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Abstract

As many chemicals with genotoxic potential are emitted to surface water, genotoxicity tests are
gaining importance which led to the development of several techniques to detect directly DNA
damage. The relevance of detecting the genotoxic risks associated with water pollution was firstly
perceived in the late 1970s. Since that time several tests have been developed for evaluating DNA
alterations in aquatic animals. These tests rely on the premise that any changes to DNA may have
long-lasting and profound consequences. Sister chromatid test, chromosome aberrations, comet
assay, and micronucleus test are currently the most widely employed methods to detect DNA le-
sions in ecotoxicology. Chromosomal aberration and sister chromatid exchanges are time con-
suming, resource intensive and require proliferating cell population. Hence, Comet assay and Mi-
cronucleus test as cost effective and more sensitive test systems have now been introduced for
assessing the genotoxicity of chemicals. This review presents a synthesis of the state of the art in
the methodologies of comet assay and micronucleus test and their contributions in aquatic envi-
ronmental research. The text explores the latest knowledge and thinking on these very important
approaches for the assessment of environmental health, management, and conservation. The pri-
mary concern of the present review is the measurement of genotoxic potential in aquatic organ-
isms under field and laboratory conditions, where effects of chemicals at different levels of bio-
logical organization can be examined.
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1. Introduction

One of the problems affecting the health of aquatic organisms is the exposure of their aquatic environment to
several hazards, which may be chemical, physical or biological contaminants. These hazards may induce genetic
alterations and carcinogenesis in aquatic organisms [1]. Because of the continued production and release of
these hazards into the aquatic environment, the investigation of the genotoxic potential of aquatic environment
has become a major task in the monitoring of environmental pollution [2]. The analysis of environmental geno-
toxicity provides early warning signals of adverse long-term effects of the contamination [3]. Genotoxicity refer
mainly to responses measured in nucleic acids. These include the measurement of alterations in either DNA or
mRNA. Effects may manifest as either damage to the genome or some adaptive change in gene expression [4].
The assessment of genotoxic potential in aquatic environment is one of the main tasks of environmental moni-
toring to control pollution.

The biomonitoring of genotoxicity in aquatic organisms is important for several reasons. First, from the eco-
logical perspective, the protection of genetic diversity in natural populations is important for population survival,
and avoiding contaminant-induced mutations that skew genetic diversity is desirable [5]-[7]. Second, the detec-
tion of carcinogenic effects in aquatic organisms is needed to assess the health of aquatic organisms, as well as
to prevent carcinogens from entering the food chain to humans [8]. Exposure to toxic substance can damage the
DNA of living cells. If these DNA lesions are not repaired they can initiate a cascade of biological consequences
at the cellular, morphological, whole animal and finally at the community and population level [9]. As many
chemicals with genotoxic potential are emitted to surface water, genotoxicity tests are gaining importance which
led to the development of several techniques to detect directly DNA damage and to identify such pollutants. The
relevance of detecting the genotoxic risks associated with water pollution was firstly perceived in the late 1970s.
Since that time several tests have been developed for evaluating DNA alterations in aquatic animals. The possi-
bility of using changes in DNA integrity to the genetic material as markers of exposure and effect of genotoxi-
cants has previously been investigated [10]. The presence of DNA adducts has been taken as evidence of expo-
sure to specific genotoxicants [11]. These tests rely on the premise that any changes to DNA may have long-
lasting and profound consequences [4]. Sister chromatid test, chromosome aberrations, comet assay, and micro-
nucleus test are currently the most widely employed methods to detect DNA lesions in ecotoxicology. Sister
chromatid test and chromosome aberrations are time consuming, resource intensive, require proliferating cell
population [12], and not very effective due to the relatively large number of small chromosomes of many aqua-
tic animal species. Theses disadvantages have stimulated the development and the use of comet assay and mi-
cronucleus test as simpler, more sensitive and time efficiency genotoxicity tests.

This review presents a synthesis of the state of the art in the methodologies of comet assay, and micronucleus
test and their contributions in aquatic environmental research. The text explores the latest knowledge and think-
ing on these very important approaches for the assessment of environmental health, management, and conserva-
tion. The primary concern of the present review is the measurement of genotoxic potential in aquatic organisms
under field and laboratory conditions, where effects of chemicals at different levels of biological organization
can be examined.

2. Comet Assay

A more useful approach for assessing DNA damage is the single-cell gel (SCG) or comet assay. Comet Assay is
one such state-of-the-art technique for quantitating DNA damage and repair in eukaryotic cells and some proka-
ryotic cells. The comet assay is a sensitive method to qualify and quantify DNA strand breaks occurring after
compound induced genotoxicity and to detect the effect of environmental mutagen product in biomonitoring
studies. Ostling and Johanson [13] were the first to develop a micro-cell gel electrophoresis technique for de-
tecting DNA damage at the level of the single cell. Subsequently, Singh et al. [14] introduced a micro-cell gel
technique involving electrophoresis under alkaline (pH > 13) conditions for detecting DNA damage in single
cells. The alkaline single cell gel electrophoresis is the most popular test to quantify DNA lesion in individual
cells for environmental monitoring. The popularity of this test is due to its sensitivity, relatively low costs, sim-
plicity and time efficiency due to automatic scoring of the comets by use of image-analysis software. Further-
more, the German Federal Environmental Agency proposes the comet assay as a useful test for a reliable detec-
tion of genotoxicity of surface waters. Alkaline comet assay is capable of detecting a wide variety of DNA da-
mages such as DNA single-strand breaks, double-strand breaks, oxidatively induced base damages, alkali-labile
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sites, and sites undergoing DNA repair. It has been also employed to visualize DNA degradation due to apopto-
sis. If the damage produced is strong, it can finally lead to cell apoptosis. In this technique a cell suspension are
embedded in low melting point agarose and placed on a microscope slide, lysed by detergents and high salt
concentration at pH 10 to release nuclear DNA. The liberated DNA is electrophoresed under alkaline condition.
Cells with increased DNA damage display increased migration of the DNA from the nucleus towards the anode
under an electric field. The migrating DNA was quantified by staining with ethidium bromide and by measuring
the intensity of fluorescence at two fixed positions within the migration pattern using a microscope photometer.
Since the introduction of the alkaline (pH > 13) comet assay in 1988, the breadth of application and the number
of investigators using this technique have increased exponentially [15]. This assay is used in such diverse appli-
cations as genotoxicity testing, biomonitoring, and DNA damage induction and repair studies [16].

In the last 10 years many in-vivo and in-situ studies have been carried out on both aquatic invertebrates and
fishes to investigate genotoxic effects on aquatic organisms. The comet assay has been widely used to investi-
gate the impacts of environmental contaminants in the monitoring and biomonitoring program in fishes. A large
number of studies reported that the comet assay is more sensitive when compared with other biomarkers com-
monly used in genetic ecotoxicology, such as sister chromatid exchanges or micronucleus test [17]. Osman et al.
[2] monitored in detail the genotoxic potential of the river Nile by using comet assay. This study exhibited higher de-
gree of DNA damage in blood of fish collected from downstream sites than that in blood of fish collected from
upstream river Nile. Such damage was significantly elevated in peripheral blood erythrocytes of Nile tilapia and
African catfish collected from heavily polluted areas. DNA damage in erythrocytes from Nile tilapia (Oreoch-
romis niloticus niloticus) and African catfish (Clarias gariepinus) was shown to be related to contaminant levels
in downstream areas. The simple progressive increase of genotoxicity levels along a water course found for the
river Nile is a good example that DNA damages are associated, in the wild, with pollution levels when a gra-
dient of pollution exists along the water course. Klobucar et al. [18] assessed the genotoxicity of freshwaters
using caged carp (Cyprinus carpio). Carp from the sites with high anthropogenic influence had higher average
DNA damage as expressed in comet assay. The results from this study suggest that 3 weeks caging exposure of
C. carpio may be a useful strategy to monitor for genotoxic agents in freshwater ecosystems. The comet assay
was used to detect genotoxicity due to multiple sources of pollution in the peripheral blood of a native fish spe-
cies (Hyphessobrycon luetkenii) [19]. Water samples were collected seasonally from three sampling sites and the
fish were assessed under laboratory conditions. The results of this study indicated that the Sinos River is conta-
minated with substances that are genotoxic to fish, including the waters near the river spring. Kopjar et al. [20]
assessed of DNA integrity in erythrocytes using the alkaline comet assay to estimate the impacts of water pollu-
tion on Balkan loaches (Cobitis elongata) inhabiting the Sava and Kupa rivers. The results suggested a genotoxi-
city of the aquatic environment in the Sava River and demonstrated significantly lower levels of DNA damage
in fish captured from the Kupa River. This study confirmed that the comet assay, applied to fish erythrocytes, is
a useful tool in determining potential genotoxicity of water pollutants. Matsumoto et al. [21] subjected water
samples from three sites in the Corrego dos Bagres stream in the Franca municipality of the Brazilian state of
S&o Paulo to the comet assay using erythrocytes from the fish Oreochromis niloticus. The greatest comet assay
damage occurred with water from a chromium-containing tannery effluent discharge site, supporting the hypo-
thesis that chromium residues can be genotoxic. De Andrade et al. [22] used the alkaline comet assay to detect
the genotoxicity due to multiple sources of pollution in the peripheral blood of two native estuarine fish (mullet
and sea catfish) and evaluated possible interactive genotoxic effects from multiple contaminants and the seasonal
variation of the genotoxicity. Fish captured in the two estuaries during the four seasons over a period of 2 years
had increased levels of DNA damage relative to the reference fish. The increases in DNA damage appear to be
related to the increase in the number of people in the towns close to the study areas. Whitehead et al. [23] tested
whether agricultural chemical runoff was associated with instream genotoxicity in native fish. Using Sacramento
sucker (Catostomus occidentalis), they combined field-caging experiments in an agriculturally dominated wa-
tershed with controlled laboratory exposures to field-collected water samples. They selected DNA strand brea-
kage as a genotoxicity biomarker. Data from experiments indicated that DNA strand breaks were significantly
elevated in fish exposed to San Joaquin River compared to a nearby reference site. Time-course measurements
in field experiments supported a linkage between induction of DNA strand breakage and the timing of agricul-
tural runoff. Rajaguru et al. [24] determined the genotoxic properties of water and sediment collected from the
Noyyal River, which is polluted with industrial effluent and sewage, in fish (Cyprinus carpio) and earthworms
(Eisenia foetida) using the alkaline comet assay. Upon electrophoresis, extensive DNA damage, measured as the
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DNA length: width ratio of the DNA mass, was observed in erythrocytes, liver, and kidney cells of fish exposed
to polluted water samples and the amount of damage increased with the duration of exposure. Similarly, the
mean DNA length: width ratio was significantly higher in the coelomocytes of earthworms placed in sediment
samples. The highest levels of DNA damage were obtained with samples taken at downstream of urban centers.
The results of this study indicate that the Noyyal River system is contaminated with substances that are geno-
toxic to fish and earthworms and that the comet assay has sufficient sensitivity to detect the genotoxicity. The
sensitivity of the widely distributed freshwater bivalve mollusk Corbicula fluminea to the DNA-damaging alky-
lating-agent methylmethanesulfonate (MMS) were studies using comet assay [25]. The results of this work in-
dicated that C. fluminea is an optimal bioindicator for the determination genotoxic contaminants in aquatic en-
vironments.

The comet assay has also proven to be a useful tool for investigating the genotoxic effects of in vitro and in
vivo chemical exposure to aquatic invertebrate and fishes. Boettcher et al. [26] exposed rainbow-trout liver
(RTL-W1) cells in vitro to acetone extracts of sediments collected at 10 selected sites along the upper Danube
River and analyzed in the comet assay in order to correlate the genotoxic potential of sediments with genetic
damage in fish. This in vitro bioassay showed excellent correlation, indicating comparability of genotoxic po-
tentials in vitro. With respect to the ecological status of the Danube river, the results overall indicate a moderate
to severe genotoxic potential with a highly differential localization. Fedato et al. [27] evaluated the genotoxic
effects of acute exposures (6, 24, and 96 h) to gasoline water soluble fraction (GWSF), diluted to 5%, on the
Asian clam Corbicula fluminea. The comet assay was performed on hemocytes and gill cells of C. fluminea. For
the three different times tested, the comet assay indicated DNA damage in hemocytes and gill cells of C. flumi-
nea exposed to GWSF. This result indicated that GWSF has genotoxic and mutagenic effects on C. fluminea. In
addition, these results confirm the sensitivity of C. fluminea to damage caused by exposure to environmental
contaminants, and, therefore, its suitability for use in environmental monitoring studies. Simoniello et al. [28]
evaluated DNA damage using alkaline comet assay applied on erythrocytes after in vivo exposure of Prochilo-
duslineatus to different concentrations of Cypermethrin (0.300, 0.150, 0.075 and 0.000 Ig/L) as a probable
chemical mutagen. The results revealed a significantly higher level of DNA damage at all concentrations of Cy-
permethrin tested compared to control and background level (p < 0.05). They have standardized the technique for
one of the most common native fish species that will be useful for biomonitoring genotoxicity in polluted waters
of the region. The African catfish Clarias gariepinus were exposed to 100, 300, and 500 Ig/L lead nitrate and
DNA strand breakage was quantified in embryos at 30, 48, 96, 144, and 168 h post-fertilization (PFS) by using
comet assay [29]. A strong correlation between lead concentration, time of exposure, and DNA strand breakage
was observed. These results clearly show that the comet assay is a sensitive tool for the detection of genotoxicity
in vulnerable early life stages of the African catfish. Ateeq et al. [30] evaluated the genotoxic potential of two
widely used herbicides; 2,4-dichlorophenoxyacetic acid (2,4-D) and 2-chloro-2,6-diethyl-N-(butoxymethyl) ace-
tanilide (butachlor) in erythrocytes of freshwater catfish, Clariasbatra chus. Fish were exposed by medium
treatment with three sub-lethal concentrations of 2,4-D (25, 50, and 75 ppm) and butachlor (1, 2, and 2.5 ppm)
and alkaline comet assay was performed on nucleated erythrocytes after 48, 72, and 96 h. A significant increase
in comet tail length indicating DNA damage was observed at all concentrations of both the herbicides compared
to the control. The mean comet tail length showed a concentration-related and time-dependent increase as the
maximum tail length recorded at highest concentration and longer duration of 2,4-D (9.59 mm) and butachlor
(9.28 mm). This study confirmed that the comet assay applied on the fish erythrocyte is a useful tool in deter-
mining potential genotoxicity of water pollutants and might be appropriate as a part of a monitoring program.

A possible genotoxic effect of surface water treated with disinfectants for potabilization was detected by Bu-
schini et al. [31]. The comet assay was applied in circulating erythrocytes of Cyprinus carpio. Genotoxic dam-
age was shown in fish exposed to water disinfected with sodium hypochlorite and chloride dioxide. The comet
assay showed an immediate response, i.e. DNA damage that was induced directly in circulating erythrocytes,
when genotoxic damage in stem cells of the cephalic kidney is expressed in circulating erythrocytes. The quality
of the untreated surface water seems to be the most important parameter for the long-term DNA damage in cir-
culating erythrocytes. Siu et al. [32] exposed Green-lipped mussels (Perna viridis) to water-borne benzo[a] py-
rene (B[a]P) at nominal concentrations of 0, 0.3, 3 and 30 microg 1 (—1) for up to 12 days, and the relative levels of
DNA strand breaks were monitored in mussel haemocytes. The results of the comet assay indicated that an in-
crease in the proportion of strand breaks occurred generally with increasing B[a]P concentration. They sug-
gested that DNA strand breakage in mussel haemocytes can potentially be used as convenient biomarkers of
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exposure to genotoxicants in the marine environment. Coughlan et al. [33] measured genotoxic damage, ex-
pressed as single-strand DNA breaks, in cells isolated from haemolymph, gill and digestive gland from the clam
Tapes semidecussatus, using the comet assay. Clams were exposed for three weeks to sediment samples col-
lected from a polluted site and a clean reference site. Throughout the study, significant differences in DNA
damage were recorded for each tissue type between clams exposed to the two sediment samples. They con-
cluded that the comet assay is a useful tool for the detection of DNA damage in clams chronically exposed to
polluted sediments. Schnurstein and Braunbeck [34] investigated the suitability of an in vitro version of the
comet assay with primary hepatocytes and gill cells from zebrafish (Daniorerio). Within the scope of an 18-
month biomonitoring study, primary cells were used to identify the genotoxic potential of native water samples
from different sites along the major German rivers, Rhine and Elbe, and to evaluate the sensitivity and practica-
bility of the chosen assay. Depending on the endpoint measured, considerable differences were detected with
respect to the number of genotoxic surface water samples.

3. Micronuclei and Nuclear Lesions Tests

Micronucleus test was proposed independently by Heddle [35] and Schmid [36] as an alternative and simpler
approach to assess chromosome damage in vivo. The micronuclei (MN) test is one of the most widely applied
methods since it allows a convenient and easy application, in particular in genotoxicological studies with aquatic
organisms. The micronuclei test has been used since the beginning of the 1980s to estimate the genotoxic effects
of exposure to environmental contaminants. Micronuclei arise from chromosome fragments or whole chromo-
somes that lag at cell division due to lack of centromere, damage in centromere region, or defect in cytokinesis.
These fragments left behind are incorporated in the secondary nuclei, called micronuclei (MN). Micronuclei
formation can occur in any of the dividing cells of any species. The count of micronuclei has served as an index
of chromosome breaks and mitotic spindle apparatus dysfunction [37]. In environmental mutagenesis investiga-
tions, the MN test using aquatic organisms has proved to be a simple, reliable, sensitive, and inexpensive pro-
cedure to assess the biological impact of water pollution. It has been assessed in aquatic organism as a biological
indicator of pollution in wild areas, and also for genotoxicity evaluation of physical and chemical agents after
direct or indirect exposure in vivo [15]. The MN test presents several advantages over other cytogenetic studies
such as sister chromatid exchanges or chromosome aberrations, which are time-consuming and not very effec-
tive due to the relatively large number of small chromosomes of many aquatic animal species. Nuclear lesions
(NL) are genotoxic analogues of MN that may also be the result of the action of a genotoxic agent. These lesions
have been considered to be of genotoxic origin by some authors and used by others as a signal of cytogenetic
damage in aquatic species. Most of the nuclear lesions have a similar origin as MN and are established to be a
genotoxic indicator. Such abnormal cell division would result in genetic imbalance of the cells, which may also
be involved in carcinogenesis [38]. Some authors suggested that some nuclear lesions could be a precursor of
MN, and represent a process for eliminating amplified genes from the nucleus. Since teleost erythrocytes are
nucleated, micronuclei and nuclear lesions tests have been scored in fish erythrocytes as a measure of clasto-
genic activity. According to my experiences the peripheral erythrocytes of fish have a high incidence of MN af-
ter exposure to different pollutants under field and laboratory conditions. High mitotic rate of hematopoietic tis-
sues provide a rapid response to genotoxic exposure revealed as chromosomal damage in peripheral blood [39].
The micronucleus (MN) test, one of those most frequently used in environmental genotoxicity studies, has
served as an index of cytogenetic damage for over 30 years [40]. The micronucleus test is a simple and sensitive
assay for “in situ, in vivo and in vitro” evaluation of genotoxic properties in aquatic environment as a part of the
biomonitoring programs. Obiakor et al. [41] explored the biomonitoring potentials of micronucleus test on wa-
terborne pollutants. It then considers the interplay between such micronucleus formations and certain wide-
spread environmental pollutants. In their biomonitoring studies Osman et al. [1] detected six nuclear lesions NL
beside micronuclei (MN) in the blood of Nile tilapia Oreochromis niloticus niloticus and African catfish Clarias
gariepinus collected from the whole course of the rive Nile. According to this result higher incidences of MN
and NL were found in the blood of fish collected from the heavily polluted areas. The simple progressive in-
crease of MN and NL frequencies along a water course found for the River Nile is a good example that MN
counts are associated, in the wild, with pollution levels expected when a gradient of pollution exists along the
water course [1]. The results of this study confirm the usefulness of the erythrocyte MN and NL as powerful
monitoring tools for detecting genotoxic agents in fresh water environment. This conclusion was previously
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supported by Rybakovas et al. [3] who analyzed Micronuclei (MN), nuclear buds (NB) and fragmented-apop-
totic cells (FA) in mature peripheral blood and immature cephalic kidney erythrocytes of flounder (Platichthys
flesus), dab (Limanda limanda) and cod (Gadus morhua) from 12 offshore sites in the Baltic Sea and 11 sites in
the North. The highest levels of environmental genotoxicity were observed in flatfishes from areas close to oil
and gas platforms in the North Sea and in zones related to the extensive shipping and potentially influenced by
contamination from large European Rivers (Elbe, Vistula, Oder). In dab from the offshore zones of the North
Sea, the levels of nuclear abnormalities were higher as compared to those in dab from the Baltic Sea. In the
same context Pavlica et al. [42] determined the frequency of micronuclei (MN) in haemocytes of native mussels,
Mytilus galloprovincialis, collected at five sites along the Eastern Adriatic coast in Croatia, four times through-
out the year to evaluate seasonal variability in connection with possible genotoxic pollution. Chosen sites were
either near closed industrial facilities or in tourist resorts. Mussels from a mussel farm were used as control. The
highest frequency of MN was observed in summer on all studied sites, elevated in comparison to the control.
These results pointed out that seasonal changes were observed only at polluted sites, most probably caused by
seasonality of pollution as well as by interaction between contaminants and higher metabolic and filtration rates
in mussels, resulting in higher values of cytogenetic damage. BarSien¢ et al. [43] analyzed the frequency of mi-
cronuclei (MN) in gill cells of 97 specimens of blue mussels (Mytilus edulis), in peripheral blood of 61 speci-
mens of flounder (Platychthys flesus) and 40 specimens of wrasse (Symphodus melops), which were collected
from seven study locations in the Goteborg area of the North Sea. Ten times higher frequencies of micronuclei
were found in flounder collected from the contaminated zone at Jordhammarvik and eight times higher micro-
nuclei levels were recorded in fish from Nya Alvsborg, the inner part of the Géteborgharbour. In mussels, the
highest response was established in specimens inhabiting the Ringhals zone. The use of Brown trout, Salmo-
trutta, European eel, Anguilla anguilla, and European minnow, Phoxinus phoxinus, as in situ pollution bioindi-
cators were evaluated by Rodriguez-Cea et al. [44] using the micronucleus test in renal erythrocytes. In situ
surveys of wild freshwater ecosystems with different levels of pollution showed that micronuclei are induced in
brown trout inhabiting polluted sites. This result demonstrated the suitability of brown trout for in situ biomoni-
toring of freshwater ecosystems.

The micronucleus test is considered to be one of the most efficient approaches for the assessment of exposure
to contaminants [40]. Barsiené et al. [45] studied the genotoxicity of crude oil processed from the Statfjord B
platform in the North Sea in gills of blue mussels (Mytilus edulis), exposed to 0.5 ppm concentration of the dis-
persed oil for 1, 2, 4 and 8 days. Time-related MN elevation incidences were detected in all experimental groups
compared to the control group of mussels. The elevation of micronuclei increased progressively with increasing
the duration of exposure. Barsiene et al. [46] assessed the genotoxicity, cytotoxicity and immunotoxicity poten-
tial of treated wastewater effluents (TWE) discharged from the Vilnius Wastewater Treatment Plant. The analy-
sis of micronuclei, nuclear buds (genotoxicity endpoints), bi-nucleated and fragmented apoptotic cells (cytotoxi-
city endpoints) in peripheral blood of rainbow trout (Oncorhynchus mykiss) after a 12-day exposure to TWE re-
vealed a significant increase of micronuclei in exposed O. mykiss specimens compared to control fish. Cavas
and Ergene-Goziikara [47] evaluated the genotoxic effects of effluents from a petroleum refinery and a chro-
mium processing plant in Oreochromis niloticus using the micronucleus test. Fish were exposed to different
concentrations (5%, 10% and 20%, v/v) of the effluents for 3, 6 and 9 days. The results of this study showed that
both effluents had genotoxic potential. On the other hand, the level of genetic damage induced by petroleum re-
finery effluent was considerably higher than that of chromium processing plant effluent. This result further in-
dicates that nuclear abnormalities other than micronuclei may also be used as indicators of genotoxic damage.
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