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Abstract In this study we examined the activity of cata-
lase in the water column (mainly attributed to planktonic
microorganisms) and the activity of catalase and super-
oxide dismutase (SOD), as well as lipid peroxidation in
the midgut gland of the benthic bivalve Donax trunculus
as possible indicators of biotic stress. The measurements
were performed at stations situated at known contami-
nated and clean sites in the coastal waters and shores
aong the Israeli coast (eastern Mediterranean Sea). In
the water column, we found that catalase activity was
higher in polluted coastal waters than in nearby unpollut-
ed or less-polluted stations. Moreover, there was diurnal
periodicity in catalase activity rates which matched the
diurnal changes in hydrogen peroxide levels in seawater.
Consistent evidence of extracellular catalase activity was
found in the seawater sampled. Catalase activity rates in
the midgut gland of D. trunculus did not exhibit clear
patterns with respect to site (polluted or clean) or season.
However, SOD activity and lipid peroxidation measured
in the same tissues were good indicators of organic pol-
[ution in the coastal waters examined and, among the
three stations examined in Haifa Bay, Qiriat Haim was
the most polluted.
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Introduction

Hydrogen peroxide, H,O, (HP), is a small, non-charged
molecule that, unlike other reactive oxygen species
(ROS), can readily diffuse across cytoplasmic mem-
branes and cause considerable intracellular damage to
living cells (Abele-Oeschger et a. 1994; Richardson
1994; Xenopoulos and Bird 1997). The damage includes
formation of additional reactive molecules inside the
cell, mainly hydroxyl radicals, which may inhibit colla-
gen gelation, modify amino acid residues of proteins and
react with cell components, thereby producing organic
peroxides which can attack DNA (Fridovich 1978; Dean
1987; Malins and Haimanot 1990, 1991; Halliwell,
1994). The interaction of hydroxyl radicals with lipids
leads to formation of lipid peroxides, which affects the
functioning of cell membranes, membrane-bound en-
zymes and other macromolecules (Winston 1991). Fur-
thermore, superoxide radicals and peroxides bind to
DNA, thereby altering or even breaking the double helix
structure (Richardson 1994).

Several studies have shown that there is enhanced
photochemical production of hydrogen peroxide in sur-
face waters that are enriched in chromophoric dissolved
organic matter (CDOM) (e.g. Szymczak and Waite 1991,
Moore et al. 1993). Herut et al. (1998) found higher HP
production rates (HPPR) in polluted than in relatively
clean coastal waters, but could not relate HPPR to the
DOM content in the water samples from different sta-
tions. This was attributed to enzymatic breakdown of HP,
mainly associated with microorganisms (Petasne and
Zika 1997; Herut et al. 1998). Moffett and Zafiriou
(1990) reported that decomposition of peroxide in Vine-
yard Sound, Massachusetts, USA was dominated by bio-
logical processes; 65-80% of the biological decay was
due to catalase activity and 20—-35% was due to peroxi-
dase activity. When exposed to higher-than-normal lev-
els of the hazardous peroxide molecule, living organisms
protect themselves by inducing catalase activity (Morgan
et a. 1986; Beyer and Fridovich 1987; Naclerio et al.
1995). Although ambient, in situ concentrations of H,O,
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generally do not vary widely on atemporal basis, thisis
largely due to rapid and efficient biological breakdown
of the peroxide molecule. The energetic consequence of
altering normal cellular activities to accomodate en-
hanced synthesis of the catalase enzyme may be con-
strued as biological stress.

Relatively few studies have examined catalase activi-
ty in seawater (e.g. Pamatmat 1988, 1990; Moffett and
Zafiriou 1990; Petasne and Zika, 1997) and none have
considered its potential use as an early indicator of an-
thropogenic pollution and marine ecosystem stress. On
the other hand, several workers have found enhanced ac-
tivity of catalase and superoxide dismutase (SOD) in ma-
rine fishes and macrofauna that were attributed to
pollution (e.g. Livingstone et al. 1992; Eertman et al.
1993; Lemaire et a. 1993; Abele-Oeschger et 4.
1994; Buchner et al. 1996; Pedrajas et al. 1996).

Benthic marine organisms are similar to their pelagic
counterparts with regard to exogenous peroxides, and re-
spond to elevated levels of H,O, by inducing catalase
and/or peroxidase activity (Abele et a. 1999). In addi-
tion, they also respond to peroxides that are produced
endogenously. Superoxide radicals are regular by-prod-
ucts of normal aerobic respiration. These radicals are
highly reactive, possibly even more dangerous than hy-
drogen peroxide and are rapidly transformed from super-
oxide to H,O, by the enzyme SOD. The hydrogen perox-
ide formed by SOD is subsequently decomposed by cata-
lase and peroxidases to prevent further possibility of in-
tracellular damage (Brock et al. 1984).

In the presence of xenobiotics, such as heavy metals,
polychlorinated biphenyls (PCBs) and polycyclic aro-
matic hydrocarbons (PAHS), endogenous production of
superoxide radicals may be amplified (Hassan and
Fridovich 1979; Porte et al. 1991). To counter the in-
crease in superoxide radical levels, cells increase activi-
ties of SOD and catalase. Porte et al. (1991) sampled
along an organic pollution gradient and observed elevat-
ed activities of SOD and catalase among bivalves in the
more heavily polluted stations.

Thus, there is a clear difference between the response
of the cell to exogenous peroxides (increased catalase
and/or peroxidase activity) and to xenobiotics that lead
to endogenous increase in both superoxide radicals (in-
creased SOD activity) and hydrogen peroxide (increased
catalase and/or peroxidase activity). By comparing cata-
lase and SOD activity in the same organism, it may be
possible to resolve whether there has been an enrichment
in the levels of H,0, in the seawater or whether the or-
ganism has been exposed to xenobiotics, as described
above.

In this study we have compared catalase activity rates
measured in clean and polluted waters in both the water
column and benthic bivalves in order to test whether
changes in enzyme activities can be used as indicators of
biological stress associated with pollution. Increased cat-
alase activity (above normal) is indicative of elevated
levels of hydrogen peroxide in the surrounding seawater,
often associated with anthropogenic pollution. Benthic
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Fig. 1 Map. Sampling locations on the Israeli coast. Arrow in in-
sert indicates geographical location of Israel in the eastern Medi-
terranean

bivalves may also serve as biological stress indicators of
heavy metals and hydrocarbons since both SOD and cat-
alase activity rates increase in the presence of xenaobiot-
ics. These enzyme activities were measured in the tissues
of bivalves collected at clean and polluted sites in order
to test the use of this bioassay in the field.

Materials and methods
Study sites

Three main areas were sampled along the Mediterranean coast of
Israel: Haifa Bay (HB), Ma agan Michael (MM) and Palmachim
(see Fig. 1). Haifa Bay is adjacent to a dense population center
and an industrial area containing, among others, petrochemical
and chemical industries. The bay is exposed to two main contami-
nation sources, one at its northern part where anthropogenic mer-
cury isintroduced from the outfall of a chlor-alkali plant (Herut et
a. 1993, 1996, 1997), and one at the southern part of the bay, the
Kishon River. The Kishon River, regarded as the most polluted
river in Israel, is the main source of anthropogenic pollutants (or-
ganic compounds, heavy metals, nutrients) to Haifa Bay (Hornung
et al. 1989; Cohen et al. 1993; Herut et a. 1993, 1996, 1999).
Ma agan Michael and the mouth of the Taninim river is consid-
ered a clean area (Herut et a. 1998b). The Palmachim area re-
celves excess activated sewage sludge (about 14000 m3/day)
through a 5-km-long marine outfall at 38-m water depth. The acti-
vated sludge is composed of 95% water and 5% solids that may
contain, in addition to the stable biomass, pathogenic bacteria, in-
organic nutrients, heavy metals and synthetic organic compounds
(Kress and Hornung 1996).

In this study, microplankton was sampled along a pollution
gradient in Haifa Bay (five stations) and the Palmachim region
(four stations); see Fig. 1. In HB, station A (polluted) was located
at the mouth of the Kishon River, station B at ~10-m water depth,
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Table 1 Pool size, mean shell

length and standard deviation Date Station Number Mean number Mean shell length ~ SD
(SD) of composite smples of of pools of specimens/pool  (mm)
Donax trunculus
Jan 1997 Frutarom 10 3 232 2.83
Q. Yam 10 3 2253 257
Q. Haim 10 3 24.33 2.39
M. Michael 10 3 234 2.08
Jul 1997 Frutarom 10 4 26.23 2.69
Q. Yam 10 4 25.78 1.67
Q. Haim 10 4 26.95 2.05
M. Michael 10 3 274 293
Jan 1998 Frutarom 10 4.1 21.41 4,59
Q. Yam 10 5.6 17.61 2.35
Q. Haim 10 4 20.58 141
M. Michael 10 3 28.67 3.16
Incubation experiments 5 per 3 21.05 127

incubation level

station C at ~14-m water depth and stations D and D’ (relatively
clean) in the northern part of the bay at ~17-m water depth. In Pal-
machim, station “0", the polluted site, is located at the sewage
sludge outlet, while stations 9, 15 and 20 were 500 m east, 1000 m
south and 1000 m west, respectively, of the pollution point source.

Bivalves were collected in HB (three stations) and at Ma& agan
Michael. The sampling locations in HB were next to the chlor-
alkali plant (FR), at a recreational beach in the central part of the
bay (Qiriat Yam, QY) and at a beach near the Kishon River estu-
ary (Qiriat Haim, QH).

Sampling

Surface seawater samples (1-m depth) were collected in Haifa Bay
(May 1997) and in the Palmachim area (September 1997) with
Niskin bottles mounted on a General Oceanics Rosette. The bi-
valve, Donax trunculus was collected from the shallow water
(0.5-1.5 m) sandy sediments, with the aid of a custom-made fork-
like device, in January 1997, July 1997 and January 1998. Sam-
pling was always conducted between 6 and 10 am. Bivalves were
transferred to the laboratory within 1-2 h after collection; shell
length was measured and the animals were dissected immediately.
For hydrogen peroxide incubation experiments (see below), D.
trunculus specimens were collected in Haifa Bay (station FR) and
maintained in aquaria at ambient conditions for 24-48 h prior to
experimentation. Three to five specimens had to be pooled to ob-
tain enough tissue from midgut glands for the enzymatic analyses
(see Table 1). Midgut glands were analyzed for SOD and catalase.
Lipid peroxidation was measured from bivalves sampled in July
1997.

Analytical methods
Catalase activity in the water column

The oxygen release method was used to examine enzymatic hy-
drogen peroxide decomposition by quantifying the oxygen pro-
duced after hydrogen peroxide was injected into a seawater sam-
ple, assuming all conversion of peroxide to oxygen was due to cat-
alase (Pamatmat 1988). This approach measures the activity of
catalase aone since peroxidases do not release molecular oxygen
from the hydrogen peroxide molecule. In order to measure cata-
lase activity in seawater by oxygen production, a sensitive oxygen
electrode (Yellow Springs Instrument, Y SI 5331), signal amplifier
and recorder system (a modification of the system described in
Dubinsky et al. 1987) were employed. Briefly, the method in-
volves placing 15 ml of seawater (best results were achieved when
fresh seawater samples were used) into a sealed chamber equipped
with a magnetic stir bar and an oxygen electrode connected to an

amplifier and arecorder in order to measure the rate of oxygen re-
lease. When a stable baseline of oxygen values was obtained,
200 pl of hydrogen peroxide (5%) was injected into the sealed
chamber and the subsequent increase in dissolved oxygen was re-
corded and interpreted as the catalase activity rate.

The rate of oxygen release is a function of the substrate (hy-
drogen peroxide) concentration and the enzyme activity. In our
standard method, we injected a constant amount of peroxide into
the reaction chamber. Therefore, changes in oxygen release rate
are related to differences in the catalase activity rate. The YS
5331 oxygen electrode was sensitive to either hydrogen peroxide
or oxygen and required a “recovery” time of at least 15 min be-
tween samples in order to function properly. At sea, we were not
able to measure catalase activity in replicate samples due to the
fact that subsequent samples could only be processed once every
20 or 25 min and stations were often reached 15 min after sam-
pling at the previous site (see Table 2). Nonetheless, repeated |ab-
oratory measurements of subsamples of seawater taken from a ho-
mogeneous source indicated that there was generally a high degree
of precision (coefficient of variation ranged from 2 to 14%) be-
tween subsequently measured samples.

Catalase activities were measured in both bulk and 0.2-pum fil-
tered seawater samples. Extracellular catalase activities were mea-
sured by gently (<125 mm Hg) filtering freshly collected water
samples via 0.2-uym membrane filters and measuring catalase ac-
tivity ratesin thefiltrate.

Activity of superoxide dismutase, catalase and lipid peroxidation
in D. trunculus

Superoxide dismutase activity was determined following Mark-
lund and Marklund (1974). Sample tissue (midgut glands) was ho-
mogenized in ice-cooled 0.05 M trissEDTA-succinate buffer (pH
8.2) followed by centrifugation (6000-14000 rpm for 10 min).
The enzyme activity was determined photometrically at 420 nm
using a Shimadzu 1202 spectrophotometer equipped with a
Kinetik-2 program card. SOD activity was related to the protein
concentration in the homogenate. Protein concentration in tissue
homogenates was determined following Bradford (1976).

Catalase activity was measured following Aebi (1985), as
modified by Jahn (1997). Midgut glands were homogenized in ice-
cooled 0.05 M phosphate buffer (pH 7.0) with 1% Triton X-100.
Samples were then frozen in liquid nitrogen and stored until anal-
ysis at —80°C (Ribera et al. 1991). Livingstone et a. (1992) de-
scribed catalase of Mytilus edulis as a stable enzyme and did not
note a decrease in activity after frozen storage. Prior to analysis,
samples were thawed and then centrifuged for 10 min
(6000-14000 rpm). Catalase activity was determined by the decay
rate of hydrogen peroxide (monitored at 240 nm using a Shimadzu
1202 spectrophotometer connected to a PC) that was added to the
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Table 2 Catalase activity rates in bulk and filtered seawater, hy-
drogen peroxide concentrations, hydrogen peroxide production
rates (HPPR), chlorophyll a levels and dissolved organic matter

(DOM) measurements (QS quinine sulfate; see Herut et al. 1998a)
at stations in Haifa Bay (HB) and near Palmachim (P). n.d. not de-
termined, nM nanomol/I

Date Time Station Distancefrom  Catalase activity HPPR H,O, chlorophylla DOM
pollution source (NMxm2/Wxh)  (nM)  (ug/l) (QS units)
(m) Bulk Filtered
(nmol O,/min)  (nmol O,/min)
16/10/96 10:00 HB-A 0 3.48 122 n.d. 13 4.8 n.d.
10:20 HB-B 1200 197 331 n.d. 32 25 n.d.
10:45 HB-C 3000 111 1.74 n.d. 19 0.83 n.d.
11:15 HB-D 5600 1.04 247 n.d. 23 0.54 n.d.
16:30 HB-D* 9500 1.74 n.d. n.d. 7 0.42 n.d.
20/9/97  04:30 P-9 500 5.56 n.d. n.d. 15 n.d. 6.12
07:45 P-20 1000 (west) 227 1.02 n.d. 21 0.38 5.04
09:30 P-15 1000 (south) 3.27 0.79 24 72 0.62 6.12
14:30 P-0 0 9.20 0.77 15.2 64 0.68 6.02

tissue extract. We used custom-made software for data acquisition.
Catalase activity was related to the protein concentration in the tis-
sue homogenate.

Lipid peroxidation analysis was based on the lipoperoxidase
assay kit 437636 (CALBIOCHEM). This assay measures the con-
centration of two common by-products of lipoperoxidation; malo-
nyldialdehyde (MDA) and 4-hydroxy-nonenal (4-HNE) which re-
act with n-methyl-2-phenylindolene, forming a stable compound
that can be measured photometrically. Midgut gland samples were
homogenized with ice-cooled 20 mM tris-HCl-buffer (pH 7.4),
shock-frozen in liquid nitrogen and stored until analysis at —80°C.
Prior to analysis, samples were thawed and centrifuged for 10 min
(6000-14000 rpm) and the supernatant was taken for the assay.
Concentration of peroxidation products was related to the protein
concentration in the tissue homogenate.

Hydrogen peroxide incubation experiments.

Following initial acclimation in aquaria, D. trunculus were ex-
posed to a set of hydrogen peroxide concentrations (final concen-
trations in seawater: 0, 0.5, 2.5, 5 uM) for 24 h and subsequently
processed, as described above, for lipid peroxidation and catalase
activity determinations.

Results
Catalase activity in the water column

The catalase activities along a transect, from the polluted
Kishon river estuary (station A) across Haifa Bay, are
given in Table 2. Catalase activities in bulk seawater
samples ranged from 1 to 3.5 nmol O,/min. There was a
sharp drop in activity from station A to D, corresponding
to the distance from the source of pollution, yet a slight
increase at station D’ which was closer to shore than sta-
tion D. Filtered seawater prepared from samples taken at
stations B through D yielded catalase activity rates that
were greater than those in the bulk samples. These
samples were inadvertently prepared using a strong
vacuum (>625 mmHg) instead of gentle vacuum filtra-
tion (<125 mmHg), probably rupturing many of the cells
captured on the filters and leading to release of intracel-
lular catalase to the filtered seawater sample and the un-
usually high catalase activity rates measured filtered

samples. There was a positive linear correlation (r=0.87,
P<0.05; n=5) between bulk catalase activity and chloro-
phyll a concentrations along this transect.

An additional transect was conducted near Palmachim
(Table 2). Catalase activities were considerably higher in
these waters (2.3-9.2 nmol O,/min) in comparison to
those measured in Haifa Bay, yet the same pattern was
observed. High catalase activities were recorded at the
polluted station (0) and adjacent to this (9) and activities
were lower at the clean stations (15 and 20). We did not
find a linear correlation between catalase activity rates
and either concentration of dissolved organic matter or
chlorophyll ain the Palmachim samples.

Catalase activity was found in 0.2 pm filtered seawa-
ter samples indicating extracellular catalase activity.
When samples were gently filtered (<125 mmHg) via
0.2-um filters, catalase activity was always lower than
the activity in bulk samples, but the ratio between these
was variable (Table 2).

Antioxidant enzyme activity and lipid peroxidation
in Donax trunculus

SOD activities in D. trunculus midgut glands ranged
from 2 to 22 U/mg. Among the four stations sampled, a
seasonal trend of SOD activity was visible at station QY
(Fig. 2). SOD activity was generally higher in July 1997
than in January 1998. Overall, samples taken at QH had
the highest mean SOD activity, whereas bivalves sam-
pled at the other three stations had lower activity rates.

Lipid peroxidation was measured in D. trunculus
midgut glands collected during July 1997 and ranged
from 0.3 to aimost 10 pmol (MDA+4 HNE)/mg protein
(Fig. 3). Lipid peroxidation levels were low at both FR
and QH and high at both QY and MM, and there was a
significant difference (P<0.01) between the two pairs of
stations. The lipid peroxidation pattern is inverse to that
of SOD activity during July 1997.

Catalase activity rates generally ranged between 0.05
and 0.15 U/mg protein although some outlier values ex-
ceeded this range. The pattern of catalase activity in the
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Fig. 2 Superoxide dismutase (SOD) activity in midgut glands of
Donax trunculus in A January 1997, B July 1997 and C January
1998. Plots show medians, 25th-75th percentile (within box),
10th—90th percentile (error bars), and outlying points (circles);
numbers above boxes indicate number of analyzed pools. Signif-
icant differences. January 1997 QH<FR=MM<QY (P<0.01);
July 1997 QH<QY, MM (P<0.01); January 1998 QH<MM
(P<0.01)
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mol MDA + 4 HNE/ mg Protein

Fig. 3 Lipid peroxidation (as MDA+4HNE concentration) in mid-
gut glands of Donax trunculus in July 1997. Plots show medians,
25th—75th percentile (within box) and 10th—90th percentile (error
bars); numbers above boxes indicate number of analyzed pools

bivalves differed from the pattern of SOD activity (Fig.
4). Low catalase activities were recorded in July 1997, in
contrast to the high SOD activities measured at this time
in the same bivalves (Fig. 2). Overall, there was no evi-
dent seasonality in the catalase activity. In January 1997
MM hivalves had significantly higher activity than the
other stations (P<0.01), whereas in January 1998 QH
samples showed significantly higher activity (P<0.01).
Catalase activities at FR were not significantly higher at
any of the sampling dates than at MM or the other two
HB stations, QH and QY. The catalase samples taken at
station QH in January 1997 were accidentally |ost.

In the laboratory incubation experiments, lipid perox-
idation levels dropped sharply with increasing hydrogen
peroxide concentration (Fig. 5A). Lipid peroxidation lev-
elsin D. trunculus exposed to 5 pM H,O, were signifi-
cantly lower (P<0.01) than those of specimens exposed
to 0.5 pM H,0,. Conversely, catal ase activity was stimu-
lated by increasing hydrogen peroxide concentrations
(Fig. 5B) and specimens exposed to 5 uM H,0, had sig-
nificantly higher catalase activity (P<0.001) than the
control group.

Discussion
Catal ase activity in the water column

We found a clear decrease in catalase activity rates with
distance from point sources of organic pollution such as
the mouth of the Kishon river and the sewage sludge out-
let near Palmachim (Table 2). Similar patterns were ob-
served in the Gulf of Agaba, Red Sea and in the Baltic
Sea (Angel 1997). Petasne and Zika (1997) measured
hydrogen peroxide in coastal and oligotrophic offshore
waters near south Florida, USA, and reported higher per-
oxide decay rates in the organically enriched coastal wa-
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Fig. 4 Catalase activity in midgut glands of Donax trunculusin A
January 1997, B July 1997 and C January 1998. Plots show the
medians, 25th—75th percentile (within box), 10th-90th percentile
(error bars) and outlying points (circles); numbers above boxes
indicate the number of analyzed pools

ters. Moreover, Petasne and Zika (1997) recorded a posi-
tive linear correlation between DOM and H,O, decay
rates. We did not find a correlation between catalase ac-
tivity rates and DOM (Angel 1997). The absence of cor-
relation may be the result of heterogeneity in the small
samples (15 ml) tested for catalase activity (see Meth-
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Fig. 5 Anaysis of midgut glands of Donax trunculus after 24-h
hydrogen peroxide incubation experiments: A lipid peroxidation
(ass MDA+4HNE concentration) and B catalase activity. Plots
show medians, 25th—75th percentile (within box), 10th—90th per-
centile (error bars) and outlying points (circles); numbers above
boxes indicate number of analyzed pools

ods, above). It is also possible that the different findings
are related to differences in methodology since Petasne
and Zika (1997) measured DOM by optical absorbance
at 300 nm and H,O, decay rates by direct measurements
of hydrogen peroxide concentration, whereas we mea-
sured DOM by the fluorescence method (Moore et al.
1993) and catalase activity as described above.

In Haifa Bay, catalase activity was higher at station
D’ (closer to shore) than at station D (Table 2). Whereas
both stations D and D’ were considered clean, it is possi-
ble that the increased catalase activity at station D’ was
due to the northward long-shore flow of Kishon River
water as described in Kress and Herut (1998). Hydrogen
peroxide was measured in the same water samples (Table
2); however, we did not find a linear correlation between
catalase activity rates and hydrogen peroxide. As pro-
posed by Herut et al. (1998a), the presence of heavy met-



|E=S Catalase
{—m—Peroxide |

i3
A
3%
53
v P o
3 25% L2
3
33
3
37
X3
45 g
3 By
i
23
3
i
35 3% 23] 335
I3, ? Py 81
Pn 5} 2223 5] 0

12.00 14.00 16.00 18.50 21.50
Time (h)

Catalase Activity
(nmole O,/min)
w
o
Hydrogen Peroxide (nM)

Fig. 6 Diurnal pattern of hydrogen peroxide (adapted from Herut
et al. 1998a) and catalase activity (adapted from Angel 1996) in
seawater taken from the North Beach of Eilat, Gulf of Agaba,
September 1996

als and other peroxide-scavengers in polluted waters
may inhibit H,O, production in these waters, despite
high DOM levels, but these variables may not affect cat-
alase activity in the same manner.

There is diurnal periodicity in hydrogen peroxide lev-
els in seawater, as has been shown by several workers
(e.g. Zika et a. 1985; Szymczak and Waite, 1991; Herut
et al. 19984a). In laboratory cultures, it has been shown
that catalase activity may be induced by exposure of bac-
teria to hydrogen peroxide (Morgan et al. 1986; Beyer
and Fridovich 1987; Naclerio et al. 1995). It is likely,
therefore, that the daily increases and decreases in perox-
ide are countered by respective changes in catalase pro-
duction and activity. In a related study conducted in the
Gulf of Agaba (Red Sea) at a coastal site (Angel 1996),
there was a positive linear correlation between diurnal
dynamics of H,O, levels and catalase activity rates (Fig. 6;
r2=0.726; P<0.05; n=8). Although we did not carry out
simultaneous diurnal measurements of peroxide concen-
trations and catalase activity rates during the cruises in
the Mediterranean Sea, it is likely that this correlation
applies to the Mediterranean as well. Indeed, the diurnal
pattern of hydrogen peroxide concentrations, as mea-
sured from shore at Tel-Shikmona (Mediterranean Sea;
Herut et al. 1998a), was very similar to that recorded in
the Gulf of Agaba.

The diurnal range of catalase activity rates measured in
the Gulf of Agaba study (Angel 1996) was 2.5-5.1 nmoal
O,/min (A=2.6 nmol O,/min; Fig. 6). In comparison, the
difference between the polluted and the clean stations in
Palmachim and in Hafa Bay was 6.9 and 2.5 nmol
O,/min, respectively. We can use these differencesin cata-
lase activity as an indication of stress (or adaptive re-
sponse) to water-column microbiota considering the
natural diurnal range of catalase activities. The difference
between station 0 and 15 at Pamachim (A=6.9 nmol
O,/min) was considerably grester than 2.6 nmol O,/min
and we therefore assume there was biological stress at the
polluted station. In comparison, the difference between the
polluted (A) and the relatively clean (D or D’) Haifa Bay
stations was 1.8-2.5 nmol O,/min; less than the natural di-
urnal range and we might conclude that there is not a sub-
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stantial difference between these stations. This may be be-
cause the polluted station A was sampled early in the
morning, as compared to station D and D’ which were
sampled at noon (Table 2). Therefore, it is possible that in
this case, the daily cycle in catalase activity masked dif-
ferences due to pollution. These findings underline the
need to sample water at the same time of day, or find a
normalizing parameter for comparative purposes, not only
with regard to hydrogen peroxide but also for catalase ac-
tivity measurements.

Extracellular catalase activity

A number of laboratory studies have found extracellular
release of catalase, e.g. in Bacillus subtilis (Naclerio
et a. 1995) and in Aspergillus niger (Fiedurek and
Gromada 1997). Beyer and Fridovich (1987), Bol and
Yashin (1990) and Naclerio et a. (1995) have shown that
catalase production and extracellular release may be in-
duced by exposure of the cells to elevated levels of hy-
drogen peroxide. Thus, it is possible that we will find en-
hanced extracellular catalase activity in polluted marine
environments where hydrogen peroxide levels are higher
than those found at nearby control sites.

Our observations regarding extracellular (<0.2 pm)
catalase activity in most of the samples examined are
supported by those of other workers. In coastal waters of
the USA and Germany, Pamatmat (1990) recorded vari-
able levels of extracellular catalase activity. Likewise,
Petasne and Zika (1997) found that filtered seawater
samples had lower, yet measureable, peroxide decay
rates than non-filtered samples. On the other hand, when
Moffett and Zafiriou (1990) placed filtered (0.2 pm) sea-
water samples in the dark, they did not find any decom-
position during a 48-h incubation period and concluded
that there was no catalase activity in particle-free seawa-
ter.

Antioxidant enzyme activity and lipid peroxidation
in Donax trunculus

Abele et a. (1998) found seasonality in SOD and cata-
lase activity in several invertebrates from North Sea mud
flats, SOD activity was higher in summer than in winter.
Although we do not have multi-annual data at hand, our
results suggest that a similar seasonal trend may also ex-
ist in the eastern Mediterranean D. trunculus (Fig. 1).
Donax trunculus were sampled in the same month dur-
ing subsequent years; however, SOD activity was con-
siderably lower in January 1998 than in January 1997
(Fig. 2). There were no significant differences in seawa-
ter temperature, bivalve age structure or other obvious
factors that could affect SOD activity when comparing
January 1997 and 1998; the reason for such different re-
sults remains unclear.

In addition to the seasonal factor, other external vari-
ables may affect antioxidant enzyme activities. Elevated
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levels of xenobiotics (e.g. PAHs and PCBs) and of various
metals (e.g. copper and cadmium) may lead to increased
production of reactive oxygen species (ROS) inside the
cell (Doyotte et a. 1997) and increased activity of ROS
scavenging enzymes such as SOD (e.g. Porte et a. 1991;
Sole et al. 1995; Winston et al. 1996; Krishnakumar et a.
1997; Otto 1997; Reddy 1997). Donax trunculus exhibited
highest SOD activity at QH. This station is located down-
stream of the Kishon estuary, which is the main source of
xenobiotics such as PAHs and petroleum-derived com-
pounds to Haifa Bay (Cohen et al. 1993; Kress and Herut
1998). In comparison, al other stations can be regarded as
less polluted.

Despite the proximity of some of the sampling sta-
tions to pollution sources, there were no significant dif-
ferences in the levels of Cu, Cd, Mn, Fe or Zn (Herut et
a. in press) in the tissues of bivalves sampled at the
Haifa Bay stations. The only exception was FR where
D. trunculus had higher levels of Hg. Moreover, cadmium
and zinc were enriched in the specimens from all the
stationsin HB as compared to MM.

In addition to SOD activity, ROS damage was as-
sessed by measuring lipid peroxidation in the bivalve tis-
sues. We found that low lipid peroxidation values corre-
sponded to high SOD activity, yet there was not a signif-
icant correlation between these two variables. We sug-
gest that low lipid peroxidation is the result of effective
ROS scavenging (e.g. by SOD), while higher values re-
flect either low activity of the antioxidative defense or a
flux of ROS that exceeds the ROS scavenging capacity
of the cell. Effective ROS scavenging has been demon-
strated in laboratory experiments with D. trunculus
wherein lipid peroxidation levels dropped almost to
baseline values with increasing hydrogen peroxide con-
centrations in the medium (Fig. 5A). Even at the highest
hydrogen peroxide concentration tested (5 uM), the anti-
oxidative system (catalase) coped with elevated peroxide
levels by increasing its activity (Fig. 5B).

Reddy (1997) found that enhanced ROS production in
the gills of the crab Scylla serrata caused both SOD
stimulation and lipid peroxidation. On the other hand,
Doyotte et al. (1997) exposed a freshwater bivalve to
copper and found a slight increase in lipid peroxidation,
whereas SOD activity remained constant. On the basis of
our results, we suggest that lipid peroxidation in benthic
marine bivalves may be an additional sensitive indicator
for ROS and oxidative stress.

In addition to SOD and lipid peroxidation, catalase
activity was measured in the bivalve tissue to assess
whether bivalves located at polluted sites showed evi-
dence of oxidative stress. Moreover, we attempted to de-
termine whether catalase activity was correlated with
SOD activity in order to evaluate the source of the xeno-
biotic: endogenous vs exogenous. We did not find a cor-
relation between SOD and catalase activity rates at the
stations sampled, indicating that SOD did not necessarily
stimulate catalase by intracellular production of hydro-
gen peroxide. Thus, increased catalase activity rates
were attributed to elevated levels of exogenous hydrogen

peroxide (i.e. H,O, in the surrounding seawater) at the
respective stations. This is also supported by |aboratory
experiments which demonstrated that catalase activity
was stimulated by increasing hydrogen peroxide concen-
trations (Fig. 4B).

The low catalase activity at FR, as compared to MM,
may have been due to the absence of high peroxide lev-
els at this station, as proposed by Herut et al. (1998a).
They argued that despite substantial levels of dissolved
organic matter in the waters at polluted sites, such as FR,
peroxide production may be inhibited by the presence of
heavy metals and other peroxide scavengers, as suggest-
ed by Moffet and Zika (1987) and Szymczak and Waite
(1988). Accordingly, at low levels of peroxides, there is
no need for the bivalves to increase catalase activity. An-
other possihility is that the low catalase activity at the
polluted stations is due to reduction or inhibition of the
catalase activity on account of poisoning by xenaobiotics.

Conclusions

1. We have generally found that catalase activity in the
water column is higher in polluted coastal waters than
in nearby unpolluted or less-polluted stations.

2. There is diurnal periodicity in catalase activity rates
which matches the diurnal changes in hydrogen per-
oxide levels in seawater. Thus, for comparative pur-
poses, it is necessary to sample seawater that has ex-
perienced the same sunlight levels when measuring
catalase activity rates.

3. We have found consistent evidence of extracellular
catalase activity in the coastal waters of the eastern
Mediterranean Sea. Additional work is needed to de-
termine whether there is any relationship between the
level of extracellular catalase activity and biological
stress.

4. SOD activity and lipid peroxidation, as measured in
midgut glands of Donax trunculus, are sensitive indi-
cators of organic pollution in shallow coastal waters.
Among the three stations examined in Haifa Bay,
Qiriat Haim was the most polluted, on the basis of
SOD activity.

5. Catalase activity rates in the midgut gland of D. tru-
nculus did not exhibit clear patterns with respect to
site (polluted vs clean) or season. Laboratory incuba-
tion experiments demonstrated that catalase activity
increased with hydrogen peroxide concentration. On
the basis of our field results, we do not recommend
using catalase as a single indicator for pollution in
benthic bivalves.
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