IET Project No. 16¢

Metabolic studies in the coral reef: Cellular-level biomarkers

Principal Investigators: Avigdor Abelson and Viadimir Bresler (IUI)

Date of final submission: 28/06/04

1. Objectives

The scope of the project was to assess stress symptoms in corals, symptoms which are
likely to be induced by various anthropogenic stressors, notably pollutants, along the
coasts of Eilat. Our specific goal was to compare the responses of stony corals in 14
stations along the Eilat coast, to environmental conditions, by assessing cytologic/
genotoxic parameters (i.e. Micronucleus frequency, MNT; DNA breakage DNA-br;
Esterase Activity, EA), which are known to respond to environmental stressors. Should
the examined parameters prove to significantly differ between the study sites, they are
expected to serve as sensitive biomonitoring tools indicating environmental stressors that
can be related to human impact on marine organisms.

2. Methods

Background of the used methodologies.

MNT. In the early 1970s, Heddle (1973) and Schmid (1975) proposed the micronucleus
test (MNT; also named MN assay) to quantitatively assess signs of clastogenic and/or
aneugenic effects on organismal cells. Later on, during the three following decades this
test was, and still is, a major component of modern toxicogenetic screening programs
throughout the world (Jensen and Leary, 1990; Torous et al., 1998; UNEP/RAMOGE,
1999; Kirsch-Volders et al., 2003; Dailianis et al., 2003). MNT shows the frequencies of
the chromosomal/mitotic spindle damages induced by various chemical or physical
agents. Clastogenic agents induce in mitotic cells chromosome breaks and produce free
acentric chromosome fragments, while aneugenic agents induce spindle apparatus breaks
and produce lagged whole chromosome(s). These lagged fragments and/or whole
chromosomes form after telophase small single or multiple nuclear-like structure(s)
named micronucleus/micronuclei, since they generally contain only 1-10 % of diploid
DNA. Manual microscopic counting of micronuclei-containing cell frequency (usually in
%0) demonstrates objectively the level of clastogenic/aneugenic action under given
conditions. For example, in the bone marrow of mice treated with known clastogenic
agents, micronuclei-containing reticulocytes occur at a frequency of approximately 10-
100%o, whereas in the bone marrows of unexpected mice the frequency is typically 1-5%o
(Jensen and Leary, 1990). Different staining procedures such as Giemsa stain, Feulgen
reaction for DNA, or fluorescent probes for DNA (acridine orange, Hoechst, DAPI, and
ethidium bromide) are used to unmask micronuclei-containing cells and count their
frequency. Specific fluorescent probes for DNA have made manual counting easier and
more objective (Jensen and Leary, 1990;). Special pan-centromeric fluorescent probes
allow distinguishing clastogenic and aneugenic actions (Nutley et al., 1996; Torous et al.,
1998; Palus et al., 2003).



Since micronuclei formation is the result of mitotic apparatus damage, the MNT has been
applied to all eukaryotic cells. It was adapted to plant cells (Grover and Kaur, 1999;
Isidori et al., 2003; Monarca et al., 2003; Gong et al., 2003), various cell lines in vitro
(Kirsch-Volders et al., 2003), cells of invertebrate species (Bolognesi et al., 1999;
Dailianis et al., 2003), and vertebrate cells (Cavas and Ergene-Gozukara, 2003, Stoncius
and Lazutka, 2003, Torres-Bulgarin et al., 2003; Iavicoli et al., 2003).

DNA-br. Single-stranded DNA breaks (DNA-br) represent the most frequent primary
DNA lesion by genotoxic agents in eukaryotic cells. Determination of the DNA-br
frequencies, therefore, is widely used to assess action of given genotoxic agents or to
monitor environmental genotoxicity (Shugart, 1988; Meyers-Schone et al., 1993; Sugg et
al., 1995; Schroder et al., 1998; Batel et al., 1999; Bresler et al., 1999, 2002, 2003;
UNEP/RAMOGE. 1999; Bihari et al., 2002; Klobucar et al., 2003).

The most common indirect method for determination of DNA-br is alkaline DNA-
unwinding assay. Treatment of DNA with high pH produces DNA denaturation
(unwinding) that expresses sites of single-stranded DNA breaks. Determination of
double-stranded and single-stranded DNA allows calculation of the relative level of DNA
damage. To separate double-stranded and single-stranded DNA, hydroxyl apatite
columns (Herbert and Hansen, 1998), alkaline filter elution (UNEP/RAMOGE. 1999), or
electrophoresis are used. Single-cell agarose gel -electrophoresis under alkaline
conditions, the so-called comet assay, is a well-established semi-quantitative assay to
assess the amount of DNA-br and their repair (Tice et al., 2000). Hydroxyl apatite and
alkaline filter elution techniques are expensive, time-consuming, labor-intensive and non-
precise; whereas, Alkali treatment and DNA elution may produce artificial single-
stranded DNA.

The methods that determine double-stranded and single-stranded DNA without the need
of separating them, but rather keeping them in the same homogenate solve the above
noted problems (Haugland, 1999). In our study, we used metachromic staining with
acridine orange (AO) to determine Single-stranded DNA breaks in situ in cell nuclei, by
using acidic DNA unwinding assay and the fluorescent probe, AO, and two-wavelength
microfluorometry. For this we used a Nikon epi-fluorescent microscope with stabilized
super high pressure mercury lamp, equipped with a measuring head which include mirror
measuring diaphragms, changeable barrier interference filters, a highly sensitive
photomultiplier, current pre-amplifier and the readout (Oriel Co, Stratford, ST, USA).
Excitation of AO was made by blue light (450-490 nm). The intensity of the dsDNA-
associated green fluorescence (520-540 nm) and red fluorescence (590-620 nm) of AO
bound with ssDNA was determined in each nucleus by using two-wavelength
microfluorometry with contact objective Fluor 43x1.0. The microfluorometer was
calibrated using microcuvettes and Multispectral Fluorescence Microscopy Standard Kit

(MultiSpeckTM, Molecular Probes, Inc, Eugene, OR, USA). Acidic DNA unwinding in
whole nuclei produce less artifact then alkali unwinding. Fraction of dsDNA (Fds) after
unwinding was calculated as ratio of green fluorescence of dsDNA to fluorescence of
total DNA (green + red fluorescence). The negative log of Fds (-log) is proportional to
the relative number of DNA-unwinding points The relative number of SSBs per
unwinding units (n) was calculated as

n = -log Fds.in/-log Fds.ref

where the index in indicates the suspected disturbed site and the index ref indicates
reference site.



It should be noted that there are new specific probes for double-stranded DNA
(PicoGreen®) and for single-stranded DNA (OliGreen®). However, the method we used
is highly accurate and enables the discrimination of single- from double stranded DNA.
Unlike measurements of UV absorbance, these assays are not affected by the presence of
proteins, free nucleotides or short oligonucleotides, making quantitation of intact
oligonucleotides and nucleic acids much more accurate - in complex mixtures such as
serum, whole blood, and tissue homogenates (Schroder et al., 1998; Bihari et al., 2002).

EA. Determination of various enzymes activities, and in particular cholinesterase, non-
specific esterase, and detoxifying enzymes, play an important role in biological
monitoring (Galgani etal., 1992; Sturm et al., 1998; Nacci et al., 1998; Bresler et al.,
1999, 2001, 2003). The activities of these enzymes are studied in vitro using
homogenates or isolated fractions of tissue, or in situ in living cells using fluorogenic
substrates (Van Noorden and Frederiks, 1992; Nacci et al., 1998; Haugland RP. 1999;.
Bresler et al., 1999, 2001,2003; Dailianis et al., 2003). However, there are some general
enzymes, like esterase, the activity of which can be measure even after fixation. The
ability of using this enzyme in fixed specimens is very important for monitoring of
sensitive species like reef corals, the sampling of which is limited and transportation is
problematic due to low survival.

Detailed description of the used methods.

To assess and quantify the three cytological parameters we made use of contact
microscopy, contact fluorescent microscopy and microfluorometry. To address our
objectives, we sampled two species of stony corals, Stylophora pistillata and Pocillopra
damicornis. The sampling sites of corals were chosen to fit the sites of recruitment (IET
recommendation #18) and to cover the whole coastal range of Eilat (14 stations, 6 sites;
See Fig. 1). Six specimens (three of each species) were sampled from each of the 14
stations. In each specimen 3'000 cells were examined for MNT, 1'000 for DNA-br, and
200 cells for EA. Three of the samples were fixed in Methanol for the SSBs test. The
other three samples were fixed in 4% Formaldehyde (in filtered sea water) for the MN
and esterase activity tests.

Soft tissues of fixed corals were separated from the skeleton in water under dissecting
microscope by shaking and using aquarelle brush. The obtained suspension of cells and
small pieces of tissue were used for the cytological tests. For MN test, nuclei were
stained with DNA-specific fluorochrome ethidium bromide (Haugland, 1999). From each
colony 3,000 cells were examined under Nikon epifluorescent microscope (Excitation
filter 510-560 nm, dichroic mirror 580 nm, barrier filter 580 nm and objective Fluor
40x0.85) to calculate frequency of micronuclei-containing cells.

Cell treatment for unmasking single-strand DNA breaks (SSBs) was made according to
Darzynkiewicz (1993, 1994) and Bresler et al. (1999, 2003) with small modifications.
That is, cells were treated by RNAse A (100 units) at 370 C for 1h in buffered salt
solution, incubated in phosphate-citric buffer at pH 2.6 for 80 sec and stained in 20 pM
Acridine Orange (AO) solution in the same buffer for 5 min and used for two-wavelength
microfluorometry. Excitation of AO was made with interference filter 450-490 nm,
fluorescence of AO-ds DNA complex with barrier filter 520-540 nm, fluorescence of
AO-ss DNA complex with barrier filter 590-620 nm, and objective Fluor 40x0.85.



Non-specific esterase activity was determined with fluorogenic substrate fluorescein
diacetate (FDA; Haugland, 1999; Bresler et al., 1999, 2003). Cells were incubated with
final concentration of 10 uM of FDA for 10 min. Liberated fluorescein was determined
by microfluorometry (excitation filter 450-490 nm, dichroic mirror 510 nm, barrier filter
>520 nm and objective Fluor 40x0.85).

3. Results

The results obtained by the three different methods of assessment of stress symptoms
(MNT, Fig. 2; DNA breakage, Fig. 3; EA, Fig. 4) revealed the same general pattern
where the strongest stress symptoms were found in the north beach (Peace Lagoon) and
the lightest symptoms in the southernmost site, the Lighthouse (Figs. 2-4). In addition to
the Peace Lagoon, high values were found for specimens sampled in the ports area (i.e.
Dekel Beach, Eilat's civil Port; stations 7-10 in Figs. 2-4). It should be noted that the
obtained pattern of MNT was the same for both coral species, S. pistillata and P.
damicornis. These high values of stress-indicating parameters, which were consistent for
the three parameters and the two species, indicate two major stress hot-spots along the
Eilat coast - the North Beach and the Port area.

4. Justification of the used methods.

During the summarizing meeting there were some claims which challenged the validity
of our MNT and DNA-br methods. Below we answer these claims and provide evidence
for the reliability of the methods used.

MNT._ At present, it seems that the MN test is the most objective and indispensable
direct method for in vitro and in vivo monitoring of clastogenic/aneugenic effects that are
produced by environmental stressors. Due to its universality, high sensitivity and
reliability, MNT in vitro was recommended by the 3™ International Workshop on
Genotoxicity Testing, for use in medicine and pharmaceutical industry (Moore et al.,
1996; Fench et al., 1997; Pavanello and Clonfero, 2000; Kirsch-Volders et al., 2003).
Likewise, the wide use of MNT can be seen by the numerous scientific reports which
either use, or mention this important parameter. For example, the Internet site PubMed
revealed, in 21.10.03, 3229 publications containing the term “micronucleus test”.

However, as claimed during the summarizing meeting, it is true that the studied species in
our project do not have analytical baselines which provide dose-response curves. It
should be stressed, however, that such baselines are required when there is attempt to
create a standard monitoring procedure, of a given species, cell type and assessment
protocol, for wide-scale comparisons between different regions, periods and labs. In our
case, we do not compare data of different species, different regions, or time periods. We
claim, therefore, that for our comparative studies of within species and samplings events,
any set of data that shows significant differences between sites, is valid.

Another claim raised during the meeting was that the differences we show, even if
significant they are not enough to point out a problem, since the MNT values of the
'stressed cells' should be above 10 micronucleated cells per 1000 cells. Celik et al. (2003)
indicate significant differences in MNT values of smokers versus non-smokers and
petrol-station workers and non-workers control. The MNT values in all the treatment



groups were dramatically lower then 10, and the significant differences were of factor 2
to 3. This study contradicts the claim raised during the summarizing meeting, according
to which the values found in our study are meaningless. The study of Celik et al. (2003)
and similar other studies on various cells of human and mice (e.g. Garaj-Vrhovac et al.
1997, Karahalil et al. 1999, Soares et al. 2003) clearly show that the "contradicting facts"
raised in this regard have no scientific basis.

DNA-br. A major claim that has been raised against our method of DNA breakage (i.e.
acid denaturation), was that this method less reliable then the alkaline unwinding
methods. The major answer to this claim can be provided by a comparison we made of
the 'AO-acid denaturation' with the alkaline DNA unwinding method. This comparison
has been done during the German-Israecli MARS project, and the results of analyses of
mollusc and fish showed higher sensitivity of the AO-acid denaturation method (Bresler
et al., 1999). Moreover, recently we compared results of acidic unwinding in whole
nuclei and the new 'fast micromethod™, which uses alkaline unwinding method, in tissues
of molluscs and corals. The 'fast Micromethod™ was developed on the base of
PicoGreen" as an assay applicable both for vertebrate and invertebrate tissues (Batel et
al., 1999). The results indicate a very high correlation between the two methods (r*= 0.97,
p<0.001; Ben-Tzvi et al, in prep), indicating that the acidic unwinding method can be
used as a sensitive and reliable method for determination of single-stranded DNA.

Finally, the use of AO and acid denaturation for detection of DNA damage has been
reported during recent years in diverse journals (e.g. Dobrinski and Darzynkiewicz 2001,
Watanabe 2001, Erenpreiss et al. 2002, Sanchez-Pena et al. 2004). These studies justify
the use of our method and support the validity of our obtained data. Furthermore, these
studies, as well as our comparison with other, common methods, show that the claims
raised during the summarizing meeting have no sound basis.

5. Discussion

In the present study we have used three parameters which are used as environmental
biomarkers; that is, they describe the response of organisms to their environment. The
three parameters demonstrate the same spatial pattern, according to which the
problematic sites, among the studied sites, are the North Beach (Peace Lagoon) and the
Ports area (Civil Port and Dekel Beach). Providing that each one of the parameters and
the methods to measure it are independent in indicating stress responses of organisms,
and the three parameters show the same pattern for two distinct species, we explicitly
conclude that the two most disturbed sites along the Eilat coasts (among the studied
sites), are the North Beach and the Ports area. Our results suggest that in these sites exist
stronger agents (most likely contaminants), which disrupt cell functions (i.e. enzyme
activities) and cause genotoxic responses (i.e. MNT and DNAbr) in organisms.

At present, we cannot pinpoint the exact pollution hotspots. In the ports there are various
potential agent which can cause stress responses in marine organisms. As for the north
beach, it should be noted, that similar studies of the same methods, which have been
conducted in some more sites in Eilat and on other taxons, show the highest stress
symptoms in the vicinity of the fish cages (Bresler et al. 1999, 2003). For instance,
specimens of the limpet species Cellana rota sampled from the fish cages have found to
possess significantly higher MXRtr and SATOA activities, cholinesterase activities and
levels of DNA breaks (determined by both alkaline unwinding and AQO), as compared



with specimens from the coastal site across the fish cages ("Ardag-stones"). These
findings suggest that the fish cages are, at least one of the major pollution hot-spots of the
north beach area. Moreover, the results of Zvoluni et al. (submitted) which suggest some
role of selection in the Eilat populations of Stylophora pistillata, show the largest decline
of genotypic diversity in the fish cages vicinity (further described in the 'coral
recruitment' chapter of the report).

5. Conclusions

I.  Based on our results, we explicitly conclude that the two most disturbed sites along
the Eilat coasts (among the studied sites), are the North Beach and the Ports area.
Our results suggest that in these sites exist stronger agents, which disrupt cell
functions (i.e. enzyme activities) and cause genotoxic responses in organisms.

II. A compilation of various studies strongly suggests that the major pollution hotspot
in the north beach is the fish-cage area.

III. During the summarizing meeting there was some criticism regarding the validity of
our used parameters and/or the methods. The literature-based evidence and our own
comparisons strongly support the use of our methods. Therefore, we conclude that
the parameters we studied, and the methods we used, are efficient and reliable in
indicating stress symptoms in marine organisms.

6. Open Questions

Our results, although indicate sites of environmental stressors, do not show causality and
cannot pinpoint the exact agent(s) responsible for the observed stress symptoms. Further
investigation is required to identify the exact stress agents (i.e. pollutants) along the Eilat
coasts, notably the North Beach and the Ports areas.
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Fig. 1: The regional map (A; the Gulf of Agaba, Red Sea) and the study sites along the
Eilat coast (B). The sites are: 1) Peace Lagoon (PL); 2) Yachts Marina (MS); 3) Naval
Base (NB); 4) Dekel Beach (DB); 5) Eilat's Port (P); 6) Tur-Yam (old marina; TY); 7)
Lighthouse beach (LH).
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Fig. 2: Frequency (per 1000 cells) of micronuclei (MNT) in cells of two species of stony
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Fig. 3: Single-strand DNA breaks in cells of two species of stony corals, Pocillopora

damicornis, and Stylophora pistillata, sampled from 14 stations along the coast of Eilat.
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Fig. 4: Esterase Activity (EA) in cells of two species of stony corals, Pocillopora

stations along the coast of Eilat.
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