DNA fragmentation
was higher in hepatic nuclei than in blood cells, with a trend already
observed by us in Parablennius sanguinolentus (Tigano et al., 2009).
Furthermore, high levels of DNA fragmentation were recorded in the
liver of specimens of Scophtalmus maximus caught in an environment
rich in PAHs and heavy metals (Hartl et al., 2007). Thus, it is likely
that the liver bioaccumulates and biotransforms pollutants, causing
genotoxic effects and probably enhancing oxidative damage
(Ingelman-Sundberg and Hagbjork, 1982; Lemaire et al., 1994). In
addition, it must be considered that circulating cells are usually less
sensitive than hepatocytes or gill cells, since the erythrocytes have
both a low metabolising capacity and high turnover rates. In our
opinion, comet assay performed on fish-erythrocytes could be a
excellent short-term assay for a rapid and in vivo evaluation of
pollution in order to obtain a snapshot for a given point in time.

Comet assay data is largely confirmed by micronuclei analysis
showing a high percentage of abnormalities in the Augusta
samples compared to Riposto and/or the P.M.A. This data, in
agreement with other authors, indicates that there is an increase
in DNA damage in fish inhabiting polluted waters (de Andrade
et al., 2004a; Kligermann, 1982).

5. Conclusion

Our data, confirming the use of C. julis as a good bioindicator in
accordance with reported literature data (Bonacci et al., 2003; Fasulo
et al., 2010; Sureda et al., 2006; Tigano et al., 2004), evidence that:
i)
 It is important to measure several biomarkers in order to
correctly perform a biomonitoring program.
ii)
 There is a positive correlation at the Augusta site among
concentrations of PAHs and PCBs, MTs levels and DNA damage.
iii)
 The Comet assay and MTs muscle expression in C. julis,
represent a measurable biochemical response to water/sedi-
ment contamination, and may be considered valuable biomar-
kers in the assessment of pollution impact. However, tissue and
specimen specificity need to be considered, together with
variability in time and in the concentration of exposure.
iv)
 Attention should be paid in considering stress oxidative
biomarkers such as oxidative DNA damage (8-hydroxyguano-
sine) and HSP70 levels as universal and absolute biomarkers
because of hormetic effects and differences in response to
acute or chronic pollution impact.
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