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Abstract The study reported here is part of an ongoing
effort to establish sensitive and reliable biomonitoring
markers for probing the coastal marine environment.
Here, we report comparative measurements of a range of
histological, cellular and sub-cellular parameters in
molluscs sampled in polluted and reference sites along
the Mediterranean coast of Israel and in the northern tip of
the Gulf of Aqaba, Red Sea. Available species enabled an
examination of conditions in two environmental ’com-
partments’: benthic (Donax trunculus) and intertidal
(Brachidontes pharaonis, Patella caerulea) in the
Mediterranean; pelagic (Pteria aegyptia) and intertidal
(Cellana rota) in the Red Sea. The methodology used
provides rapid results by combining specialized fluores-
cent probes and contact microscopy, by which all
parameters are measured in unprocessed animal tissue.
The research focused on three interconnected levels. First,
antixenobiotic defence mechanisms aimed at keeping
hazardous agents outside the cell. Paracellular permeabil-
ity was 70–100% higher in polluted sites, and membrane
pumps (MXRtr and SATOA) activity was up to 65%
higher in polluted compared to reference sites. Second,
intracellular defence mechanisms that act to minimize
potential damage by agents having penetrated the first
line of defence. Metallothionein expression and EROD
activity were 160–520% higher in polluted sites, and
lysosomal functional activity (as measured by neutral red
accumulation) was 25–50% lower. Third, damage caused
by agents not sufficiently eliminated by the above

mechanisms (e.g. single-stranded DNA breaks, chromo-
some damage and other pathological alterations). At this
level, the most striking differences were observed in the
rate of micronuclei formation and DNA breaks (up to
150% and 400% higher in polluted sites, respectively).
The different mollusc species used feature very similar
trends between polluted and reference sites in all
measured parameters. Concentrating on relatively basic
levels of biological organization—the molecular and
cellular level—the parameters measured may have the
capacity not only for biomonitoring environmental qual-
ity, but also for early warning.
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Introduction

The Mediterranean Sea and the northern part of the Gulf
of Aqaba (Red Sea) serve as examples of over-exploited
seas disturbed by heavy effluent loads (Fishelson 1973;
Herut et al. 1993, 1994, 1995), intense maritime trans-
portation and diverse human activities along the coasts,
all of which pose a continuing threat to the marine
environment, and in some cases also to public health (e.g.
Baudart et al. 2000). Recent studies indicate that these
regions are being exposed to serious disturbances and are
experiencing significant changes (e.g. Bresler and Fishel-
son 1994; Fishelson 1995; Bresler et al. 1998). While the
concentrations of some types of pollutants seem to have
declined [for recent measurements of several organic
pollutants and metals see Herut et al. (1999); Kress et al.
(1999)], the deterioration of the environment and its biota
persists (Fishelson et al. 2002). Moreover, a screening for
organic pollutants and trace elements conducted within
the framework of the MARS 2 project indicates enrich-
ment of a number of regions along the Mediterranean
coast of Israel (Feldstein et al. 2003). In order to take
preventive or remediation measures towards the conser-
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vation of the deteriorating habitats and the species
inhabiting them, sensitive and reliable systems must be
established and calibrated for monitoring marine pollu-
tion.

While it is possible to utilize direct chemical analyses
of water and sediment which are usually very sensitive
and accurate, monitoring systems which employ direct
analysis do not necessarily reflect the true ecological
state, for several reasons [for a detailed discussion see
Phillips and Rainbow (1994)]. First, the number and range
of pollutants known to be discharged to the environment
far exceeds the capability of available chemical tests, not
to mention unknown pollutants. Second, pollutants may
act synergistically, which limits the value of direct
measurements dramatically. Finally, the true threat to
the environment and its inhabitants also depends on the
biological availability of suspected agents, which cannot
be accounted for by chemical means. Biomonitoring—the
use of biological responses of selected organisms for
environmental monitoring—overcomes these problems.
Biomonitoring can be applied at various levels of
biological integration, from the ecosystem and commu-
nity at the top of the hierarchy, down to the cellular and
molecular levels. The number of responses that can
potentially serve for biomonitoring is very large, corre-
sponding to the wide range of biological responses
elicited by environmental pollution (ranging from pre-
ventive responses, through stress responses to eventual
mortality; see Phillips and Rainbow 1994). Nevertheless,
considerable attention has been focused on mechanisms
directly involved in avoiding or processing environmental
pollutants.

An important factor to be considered when establish-
ing a biomonitoring system is the organism to be used.
Criteria for selecting biomonitors, including spatial and
temporal abundance, ease of sampling and range of
detectable biological responses, have been proposed by
several investigators (summarized by Phillips and Rain-
bow 1994). The range of marine organisms used by
different researchers is wide (including algae, inverte-
brates and vertebrates). Bivalve and gastropod molluscs
are among the most useful organisms for environmental
biomonitoring (Phillips and Rainbow 1994; Boening
1999). In addition to fitting the above criteria, these
organisms are relatively site specific, being either
attached to the substrate or very restricted in their
motility.

Among the species used in this study (see Methods),
Brachidontes pharaonis (Mediterranean Sea) and Pteria
aegyptia (Red Sea) are physically attached to the
substrate. The two gastropods (Patella caerulea, Mediter-
ranean; Cellana rota, Red Sea), although motile, always
remain on a very restricted area of solid substrates, and do
not venture across the water to other areas. Donax
trunculus is rolled back and forth by wave action, but its
ability for very rapid burrowing into the sand provides for
very restricted motion and subsequent site specificity. All
these organisms are easy to maintain in laboratory aquaria
for the duration of the analytical procedures.

During 1996–1998, within the framework of the
MARS 1 project, we used fluorescent microscopy to
examine cellular- and molecular-level health parameters
and antixenobiotic defence mechanisms of mollusc pop-
ulations along the Red Sea, Mediterranean Sea and North
Sea (Bresler et al. 1999). The results obtained in that
study demonstrated significant differences, at two levels,
between organisms sampled in polluted and reference
sites. First, the activity of physiological mechanisms
aimed at isolating the organism from its environment was
higher in polluted sites. The necessity for higher activity
was shown to be due not only to elevated levels of
pollutants, but also to damage caused to epithelial layers
as shown by higher paracellular permeability (PP) in the
polluted sites. Second, molecular, cellular and histolog-
ical damage was more severe in the polluted sites.

The objectives of the MARS 2 project (1999–2001),
reported here, were two fold. First, to explore additional
methodologies and their potential for biomonitoring at the
molecular and cellular levels. Specifically, we addressed
another, intermediate level of cellular antixenobiotic
defence—that of mechanisms aimed at minimizing effects
of pollutants that have penetrated the cell. Second, to use
the methodological basis provided by MARS 1 in order to
continue the monitoring over a longer period.

Results of experimental exposure of molluscs to
pollutants and chemical analyses of sediments and animal
tissue from the sampling sites are also reported elsewhere
in this issue (Bresler et al. 2003; Feldstein et al. 2003).

Methods

Species studied and collection sites

Table 1 lists the molluscan species studied and the collection sites
in the Mediterranean and Red Sea (Fig. 1). This list is similar, but
not identical, to that used by Bresler et al. (1999). Changes in the
list of species were in part due to drastic changes in population size.
For example, populations of Donax trunculus, featuring densities of

Fig. 1 Sampling sites along the Mediterranean Sea and Red Sea
shores of Israel. The sites are numbered from north (1-Rosh
Haniqra) to south (9-MBL) in accordance with Table 1. The city of
Tel Aviv (T) and the town of Elat (E) are marked for orientation
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up to 2,000/m2 in some sites in the early 1990s, have decreased
recently for reasons yet unknown. Nevertheless, D. trunculus seems
to have stabilized, enabling the continuation of prudent sampling.
Other species, such as Mactra corallina, can no longer be used for
biomonitoring as there is no guarantee that specimens will be found
when needed.

Especially in the Mediterranean, species were selected for
calibration as biomonitors, to enable monitoring of different
compartments of the environment. While D. trunculus is a sediment
dweller, Brachidontes pharaonis and Patella caerulea inhabit
intertidal rocks. In the Red Sea, Cellana rota inhabits intertidal
substrates while Pteria aegyptia attaches to substrates submerged a
few metres under the water.

Within the framework of the MARS 2 project, we determined
the concentration of trace elements and organic pollutants in the
sediments and in the tissue of the studied molluscs. The detailed
findings are reported by Feldstein et al. (2003). Briefly, the polluted
sites in the Mediterranean Sea (Na’aman, Frutarom, Shemen and
Akko) were enriched both in organic and trace element contam-
inants relative to the reference stations. In the Red Sea, differences
between the polluted and reference sites were less pronounced.

Sample treatment

As described previously, the collected live molluscs were trans-
ported to the Institute for Nature Conservation Research (Tel Aviv
University) and kept in aerated aquaria with artificial seawater for
further experiments (Bresler et al. 1999). Molluscs were thus
acclimatized for 24–48 h, following which the analytical proce-
dures were done within 2 days (i.e. a total of up to 4 days in the
laboratory). The animals were used for vital biophysical, cyto-
physiological and cytochemical examinations and then fixed in cold
absolute methanol and in 5% formaldehyde solution in seawater for
three assays: examination of single-stranded DNA breaks, micro-
nucleus test and histopathological examination. With the exception
of these three assays, all observations were done on living animals
in situ. This is in contrast to methodologies necessitating isolation
of physiological components, such as the one often used for the
analysis of lysosomal stability in isolated haemocytes (e.g. Matozzo
et al. 2001). In addition to the considerable methodological
complication, the procedures involved in such isolations may
affect the observed results.

Analytical methods

The analytical procedures associated with some of the examined
health parameters were previously detailed (Bresler et al. 1999,
2001), and are thus only briefly described here. The hydrophilic
fluorescent dye fluorescein was used to examine PP of external
epithelia. Damaged epithelial layers show increased permeability

through tight junctions, which can be quantified by microfluorom-
etry. The viability of external epithelia was assessed by measuring
intralysosomal neutral red (NR) accumulation. The microfluoro-
metrical determination of accumulated NR in situ enhanced
markedly the sensitivity and precision of this conventional test of
viability. The activity of the multi-xenobiotic resistance transporter
(MXRtr) was studied using rhodamine B as a fluorescent marker
and a prototypical substrate of this pump. Using verapamil, a
specific MXRtr inhibitor, enabled the determination of the net
transport rate of rhodamine. Activity of the system of active
transport of organic anions (SATOA) was examined using the
permeable fluorogenic probe, fluorescein diacetate, which is very
rapidly converted to the fluorescent fluorescein by intracellular
esterase activity, and the specific SATOA inhibitor, probenecid.
For both transport systems (MXRtr and SATOA), one half of each
mollusc was incubated with the inhibitor and the other without
inhibitor.

The frequency of micronuclei formation (number of cells
containing micronuclei per thousand; micronucleus test, MNT) was
studied by staining methanol fixed specimens stained with acridine
orange. An in situ acidic DNA-unwinding assay with acridine
orange served to estimate the frequency of single-stranded DNA
breaks as measured by the fraction of double stranded DNA (Fds)
out of the total DNA (double stranded + single stranded).

The frequency and expression of cyto- and histopathological
alterations were studied using fluorescent contact microscopy and
epimicroscopy. Pathological alterations were identified according
to conventional classification of general pathological processes
(Cotran et al. 1989). The level of expression of these processes was
categorized as follows: (1) weak dystrophic alterations—including
cell swelling, granular structures within cytoplasm and only few
cytoplasmic vacuoles; (2) marked dystrophic alterations—includ-
ing the above, but with numerous cytoplasmic vacuoles and small
lipid droplets; (3) marked dystrophic alterations accompanied by
necrobiosis and necrosis—including also signs of cell death like
karyopycnosis, karyorrhexis, karyolysis or loss of nucleus.

Additional methods, introduced in the course of the current
study, are described below.

Fluorescamine test

This test detects the amount and condition of plasma-membrane
surface proteins and other amino-group containing compounds in
living cells (Parry et al. 1982; Rawyler et al. 1984; Gareau et al.
1991; Chung 1997; Huijbregts et al. 1998). Live molluscs were
incubated in artificial seawater with 20 mM fluorescamine (added
from 100 mM stock solution in anhydrous dimethylsulfoxide;
Molecular Probes, Eugene, Ore., USA) for 30 s. The reaction was
stopped by washing in seawater with 250 mM ethanolamine and
fluorescence of external epithelia was measured by contact

Table 1 Mollusc species used in this study and their collection sites. Map codes match the numbers in Fig. 1. MBL=The H. Steinitz marine
biology laboratory, Elat

Species Region Polluted sites
(map code)

Reference sites
(map code)

Comments

Donax trunculus Mediterranean Na’aman (3)
Frutarom (4)

Ma’agan Mikha’el (6) Bivalve; sandy-bottom; mobile;
filter feeder

Brachidontes pharaonis Mediterranean Shemen (5)
Akko (2)

Caesarea (7) Bivalve; intertidal hard substrates;
attached; filter feeder

Patella caerulea Mediterranean Shemen (5) Rosh Haniqra (1)
Caesarea (7)

Gastropod; intertidal hard substrates;
mobile; grazer

Pteria aegyptia Red Sea Ardag (8) MBL (9) Bivalve; submerged hard substrates;
attached; filter feeder

Cellana rota Red Sea Ardag (8) MBL (9) Gastropod; intertidal hard substrates;
mobile; grazer
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microfluorometry (excitation filter 380–420 nm, dichroic mirror
430 nm, barrier filter >450 + supplementary filter 470€10 nm).

Determination of cholinesterase activity in situ

Cholinesterase (ChE) is widely used to estimate neurotoxic impacts
of pollutants, especially organophosphates, carbamates, several
heavy metals and surfactants. In a previous study, Bresler et
al. (1999) used a biochemical method of determination, which
exhibited highly variable results. In the current study we used
a non-destructive, vital microfluorometrical method based
on the ability of N-[4(7-diethylamino-4-methylcoumarin-3-yl)-
phenyl]maleimide (CPM), to form a highly fluorescent product
with thiocholine (Parviari et al. 1983; Haugland 1999). Living
molluscs were incubated in seawater with 0.1 mM acethylthio-
choline, 0.2 mM CPM (Molecular Probes) and 0.1 ml Triton X-100
(0.1%) for 30 min. The tissue was then washed, and the amount of
fluorescent product was determined by contact microfluorometry
(excitation filter 380–420 nm, dichroic mirror 430 nm, barrier filter
>450 + supplementary filter 470€10 nm). Preliminary examination
demonstrated that this fluorescence was localized at synapses,
especially on smooth muscle fibres and was inhibited by eserine.
Non-specific background diffuse fluorescence was relatively low.

Determination of ethoxyresorufin-O-deethylase activity in situ

Ethoxyresorufin-O-deethylase (EROD) is one of the most often
studied cytochrome P450 isoenzymes that is usually studied in
isolated microsomal membrane fractions (Kennedy and Jones
1994). However, EROD activity can also be determined in situ, in
isolated cells, tissue slides, fish eggs and embryos (Lacy et al. 1992;
Stauber et al. 1995; Heinonen et al. 1996; Nacci et al. 1998). We
incubated living molluscs in seawater with 0.1 ml Triton X-100
(0.1%) and ethoxyresorufin (final concentration 20 mg/l) for
15 min, washed them, and determined red fluorescence of resorufin
by contact microfluorometry (excitation filter 510–550 nm, dichro-
ic mirror 575 nm and barrier filter >590 nm).

Determination of Cu-metallothionein in situ

This assay is based on the strong orange autofluorescence typical of
the complex of metallothionein with copper (Cu-MT) when excited
by ultraviolet light (Suzuki-Kurasaki et al. 1997; Kurasaki et al.
1998; Paris-Palacios et al. 2000). Living molluscs were incubated
in artificial seawater with 150 �g/l copper and the fluorescence
intensity of Cu-MT was measured by contact microfluorometry
(excitation filter 250€10 nm, dichroic mirror 290 nm, barrier filter
>330 nm + supplementary filter 540€ 7 nm).

Determination of redox state of the mitochondrial respiratory chain

The metabolic state of the mitochondrial respiratory chain is one of
the most significant and sensitive health parameters and its non-
invasive, vital microfluorometric examination is widely used in
biology and medicine (Chance 1964; Ghosh and Chance 1964;
Bresler and Yanko 1995a, 1995b; Chance et al. 1998; Shiino et al.
1999). Because reduced nicotinamide-adenosine dinucleotide
(NADH) has marked blue autofluorescence and oxidized flavopro-
tein (FLAVO) has green autofluorescence, it is possible to monitor
in vivo the redox state of different organisms and tissues. The ratio
between green and blue fluorescence (metabolic ratio; Mrat) is
indicative of the metabolic state of the organism and reflects
metabolic alterations. Contact vital microfluorometry was used to
examine Mrat in external epithelia of living molluscs. NADH
autofluorescence was determined with excitation filter 330–
380 nm, dichroic mirror 400 nm and barrier filter >420 €
supplementary filter 450€10 nm. FLAVO autofluorescence was
determined with excitation filter 450–490 nm, dichroic mirror

505 nm and barrier filter >520 nm € supplementary filter
530€10 nm.

Statistical analysis

A preliminary two-way analysis of variance was performed
separately for each parameter measured in each species, using
Statistica 5.0 for Windows (Stat Soft Ltd), to examine differences
between different sampling sites and different seasons. No signif-
icant differences were found between seasons within any site
(analysis not shown). The data presented below were, therefore,
pooled over all sampling campaigns, for each species in each site.

Results

Mediterranean molluscs

Results obtained for the three species of molluscs
examined along the Mediterranean coast exhibited re-
markably similar trends when polluted sites were com-
pared to reference sites, although the differences were in
some cases more obvious than in others. As a general
pattern, molluscs from Frutarom and Shemen displayed
sharper differences relative to the reference sites than did
the ones from Na’aman and Akko. The only exception is
the MNT for Donax trunculus.

As Fig. 2a, d, g shows, PP to fluorescein and the results
of the fluorescamine test (FT) were significantly higher in
the gill epithelia of specimens from the polluted sites than
in specimens from the reference site. In D. trunculus from
Frutarom and Brachidontes pharaonis and Patella caerulea
from Shemen the increase in PP was in the narrow range of
70–76%. The signal obtained by FT was weaker and more
variable, at 24–36%. Intralysosomal accumulation of NR
and ChE activity were significantly lower in gill epithelia of
specimens from the polluted sites than in specimens from
the reference sites. The results for ChE were more uniform
among the different molluscs (a decrease of 32–35% in
Frutarom and Shemen relative to reference sites) than the
results obtained for NR accumulation (25–48%).

Activities of the antixenobiotic defence mechanisms
examined, MXRtr, SATOA and EROD, as well as MT
content were significantly higher in specimens from the
polluted sites (Fig. 2b, e, h). However, the signals
obtained by examining these parameters varied dramat-
ically in strength. MXRtr and SATOA activities were up
to 63% and 34% (respectively) higher in polluted sites
relative to reference sites. EROD activity was 160–520%
higher in the polluted sites, and MT expression increased
by 200–350%.

Despite the enhanced activity of these antixenobiotic
defence mechanisms, the frequencies of micronuclei-
containing haemocytes, as well as the frequencies of
single-stranded DNA breaks, were significantly higher in
specimens from the polluted sites. MNT values were
higher by 100–150%, and the relative number of single-
stranded DNA breaks (n) per unwinding unit was higher
by 160–400% in polluted sites relative to reference sites
(Fig. 2).
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Fig. 2 Health parameters measured in the Mediterranean molluscs
Donax trunculus (a–c), Brachidontes pharaonis (d–f) and Patella
caerulea (g–i). Values shown are means and 95% confidence
intervals. The numbers above the bars are sample sizes for each
test. Assay acronyms: PP paracellular permeability, FT fluo-
rescamine test, NR accumulation of neutral red, ChE cholinesterase
activity, MXRtr multixenobiotic resistance transporter, SATOA

system of active transport of organic anions, EROD ethoxyre-
sorufin-O-deethylase activity, MT copper binding by metalloth-
ionein, Fds frequency of single-stranded DNA breaks expressed as
the fraction of double stranded DNA; �log Fds;n the ratio between
�log Fds of each site to that of the smallest �log Fds; MNT
micronucleus test. The legend in each right hand chart refers to an
entire row of three charts. Names of polluted sites are underlined

Fig. 3 Health parameters mea-
sured in the Red Sea molluscs
Pteria aegyptia (a, b) and Cel-
lana rota (c, d). Values shown
are means and 95% confidence
intervals. The numbers above
the bars are sample sizes for
each test. For explanation of
acronyms of the different assays
(X axis) see Fig. 2. The numbers
along the Y axis of d represent
fluorescence intensity for PP
and plain values for MNT. The
legend in the right hand top
chart refers to all four charts.
Name of the polluted site (Ar-
dag) is underlined
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Cyto- and histopathological examinations revealed
much higher frequencies of pathological alterations in
specimens from the polluted sites than the reference sites
(Table 2). These alterations were observed in the gills,
mantle, hepatopancreas, kidney and nerve ganglia of D.
trunculus and B. pharaonis, and in the internal organs and
shell of P. caerulea [for examples of pathological micro-
morphologies see Bresler et al. (1999)]. In all types of
tissue, the observed level of histopathological effects was
higher in molluscs from the polluted sites, in two ways.
First, the frequency of any dystrophic alteration was
higher. Second, the expression of the alterations was more
advanced in specimens from the polluted sites.

Finally, Mrat was significantly lower in external
epithelia of specimens from the polluted sites compared
to the reference sites (Table 3). The reduction in Mrat was
in the narrow range of 35–37% in Frutarom and Shemen
relative to the reference sites, whereas in Na’aman it was
only 24%.

Red Sea molluscs

Red Sea molluscs were examined in less detail than
Mediterranean molluscs. Nevertheless, the results ob-
tained demonstrate significant differences between pol-
luted and reference sites. The results shown in Fig. 3
follow the same trends as those shown for Mediterranean
molluscs in Fig. 2. Notably, PP of the gill epithelia in
Pteria aegyptia specimens was the highest among all
investigated mollusc species, displaying an increase of

nearly 100% in the polluted site. By contrast, Cellana
rota showed an increase of only 60% in PP, which is
slightly lower than that shown by the Mediterranean
molluscs.

Most other parameters measured showed results sim-
ilar to those obtained for the Mediterranean molluscs,
although consistently in the lower range. This includes
NR accumulation, ChE activity, MXRtr and SATOA
pumps, and DNA breaks. The difference between polluted
and reference site shown by the MNT in P. aegyptia was
lower than that obtained for any Mediterranean mollusc,
being only 80% higher in the polluted site.

Table 2 Number and percentage (in parentheses) of molluscs
displaying various pathological alterations. Type/severity codes are
as follows—gills and mantle: I=weak dystrophic alter-
ations,II=marked dystrophic alterations, III=marked dystrophic
alterations and necrobiotic alterations; hepato-pancreas:I=few vac-
uoles with brown pigment, II=numerous vacuoles with brown

pigment, III=focal necrobiotic alterations and hemocytic infiltrates
in the stroma; nerve ganglia:I=weak dystrophic alterations,
II=marked dystrophic alterations, III=necrobiotic alterations of
some nerve cells. The number of individuals examined (n) is shown
for each mollusc in each site

Organ/tissue Gills Mantle Hepato-pancreas Nerve ganglia

Type/severity I II III I II III I II III I II III

D. trunculus

Frutarom (n=120) 27 (23) 15 (13) 9 (8) 21 (18) 13 (11) 5 (4) 39 (33) 27 (23) 11 (9) 6 (5) 3 (3) 1 (1)
Na’aman (n=60) 14 (23) 8 (13) 5 (8) 11 (18) 5 (9) 3 (5) 11 (18) 9 (15) 3 (5) 2 (3) 1 (2) 0
Ma’agan Mikha’el

(n=103)
9 (9) 0 0 6 (6) 0 0 5 (5) 2 (2) 0 0 0 0

B. pharaonis

Shemen (n=60) 23 (38) 14 (23) 8 (13) 16 (27) 11 (18) 7 (12) 13 (22) 19 (32) 17 (28) 8 (13) 3 (5) 3 (5)
Caesarea (n=40) 5 (13) 0 0 6 (15) 0 0 9 (23) 2 (5) 0 0 0 0

Patella caerulea

Shemen (n=120) 33 (28) 38 (32) 13 (11) 26 (22) 31 (26) 8 (7) 33 (28) 39 (33) 16 (13) 13 (11) 7 (6) 6 (5)
Rosh Haniqra (n=20) 3 (15) 0 0 2 (10) 0 0 2 (10) 1 (5) 0 0 0 0
Caesarea (n=60) 7 (12) 0 0 3 (5) 0 0 3 (5) 1 (2) 0 0 0 0

Pteria aegyptia
Ardag (n=50) 13 (26) 19 (38) 16 (32) 11 (22) 12 (24) 6 (12) 14 (28) 21 (42) 11 (22) 4 (8) 1 (2) 0
MBL (n=50) 4 (8) 2 (4) 0 3 (6) 0 0 7 (14) 2 (4) 0 0 0 0

C. rota

Ardag (n=40) 9 (23) 18 (45) 11 (28) 7 (18) 15 (38) 6 (15) 14 (35) 19 (48) 7 (18) 5 (13) 2 (5) 0
MBL (n=40) 3 (8) 0 0 2 (5) 0 0 6 (15) 2 (5) 0 0 0 0

Table 3 Metabolic state of mitochondria in the gills of molluscs
from different sampling sites expressed as the ratio of blue
autofluorescence of NADH to green autofluorescence of oxidized
flavoprotein (Mrat). Values shown are averages and 95% confi-
dence limits

Species Sampling site (n) Ratio

D. trunculus Frutarom (50) 0.386€0.012
Na’aman River (50) 0.466€0.009
Ma’agan Mikha’el (50) 0.611€0.005

B. pharaonis Shemen Beach (30) 0.374€0.015
Caesarea (30) 0.583€0.011

Patella caerulea Shemen Beach (50) 0.389€0.013
Rosh-Haniqra (25) 0.594€0.015
Caesarea (40) 0.607€0.014

Pteria aegyptia Ardag (20) 0.371€0.016
MBL (20) 0.557€0.019

C. rota Ardag (20) 0.392€0.012
MBL (20) 0.624€0.015
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Discussion

Despite the desirable qualities of an environmental health
profile depicted by as many parameters as possible, it
should be noted that some of the parameters examined in
this study provide sharper signals than others. Thus, there
is a trade-off that must be considered when establishing
routine biomonitoring programmes. On the one hand,
parameters featuring sharper contrast in this study are
more likely to be useful for distinguishing between
environments typified by milder levels of pollution than
the sites in Haifa Bay. They may, therefore, be more
useful for early warning, signalling the oncoming of
hazardous conditions ahead of time. This potential was
demonstrated in the current study, in cases involving
more than one polluted site (Donax trunculus, Fig. 2a–c)
or more than one reference site (Patella caerulea,
Fig. 2g–i, and to a lesser extent Brachidontes pharaonis,
Fig. 2d–f) per species. On the other hand, the different
parameters studied are of completely different natures,
and are probably triggered by different environmental
agents. Therefore, it is probably too risky to disqualify
any of the parameters in favour of another. Since the
nature of future stress agents is not always predictable, it
would be prudent to establish comprehensive biomoni-
toring programmes, using at least the variety of param-
eters examined in this study. Indeed, it would probably be
worth adding markers based on mRNA level alterations in
gene expression, which are even more sensitive than
protein levels and activities, as suggested by earlier
studies within the framework of the MARS 2 project
(Mokady and Sultan 1998; Sultan et al. 2000).

Four of the measured parameters provide signals
distinguishing polluted sites from reference sites which
are far sharper than the other parameters. These are
EROD activity, MT expression, DNA breaks and mi-
cronuclei formation. The highest relative increase in MT
expression observed was ca. �3.5, in Frutarom (Fig. 2b).
By comparison, Ringwood et al. (1999) observed an
increase of up to �5–�8 in some of their industrially
polluted sites relative to their reference site. This may rate
the most polluted sites along the Mediterranean coast of
Israel as moderately polluted. The results obtained in the
current study with respect to lysosomal stability (NR) are
more similar to those obtained by Ringwood et al. (1999).
Whereas we observed a decrease of lysosomal stability of
up to 50% (Shemen, Fig. 2d, g), they observed a decrease
of ca. 60%. Thus, with respect to pollutants causing
intracellular damage, the Israeli coast seems to offer
distressingly similar conditions to the ones prevailing in
the estuaries in South Carolina, where the other study was
done. Finally, with respect to the activity of MXRtr, we
observed an increase of more than 60% (Shemen),
whereas Ringwood et al. (1999) observed a maximum
of ca. 50%.

The above pattern of differences between the results
obtained in the two different studies may be caused by a
number of factors. First, the examined species were not
the same [Ringwood et al. (1999) used Crassostrea

virginica]. This problem is expected when different areas
of the world are involved. Second, the tests used were not
the same, even when addressing the same biological
mechanisms. Thus, for example, Ringwood et al. (1999)
used cellular suspensions for examining NR retention, and
isolated MTs in order to measure the amount of bound
copper or cadmium, while the current study examined
both parameters in living animals in situ. Third, different
compositions of either organic pollutants or toxic metals,
two of the most widespread classes of pollutants, may
affect biological systems differently.

Fluorescent microscopy and micofluorometry, as em-
ployed in this study, feature equal or (in most cases)
higher detection sensitivity, while being much simpler to
execute than other methods. For example, biochemical
tests of ChE level and activity are widely used to estimate
neurotoxic impacts of pollutants, especially organophos-
phates, carbamates, several heavy metals and surfactants,
on the tissues of marine organisms (Galgani et al. 1992;
Escartin and Porte 1997; Silva de Assis 1998). Our data
demonstrate the utility of a much simpler fluorometric
assay for achieving the same target. However, the suite of
methods employed here offer additional advantages,
directly relevant to biomonitoring. These techniques
allow detection in diverse ‘compartments’, including
environmental samples, biological fluids and internal
structures of animals. They allow ‘non-invasive’, in situ
examination of enzyme activity and kinetics in single
living cells or tissues, particularly marker enzymes or
detoxifying enzymes (Haugland 1999; Bresler and
Yanko-Hombach 2000; Bresler et al. 2001). Using the
same hardware (i.e. microscope, photomultiplier, etc.),
one could utilize both the fluorescence of applied markers
and inherent fluorescence of specific cellular components
(Bresler and Yanko 1995a, 1995b; Chance et al. 1998;
Shiino et al. 1999). Finally, these methods have proved
equally useful in organisms ranging from bacteria to
human (Bresler et al. 1990, 1998, 1999, 2001; Higgins
1992; Kurelec 1992, 1995, 1997; Pritchard and Miller
1993; Bresler and Fishelson 1994; Bresler and Yanko-
Hombach 2000; Eufemia and Epel 2000; Smital et al.
2000).

The flourescamine test is an example of harnessing a
well-known biochemical phenomenon to produce a useful
biomonitoring marker. In this case it is the interaction of
fluorescamine with amino groups of proteins and some
phospholipids, in particular phosphatidylethanolamine, on
external surfaces of cell membranes (Gareau et al. 1991;
Chung 1997; Huijbregts et al. 1998). In our study,
fluorescamine-derived fluorescence of external epithelia
was always higher in the molluscs from polluted sites
(Fig. 2a, d, g). For example, in samples of B. pharaonis
from the polluted Shemen Beach it was 410.9€10.4 a.u.
(fluorescence arbitrary units), whereas in the reference
site 330.5€16.5 a.u. Similarly, in D. trunculus from the
sandy beach of Frutaron it was 493.6€6.5 a.u., whereas in
the Caesarea reference site the mean value was
363.5€26.3 a.u.. These data reflect higher amounts of
proteins and phosphatidylethanolamine in the plasma
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membranes of molluscs, induced by pollution. Concomi-
tantly, our studies revealed an increased activity of
protein pumps (MXRtr and SATOA) in the membranes
of molluscs from polluted sites.

Another biochemical parameter adopted for ecotoxi-
cological use is the Mrat. Originating in basic biochem-
istry, this parameter has served for quite some time in the
field of medical diagnosis and is also used in other fields
(Chance 1964; Ghosh and Chance 1964; Bresler and
Yanko 1995a, 1995b; Chance et al. 1998; Shiino et al.
1999; Bresler and Yanko-Hombach 2000). Ecotoxicolog-
ical use, however, is not yet as widely accepted for Mrat
(Bresler and Yanko 1995a, 1995b). Our results (Table 3)
demonstrate the utility of this parameter for environmen-
tal biomonitoring. High values of Mrat (like those
detected in reference sites) are typical of mitochondria
in a ’rest’ state, when steady state is maintained between
production and use of ATP. Lower values like those
detected in polluted sites are typical of mitochondria in an
’active’ state, when the rate of ATP use is higher than
ATP production. Thus, molluscs in the polluted sites
show signs of a permanent ATP deficit (the main source
of metabolic energy) and activated mitochondrial oxida-
tive phosphorylation.

The enhanced activities of antixenobiotic defence
mechanisms allow organisms to survive in highly polluted
environments, enabling them to withstand environmental
stressors in their habitats (Fishelson et al. 2002). It may be
argued, therefore, that the environmental stressors initiate
a novel selection in favour of the phenotypes that are most
adapted to the new, human-mediated conditions (Nevo
and Laevi 1989). The general applicability of this
statement can be exemplified by considering all five
molluscan species studied here together. The results show
that, despite the taxonomic distances, the biochemistry
and physiology of the molluscs sampled from polluted
sites are much closer to each other than to their
conspecifics from reference sites.

The present study is an extension of a previous study
performed along the Israeli Mediterranean and Red Sea
during 1996–1998 (Bresler et al. 1999). Parts of the above
discussion are therefore based on 6, rather than 3, years of
observations and analyses (from 1996 to 2001). Through-
out this research, the studied bivalves and gastropods
from the polluted sites exhibited marked alterations in all
the examined health parameters, as compared to the
molluscs from the reference sites. Applying the methods
of this study to various species may enable us to map
‘hotspots’ of pathological alterations and stress responses.

As opposed to direct chemical monitoring, biomoni-
toring calls our attention to biologically relevant prob-
lems, integrates conditions over time and reflects
synergistic effects reliably (Phillips and Rainbow 1994).
Focusing on biological ‘signals’, indications based on
biomonitoring ‘devices’ are essential for the implemen-
tation of sound countermeasures to health problems
arising from environmental pollution.

Taken together, the various parameters studied unravel
complex biological responses to environmental pollution,

at the cellular and molecular levels. The types and levels
of responses studied here may be viewed as the raw
material for future, refined studies, by which specific
diagnostic kits may be ‘tailored’ to meet the needs of
specific coastlines.

Acknowledgements The authors wish to thank the German GKSS
and Israeli MOST for the generous support of this research,
performed within the framework of the German Israeli Cooperation
in Marine Sciences (MARS 2 project). Thanks are also due to the
Marine Biology Laboratory at the H. Steinitz Interuniversity
Marine Institute, Elat, for hospitality and use of diving facilities,
to the MARS 2 statistical group for their support, and to two
anonymous referees for insightful comments. The experiments
performed in this research conform with current laws and
regulations of the state of Israel.

References

Baudart J, Lemarchand K, Brisabois A, Lebaron P (2000) Diversity
of Salmonella strains isolated from the aquatic environment as
determined by serotyping and amplification of the ribosomal
DNA spacer regions. Appl Environ Microbiol 66:1544–1552

Boening DW (1999) An evaluation of bivalves as biomonitors of
heavy metals pollution in marine waters. Environ Monit Assess
55:459–470

Bresler V, Fishelson L (1994) Microfluorometrical study of
bioaccumulation of benzo(a)pyrene and marker xenobiotics in
the bivalve Donax trunculus from clean and polluted sites along
the Mediterranean shore of Israel. Dis Aquat Org 19:193–202

Bresler V, Yanko V (1995a) Chemical ecology: a new approach to
study living benthic epiphytic foraminifera. J Foraminiferal Res
25:267–279

Bresler V, Yanko V (1995b) Acute toxicity of heavy metals for
benthic epiphytic foraminifera Pararotalia spinigera (Le
Calvez) and influence of seaweed-derived DOC. Environ
Toxicol Chem 14:1687–1695

Bresler VM, Yanko-Hombach VV (2000) Chemical ecology of
benthic foraminifera. Parameters of health, environmental
pathology, and assessment of environmental quality. In: Ronald
EM (ed) Topics in geobiology, vol 15. Environmental mi-
cropaleontology. Kluwer/Plenum, New York, pp 217–254

Bresler V, Belyaeva E, Mozhaeva M (1990) A comparative study
of the system of active transport of organic acids in Malpighian
tubules of insects. J Insect Physiol 36:259–270

Bresler V, Fishelson L, Abelson A (1998) Anti-xenobiotic defense
mechanisms and environmental health. Proc 35th CIESM
35:338–339

Bresler V, Bissinger V, Abelson A, Dizer H, Sturm A, Kratke R,
Fishelson L, Hansen PD (1999) Marine molluscs and fish as
biomarkers of pollution stress in littoral regions of the Red Sea,
Mediterranean Sea and North Sea. Helgol Mar Res 53:219–243

Bresler V, Fishelson L, Abelson A (2001) Determination of
primary and secondary responses to environmental stressors
and biota health. In: Linkov I, Palma Oliveira JM (eds)
Assessment and management of environmental risk. Kluwer,
Dordrecht, pp 57–70

Bresler V, Mokady O, Fishelson L, Feldstein T, Abelson A (2003)
Marine molluscs in environmental monitoring. II. Experimental
exposure to selected pollutants. Helgol Mar Res

Chance B (1964) Continuous recording of intracellular reduced
pyridine nucleotide changes in skeletal muscle in vivo. Tex Rep
Biol Med, Suppl 1:836–841

Chance B, Park J, Bank W, Nioka S, Lech G, Hong I (1998)
Noninvasive approaches to mitochondrial myopathies: optical
spectroscopy and imaging. Biofactors 7:237–248

Chung LA (1997) A fluorescamine assay for membrane protein and
peptide samples with non-amino-containing lipids. Anal
Biochem 248:195–201

164



Cotran PS, Kumar V, Robbins SL (1989) Robbins pathological
basis of disease, 4th edn. Saunders, Philadelphia

Escartin E, Porte C (1997) The use of cholinesterase and
carboxylesterase activities from Mytilus galloprovincialis in
pollution monitoring. Environ Toxicol Chem 16:2090–2095

Eufemia NA, Epel D (2000) Induction of the multixenobiotic
defense mechanism (MXR), P-glycoprotein, in the mussel
Mytilus californianus as a general response to environmental
stresses. Aquat Toxicol 49:89–100

Feldstein T, Kashman Y, Abelson A, Fishelson L, Mokady O,
Bresler V, Erel Y (2003) Marine molluscs in environmental
monitoring. III. Trace metals and organic pollutants in animal
tissue and sediments. Helgol Mar Res (in press)

Fishelson L (1973) Ecology of coral reefs in the Gulf of Aqaba
(Red Sea) influenced by pollution. Oecologia 12:55–67

Fishelson L (1995) Elat (Gulf of Aqaba) littoral: life on the red line
of biodegradation. Isr J Zool 41:43–55

Fishelson L, Bresler V, Abelson A, Stone L, Gefen E, Rosenfeld M,
Mokady O (2002) The two sides of man-made induced changes
in littoral marine communities: eastern Mediterranean and the
Red Sea as example. Sci Total Environ 296:139–151

Galgani F, Bocquene G, Cadiou Y (1992) Evidence of variation in
cholinesterase activity in fish along a pollution gradient in the
North Sea. Mar Ecol Prog Ser 19:17–82

Gareau R, Goulet H, Chenard C, Caron C, Brisson GR (1991)
Fluorescence studies on aged and young erythrocyte popula-
tions. Cell Mol Biol 37:15–19

Ghosh A, Chance B (1964) Oscilations of glycolytic intermediates
in yeast cells. Biochem Biophys Res Commun 16:174–181

Haugland RP (1999) Handbook of fluorescent probes and research
chemicals, CD edn. Molecular Probes, Eugene, Ore.

Heinonen JT, Sidhu JS, Reilly MT, Farin FM, Omiecinsci CI, Eaton
DL, Cavanagh TJ (1996) Assessment of regional cytochrome
P450 activities in rat liver slices using resorufin substrates and
fluorescence confocal laser cytometry. Environ Health Perspect
104:536–543

Herut B, Hornung H, Krom MD, Kress N, Cohen Y (1993) Trace
metals in shallow sediment from the Mediterranean coastal
region of Israel. Mar Pollut Bull 31:145–156

Herut B, Hornung H, Kress N (1994) Mercury, lead, copper, zinc
and iron in shallow sediments of Haifa Bay, Israel. Fresenius
Environ Bull 3:147–151

Herut B, Hornung H, Kress N, Krom MD, Shirav M (1995) Trace
metals sediments at the lower reaches of Mediterranean coast
rivers, Israel. Water Sci Technol 31:239–246

Herut B, Kress N, Shefer E, Hornung H (1999) Trace element
levels in mollusks from clean and polluted coastal marine sites
in the Mediterranean, Red and North Seas. Helgol Mar Res
53:154–162

Higgins CF (1992) ABC transporters: from microorganisms to man.
Annu Rev Cell Biol 8:67–113

Huijbregts RPH, de Kroon AIPM, de Kruijff B (1998) Rapid
transmembrane movement of newly synthesized phosphatidyl-
ethanolamine across the inner membrane of Escherichia coli. J
Biol Chem 273:18936–18942

Kennedy SW, Jones SP (1994) Simultaneous measurement of
cytochrome P4501A catalytic activity and total protein con-
centration with a fluorescence plate reader. Anal Biochem
222:217–223

Kress N, Herut B, Shefer E, Hornung H (1999) Trace element
levels in fish from clean and polluted coastal marine sites in the
Mediterranean Sea, Red Sea and North Seas. Helgol Mar Res
53:163–170

Kurasaki S, Okabe M, Saito S, Suzuki-Kurasaki M (1998) Copper
metabolisim in the kidney of rats administred copper and
copper-metallothionein. Am J Physiol 274:F783-F790

Kurelec B (1992) The multidrug resistance mechanism in aquatic
organism. Crit Rev Toxicol 22:23–43

Kurelec B (1995) Inhibition of multixenobiotic resistance mecha-
nism in aquatic organisms: ecological consequences. Sci Total
Environ 171:197–204

Kurelec B (1997) A new type of hazardous chemicals: the
chemosensitizers of multixenobiotic resistance. Environ Health
Perspect 105:855–860

Lacy SA, Mangum JB, Everitt JI (1992) Cytochrome P450- and
glutathione-associated enzyme activities in freshly isolated
enriched lung cell fractions from beta-naphthoflavone-treated
male rats. Toxicology 73:147–160

Matozzo V, Ballarin L, Pampanin DM, Marin MG (2001) Effects of
copper and cadmium exposure on functional responses of
hemocytes in the clam, Tapes philippinarum. Arch Environ
Contam Toxicol 41:163–170

Mokady O, Sultan A (1998) A gene-expression based, marine
biomonitoring system: developing a molecular tool for envi-
ronmental monitoring. Proceedings of The Kriton Curi Inter-
national Symposium on Environmental Management in the
Mediterranean Region 1:113–121

Nacci D, Coiro L, Kuhn A, Champlin D, Munn W, Specker J,
Cooper K (1998) Nondestructive indicator of ethoxyresorufin-
O-deethylase activity in embryonic fish. Environ Toxicol Chem
17:2481–2486

Nevo E, Laevi B (1989) Selection of allozyme genotypes of two
species of marine gastropods (genus Littorina) in experiments
of environmental stress by nonanionic detergent and crude oil-
surfactant mixture. Genet Sel Evol 21:295–302

Paris-Palacios S, Biagianti-Rasbourg S, Fouley A, Vernet G (2000)
Metallothioneins in liver of Ritulus ritulus exposed to Cu2+.
Analysis by metal summation, SH determination and spec-
trofluorometry. Comp Biochem Physiol 126C:113–122

Parry G, Blenis J, Hawkes SP (1982) Detection of transformed cells
using a fluorescent probe: the molecular basis for the differ-
ential reaction of fluorescamine with normal and transformed
cells. Cytometry 3:97–103

Parviari R, Pecht I, Soreq H (1983) A microfluorometric assay for
cholinesterase suitable for multiple kinetic determination of
picomoles released thiocholine. Anal Biochem 133:450–456

Phillips DJH, Rainbow PS (1994) Biomonitoring of trace aquatic
contaminants. Chapman and Hall, London

Pritchard JB, Miller DS (1993) Mechanism mediating renal
secretion of organic anions and cations. Physiol Rev 73:765–
796

Rawyler A, Roelfsen B, Op den Kamp JA (1984) The use of
fluorescamine as a permeant probe to localyze phosphatidyl-
ethanolamine in intact Friend erythroleukaemic cells. Biochim
Biophys Acta 769:330–336

Ringwood AH, Conners DE, Keppler CJ, Dinovo AA (1999).
Biomarker studies with juvenile oysters (Crassostrea virginica)
deployed in situ. Biomarkers 4:400–414

Shiino A, Haida M, Beauvoit B, Chance B (1999) Three-
dimensional redox image of the normal gerbil brain. Neurosci-
ence 91:1581–1585

Silva de Assis HC (1998) Der Einsatz von Biomarkern zur
summarischen Erfassung von Gewasserverschmutzungen. Dis-
sertation, Berlin University of Technology, FB 7, Fg Ecotox-
icology

Smital T, Sauerborn R, Pivcevic B, Krca S, Kurelec B (2000)
Interspecies differences in P-glycoprotein mediated activity of
multixenobiotic resistance mechanism in several marine and
freshwater invertebrates. Comp Biochem Physiol 126C:175–
186

Stauber KL, Laskin JD, Yurkow EJ, Thomas PE, Laskin DL,
Conney AH (1995) Flow cytometry reveals subpopulations of
murine epidermal cells that are refractory to induction of
cytochrome P4501A1 by beta-naphthoflavone. J Pharmacol
Exp Ther 273:967–976

Sultan A, Abelson A, Bresler V, Fishelson L, Mokady O (2000)
Biomonitoring marine environmental quality at the level of
gene-expression-testing the feasibility of a new approach.
Water Sci Technol 42:269–274

Suzuki-Kurasaki M, Okabe M, Saito S, Kurasaki S (1997) Copper-
metallothionein in the kidney of macular mice: a model for
Menkes disease. J Histochem Cytochem 45:1493–1501

165


