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Abstract

A set of biomarkers were used to evaluate the environmental quality of a ma-
rine area along the Sicilian Tyrrhenian coast, subjected to a high anthropic im-
pact. Biological responses to environmental stress were investigated in a commer-
cially valuable fish, the red mullet Mullus barbatus (L. 1758), which has also been
recommended as one of the most important sentinel organisms for the Mediter-
ranean sea (UNEP/RAMOGE, 1999). Liver cytochrome P4501A levels, measured as
ethoxyresorufin-O-deethylase activity, glutathione S-transferase and UDP-glucuronosy
transferase activities were detected as specific biomarkers of exposure to PCBs and
PAHs. In order to investigate the impact of other anthropogenic chemicals widely
present in marine coastal areas due to agricultural run-off, acetylcholinesterase ac-
tivity was also measured. Vitellogenin gene induction was assayed in adult male
specimens as a biomarker of exposure to estrogenic compounds. Gonad develop-
mental stage and gonad alterations, such as intersexuality and/or fibrosis, were also

investigated histologically to assess potential disturbances in reproduction.

1 Introduction

The NW Mediterranean Sea is the recipient
of extensive urban and industrial wastew-
ater discharges from bordering countries,
through continental runoff, sewage sludge
disposal, and atmospheric deposition. It
is estimated that up to now more than
100.000 chemical compounds and xenobi-
otics have been produced by chemical in-
dustry, many of which are persistent: be-

cause of their ability to bind to organic mat-
ter, they may accumulate up the food chain,
especially in species at the apex of the
chain itself [1, 2], constituting a potential
risk factor for the entire marine biotic com-
ponent, but also for humans, as final con-
sumer. The primary toxicity of a contam-
inant is exercised primarily at biochemical
and molecular levels and only later the ef-
fects may be observed, by a cascade mech-
anism, through the hyerarchical ladder of
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the organization (organelle, cell, tissue, in-
dividual) until reaching the population [3].
Regarding biochemical responses of fish
to aquatic pollutants, the mixed func-
tion oxidase system P450 is known
to play a major role in the oxida-
tive metabolism/biotransformation of toxic
compounds such as chlorinated and aro-
matic hydrocarbons [4, 5, 6]. The induc-
tion of EROD activity has been success-
fully used in assessing environmental pol-
lution as specific markers of exposure to
PCBs and PAHs in a variety of fish species
[5, 7].

The inhibition of AChE activity is a spe-
cific biological effect of exposure to agri-
cultural pesticides including organophos-
phates (OPs) and carbamates (CBs) [8]
but more recently, its field application in
biomonitoring programmes on fish species
has been reported to be less specific, thus it
is now emerges as a more general marker
of exposure to neurotoxic contaminants in-
cluding heavy metals and organochlorines
[9, 10].

Some xenobiotics compounds, called En-
docrine Disruptors Compounds (EDCs),
can interfere at various levels and through
different mechanisms, with the normal hor-
monal regulation of organisms. Numer-
ous studies on EDCs highlight the repro-
ductive disorders induced by them, such
as decrease in the number and quality of
eggs [11, 12, 11], changes in the number
and viability of sperms [13, 14], alterations
in sexual differentiation and development
[15], intersexuality [16, 17, 14], stimu-
lation of estrogen receptors in immature
males, stimulation of hepatic vitellogene-
sis in males and juveniles [18, 19, 17, 20].
In ecotoxicological studies the use of a
wide battery of biological responses is rec-
ommended since single biomarkers cannot
reflect impairment of an organism’s health
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and/or adaption to impaired environmental
conditions [21, 22].

The selected bioindicator fish species,
Mullus barbatus, is widely used in en-
vironmental monitoring programs in the
Mediterranean Sea [23, 24, 25, 26, 14, 27,
28, 29]. The red mullet is a benthic species,
wide distributed and easy to find, consid-
ered of high commercial value and with
well-known biological features [30, 31],
which because of its territorial character-
istics (habitat, feeding mode and degree of
mobility),is suitable for biomonitoring in-
vestigations [32, 33]. Due to their close
association with sediments these fish tend
to concentrate contaminants to a higher de-
gree than other species.

In this paper, a set of biomarkers were used
to evaluate the environmental quality of a
coastal marine area with high anthropic im-
pact. The effects of exposure to chemical
contaminants were investigated in a sen-
tinel species, the red mullet M. barbatus
(L., 1758) and responses to environmental
stress were detected.

2 Materials and methods

2.1 Study area

The area selected to carry out this study
lies in the Tyrrhenian sea, along the north-
ern coast of Sicily (Figure 1). The selec-
tion of the sampling sites was as follows:
site 1, a low impacted area, close to cape
Tindari, characterized by being a not taken
zone; site 2 (7 Km far from site 1), a mod-
erately impacted area within the gulf of
Patti, recipient of both urban and agricul-
tural drains; and site 3 (30.65 Km far from
site 1), just in front of Milazzo, affected by
the presence of an oil refinery, as well as by
a most important commercial harbour.
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Figure 1: Study area with sampling sites.

Target gene Primer secquenics Amploonsize Anneding
Foward Eerverse (mucleotides) temperature (720

Vig CAGGGAGAAGATGACCCAGAT AGAGATGCCCTCACCCTITG 126 59

f-zctin CAGGGAGAAGATGACCCAGAT GATACCGCAGGACTCCATACC ~430 57

Table 1: Primer pair sequences, amplicon size and annealing temperatures used for vitel-

logenin expression analysis.

2.2 Sampling

Red mullets, Mullus barbatus (mean LT
4+ SD) were collected by trawl surveys
in June 2007 and January 2008 at 50 m
depth. After sexing macroscopically, total
length (TL, cm) and body weight (BW, g)
of males were recorded. Liver and brain
were frozen in liquid nitrogen and stored at
-80 °C, until laboratory analysis. Gonads
were fixed for 24 h in Bouin’s solution and
stored in 70° ethanol for subsequent histo-
logical analysis.

2.3 Biochemical and catalytic
assays

Cytosolic and microsomial fractions
were prepared according to Corsi et al.
[34]. Liver microsomal 7-ethoxyresorufin-
O- deethylase (EROD) activities were
measured in duplicate according to the
spectofluorimetric assays of Burke and
Mayer [35] using a Perkin-Elmer LS50B
luminescence spectrofluorimeter. UDP-
glucuronosyltransferase activity was per-
formed according to Aitio[36] modified
by Collier et al. [37]. The glutathione S-
transferase activity was measured by the
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Figure 2: EROD activity levels (pmol min™

different sites and two sampling periods.

spectrophotometric method described by
Habig et al. [38] modified for microplate
readers. AChE activity was measured on
microplate by the method of Ellman et al.
[39]. Total proteins were measured ac-
cording to Bradford [40] and total proteins
concentration was expressed in mg-ml 1.

2.4 Total RNA isolation and
reverse transcription poly-
merase chain reaction (RT-
PCR)

The expression of the vitellogenin gene
was qualitatively investigated on 45 and 14
male specimens from the summer and win-
ter surveys, respectively. In particular, in
June 16 from site S1 (size range 13.5-22
cm), 21 from site S2 (size range 15-22),
and 8 from the site S3 (size range 15.5-

2086

! mg prot—! + s.d.) in M. barbatus in three

20 cm), and in January 8 from the site S1
(size range 12-19.5 cm), 3 from site S2
(size range 16-19 cm) and 3 from site 3
(size range 12.5-16.5 cm) were collected.
The small number of individuals analyzed
for the winter survey was caused by the
loss of some samples. Six females, one
per survey and site, were analyzed as pos-
itive control. Total RNA from liver tis-
sue was extracted in Trizol reagent, fol-
lowing the procedure recommended by the
manufacturer (Invitrogen). The total RNA
was digested with RNase free DNases to
remove endogenous DNA contamination.
Primer pair sequences, their amplicon size
and annealing temperatures are shown in
Table 1. All primer pairs gave a single
band pattern for the expected amplicon size
in all reactions, and no amplification oc-
curred in RT reactions without enzymes.
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Figure 3: EROD activity levels (pmol min~

of M. barbatus.

1 pg of total RNA from each liver sample
was used to synthesize cDNA. The frag-
ments of genes of interest, vitellogenin and
[-actin (used as housekeeping gene), were
subsequently amplified in Thermal cycler
MX3000 (Statagene). PCR was carried out
in a 20 pl reaction mixture and conducted
at 95°C for 15 min, 32 cycles of denatura-
tion at 94 °C for 30 s, annealing at 57 °C
for 30 s, extension at 72 °C for 1 min, and
terminated for 10 min at 72 °C. The PCR
products were visualized by electrophore-
sis in agarose with ethidium bromide stain-
ing.

2.5 Histological analysis

Gonadal samples were dehydrated in a
graded series of ethanol, cleared in xy-

! mg prot—! 4 s.d.) in different size classes

lene, embedded in resin, cut in 5 pm-thick
sections and stained with haematoxylin-
eosin. Testes were staged for maturity as
follows: immature/resting (only spermato-
gonia) (stage I); developing (spermatocytes
and spermatids, no spermatozoa) (stage II);
maturing (all spermatogenic stages, includ-
ing spermatozoa, in the seminiferous lob-
ules (stage III); running (spermatozoa in
the main sperm duct) (stage 1V); spent-
recovering (residual spermatozoa and sper-
matogonia) (stage V). The gonads were
also examined for histopathological alter-
ations, such as necrosis, degeneration, fem-
inization, and/or delayed or arrested ga-
mete development.
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different sites and two sampling periods.

2.6 Statistical analysis

Biochemical activities were determined in-
dividually in 3-8 specimens per station, and
the data are reported as mean + S.D. The
statistical analysis of data was done using
one-way analysis of variance (ANOVA).
The homogeneity of variances and the nor-
mality of data were checked using re-
spectively Levene’s test and Kolmogorov-
Smirnov test, respectively. A p value <
0.05 was considered as statistically sig-
nificant. Data on EROD, GST, UDPGT
and AChE were compared between survey,
sites and size classes.

3 Results

7-ethoxyresorufin-O-deethylase activities
for the three sampling sites in both sur-
vey (June 2007 and January 2008), are
shown in Figure 2. These were signif-
icantly higher (p<0.001) in the samples

2088

! mg prot—! & s.d.) in M. barbatus in three

from site 3 than in the other sample sites,
both in summer and winter survey. There
were no significant differences between
sites 1 and 2 (p=0.97). No significant dif-
ferences were noted in EROD activity be-
tween the summer and winter sampling,
in either site 1 (p=0.34), 2 (p=0.42), or 3
(p=0.50). Comparing enzyme activities be-
tween two size classes (< 17 cm and > 17
cm), corresponding to younger and older
than 1 year, respectively (Project CAMP-
BIOL, 2006), it was evidenced that larger
individuals showed a greater induction of
EROD activity (Figure 3).

Particularly, there was a significant differ-
ence between size (p < 0.001) in sites 1 and
3, but not in site 2 (p=0.50). Comparing
the two size classes in the two sampling pe-
riods and different sites investigated, there
was no significant difference in summer for
site 1 (p=0.22) and site 2 (p=0.74), while
in site 3, the two size classes were signifi-
cantly different (p < 0.05). In twinter sur-
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Figure 5: GST activity levels (nmol min~—!

different sites and two sampling periods.

vey EROD activities were significantly dif-
ferent between sizes in site 1 (p < 0.01)
but not in site 2 (p=0.06). The number of
samples in site 3 was insufficient for com-
parison.

The results of UDPGT and GST activities
are presented in Figures 4 and 5, respec-
tively. The UDPGT activities ranged be-
tween 2 and 4.4 nmol min—! mg prot~!,
and they did not show significant differeces
between sampling sites (S1: p=0.84, S2:
p=0.55, S3: p=0.72). There were no sig-
nificant differences between the levels of
UDPGT activity in the summer and win-
ter sample period, either in site 1 (p=0.85),
2 (p=0.19) or 3 (p=0.10). Comparing the
different size classes, no significant differ-
ence was found in any of the three sites (S1:
p=0.84, S2: p=0.55; S3: p=0.72). Com-
paring the UDPGT activity for the two size

mg prot~! + s.d.) in M. barbatus in three

classes in the two sampling periods and in
different sites, there was no significant dif-
ference either in the first year (S1: p=0.66,
S2: p=0.52, S3: p=0.62), nor in the second
(S1: p=0.90, S2: p=0.22, S3: insufficient
number of samples for comparison).

The GST activities ranged between 32.2 to
59.4 nmol min~! mg prot—! and revealed
significant seasonal differences (p<<0.001),
but no differences between sites (p=0.64).
No significant difference between size
classes was found in any of the three
sites (S1: p=0,31; S2: p=0,31; S3:
p=0,62). Comparing the GST activity for
size classes in the two sampling periods
and in different sites, there was no signif-
icant difference either in the first year (S1:
p=0.23, S2: p=0.10, S3: p=0.30), nor in the
second (S1: p=0.87, S2: p=0.26, S3: insuf-
ficient number of samples for comparison).
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Figure 6: ChE vs ASCh activity levels (nmol min~! mg prot—! + s.d.) in M. barbatus
expressed in three different sites and two sampling periods.

The results of the analysis of acetyl-
cholinesterase activity of M. barbatus are
shown in Figure 6. Inhibition of AChE was
significantly greater in site 1 and 2 (Gulf of
Patti) both in first (p;0.05) and in the sec-
ond survey (p;j0.01) than in the site 3 (Mi-
lazzo refinery). No significant difference
was observed between the AChE activities
of the specimens collected from these two
sites, either in the June (p=0.92) nor in Jan-
uary (p=0.70).

Regarding the comparison of data for the
two surveys, there were no significant dif-
ferences in this enzyme activity between
summer and winter survey, either in site
1 (p=0.42) or site 2 (p=0.13) or site 3
(p=0.53).

Regarding the comparison between size
classes, it wasn’t significant difference in
any of the three sites (S1: p=0.30; S2:

2090

p=0.76; S3: p=0.46). Comparing the
ACHhE activities for the two classes of size
in the two sampling periods and in different
sites, there was no significant difference ei-
ther in the first (S1: p=0.64, S2: p=0.85,
S3: p=0.68), nor in the second survey (S1:
p=0.35, S2: p=0.14, S3: insufficient num-
ber of samples for comparison).
Vitellogenin gene was found to be ex-
pressed only in a specimen of 16 cm taken
from site 3 in summer survey (Figure 7).
All the examined individuals from the three
sites had testes at maturity stages III and
IV, in both summer and winter samplings
(Figures 8 and 9). None of the examined
specimens showed any signs of histopatho-
logical alterations, such as necrosis, degen-
eration, feminization, and/or delayed or ar-
rested gamete development.
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Figure 7: Vitellogenin gene expression in a male from S3 site (right). On the left, expres-
sion of the housekeeping gene (3-actin). + and - indicate respectively the positive and
negative control. A marker of 100 bp was used.

4 Discussion and conclu-
sions

The use of biological markers, measured
at a molecular or cellular level, has been
proposed in the last ten years as a sensi-
tive early warning tool for the measure-
ment of biological effects in environmen-
tal quality assessment [41]. The analysis
of induction of cytochrome P450 enzyme
activities in fish is one of the most effective
biomarkers in the measurement of environ-
mental quality, and several studies of envi-
ronmental monitoring have found an induc-
tion of the activities of this multi-enzyme
complex in relation to presence of anthro-
pogenic sources of pollution, such as in-
dustries, urban sewage and harbours.

It is known that the mixed-function
monooxygenase is induced by PAHs, but
also from other compounds, such as poly-
chlorinated dibenzo-p-dioxins, polychlori-
nated dibenzofurans and PCB congeners in

many species of fish [42, 43, 44, 45, 4, 46,
47].

In the present study, the highest EROD
activity was measured in both summer
and winter surveys in samples from site
3 (Milazzo), with values comparable to
those reported by Porte et al. [28] in an
area influenced by both urban and indus-
trial wastes from Marseilles (about 650
pmol/min/mgprot). In fact, the Milazzo
area is known as one of the most contami-
nated in the Mediterranean sea [24], being
characterized by continuous discharges of
pollutants deriving from oil processing., as
well as from ship traffic, manoeuvring for
loading and unloading of oil tankers and
discharging of ballast waters. Moreover, a
little further east of the oil refinery, the river
Niceto flows, another possible source of
contaminants inducing CYP450. Contami-
nation by PAHs and heavy metals has sub-
sequently been reported in sediments from
the same area [48].
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Figure 8: Histological section of a M. barbatus testis at stage III (maturing).

Sites 1 and 2 showed EROD activities
significantly lower than site 3, but they
were however moderately impacted, be-
cause the values in these sites are still
high, compared to those reported in the
literature from Burgeot, [24] (4.9-19.4
pmol/min/mg prot) and Corsi [25] (2.5-
17.5 pmol/min/mg prot) for areas not in-
dustrialized. There were no significant dif-
ferences between these two sites, probably
because, although distant from each other
(7 Km), both fall within the Gulf of Patti.
This closed area, as reflected in the data
provided by stations of the Air Weather
Service of Messina, is characterized by
winds coming mainly from the northwest-
ern quadrant, which at low depth (up to 100
meters), are responsible of the South-East
currents insisting on the coast. This causes
a movement of water within the Gulf of
Patti that goes from site 1 to site 2.

It is known that gonad activity may in-
fluence P450 cytochrome activity in fe-
males, as demonstrated by EROD activity

2092

decreasing [49], or being totally inhibited
[50] during the spawning season. For this
reason, enzyme activities were assayed in
males, and, as expected, they did not show
any significant seasonal differences. On
the other hand, the size of the fish seems to
have an influence on EROD activity, with
significantly higher values in larger speci-
mens (;, 17 cm). These are older individuals
(¢, 1 year), which may have been exposed to
contaminants for a longer time, with conse-
quent increase of detoxificating activity.

GST and UDPGT enzymes, involved in
phase II detoxification process, are sensi-
tive to exposure to PAHs [51, 52]. Al-
though GST and UDPGT activities are
used as biomarkers in environmental mon-
itoring programs, these indicators are less
sensitive than the enzyme activity of phase
I. From the results obtained in this study
the GST and UDPGT activity appeared
lower than those reported in the literature
by Regoli et al. [21] and Burgeot et al.
[24]. In particular, UDPGT did not change
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Figure 9: Histological section of a M. barbatus testis at stage IV (running).

significantly either between sites or sea-
sons, unlike GST, which appeared to be af-
fected by seasonality.

A significant inhibition of cholinergic en-
zyme AChE was recorded in brain tissue
of red mullets in site 3, with values around
250 nmol/min/mg prot. AChE activity
showed no significant differences between
sites 1 and 2, where there have been similar
values to those reported by Lionetto et al.
[26] (70-130 nmol/min/mg prot) in harbour
areas. More than organophosphate and car-
bamate insecticides, the AChE can also be
inhibited by heavy metals, which could ex-
plain the values so high (almost twice) of
this enzyme activity in site 3 highly indus-
trialized and adjacent to the harbour of Mi-
lazzo. The results may suggest the expo-
sure of red mullets to the AChE inhibitor
compounds in sediments in front of the re-
finery and the harbour area of Milazzo.
Most studies on the aquatic environment
have evaluated the content of specific en-
docrine disruptors in surface waters [53,

54], in effluents from sewage treatment of
civilian discharges [55, 56] and industrial
discharges. Martin-Skilton et al. [14] in-
vestigated gonadal changes caused by en-
docrine disruption in M. barbatus in the
North-West Mediterranean. These Authors
reported delayed gamete maturation, inter-
sexuality and fibrosis in fish from a highly
impacted area, near the city of Marseille.
These phenomena were more evident dur-
ing the reproductive period (spring). In
our study, however, although biomolecu-
lar analysis revealed the induction of vitel-
logenin gene in a single specimen from the
Milazzo site, suggesting exposure to xe-
noestrogens, histology showed no patho-
logical changes of the gonads, such as fi-
brosis or feminization, or inhibition of ga-
mete maturation. Therefore, the reproduc-
tive potential of these specimens was not
affected by exposure to contaminants. His-
tological analysis of female gonads is cur-
rently under way in order to validate further
the results obtained so far.
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