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Abstract : 

In this work, the DNA-damaging effect of hydrogen peroxide on the structural integrity of nucleolar 
organizer regions (NORs) was studied for the first time by comet-FISH in the Pacific oyster Crassostrea 
gigas. Global DNA damage was assessed in hemocytes using an alkaline version of the comet assay. 
Next, NOR sensitivity was analysed by mapping major rDNA repeat unit by fluorescence in situ 
hybridisation (FISH) on the same comet slides. Exposure of hemocytes to 100 μM of hydrogen peroxide 
induced a significant increase in both DNA damage and number of FISH-signals of major ribosomal 
genes versus the control. Moreover, a significant positive correlation was shown between DNA damage 
as measured by the comet assay (percentage of DNA in comet tail) and the number of signals present 
in comet tails. This study demonstrates the potential value of the comet-FISH assay for the study of 
DNA damage induced by genotoxicant exposure of target genes. It offers a perspective for better 
understanding the impact of genotoxicity on animal physiology and fitness. 

Highlights 

► A Comet-FISH assay has been developed in hemocytes of Crassostrea gigas. ► Hydrogen peroxide
causes fragmentation of nucleolar organizer regions. ►The sensitivity of genome region to genotoxicant 
exposure could be analyzed using comet-FISH.
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1. Introduction 

Pollutant levels in the marine environment have increased in recent years due to 

anthropogenic activities. Urban sewage and industrial, mining and agricultural waste arrive in 

the sea through controlled and accidental discharges and runoff waters. These effluents can 

contain compounds with genotoxic effects, potentially inducing DNA structural lesions such 

as oxidation of nucleotide bases, formation of DNA adducts and abasic sites and breakage of 

single or double DNA strands. Genome integrity is preserved by cell DNA repair systems. 

However, in case of extensive DNA damage, an apoptotic response can be induced in the 

cells, preventing a tumorogenesis process (Roos and Kaina, 2013). System failure may entail 

the appearance of mutations and chromosome arrangements, with disastrous consequences for 

the cell (Magnander and Elmroth, 2012; Mermershtain and Glover, 2013). Indeed, the 

resulting physiological and pathological changes in cells and tissue may affect the individual's 

fitness and survival. DNA damage can also affect the germline, hence decreasing fertility and 

enabling mutations and chromosomal rearrangements, which may be handed down to 

subsequent generations. Sperm DNA fragmentation can be responsible for both a decrease in 

fertility and embryonic development defects (Derijck et al., 2007; González-Marín et al., 

2012; Santos et al., 2013; Simoes et al., 2013).  

Various techniques are available for the study of DNA damage (as reviewed by Dixon et al., 

2002). Among these, the comet assay is a versatile, sensitive and rapid method, allowing 

DNA damage to be measured inexpensively (Collins, 2004). In this assay, cells embedded in 

agarose gels on microscope slides are subjected to an electric field after being lysed with 

detergents and high ionic strength. For the purpose of lysis treatment, histones, cells and 

nuclear envelopes are removed, preserving only the attachments between negative supercoiled 

DNA molecules and the nuclear matrix. As a result, the loops of DNA molecules attached to 

the nuclear matrix form a compact structure called nucleoids (Cook and Brazell, 1976). If a 

breakage occurs on a single or both DNA strands, the loop loses its supercoiling and achieves 

a more relaxed state. In the presence of an electrophoresis field, the relaxed DNA loops of 

nucleoids migrate from the nucleus towards the anode, forming a comet tail (Afanasieva et 

al., 2010; Shaposhnikov et al., 2008). The percentage of DNA present in the tail correlates 

with the degree of DNA strand breakage. According to comet assay test conditions, alkali 

labile sites, single and double strand breaks can be detected. In alkaline conditions (pH>13), 

DNA denaturation occurs and the comet tail is the result of all three types of DNA lesions. 

Conversely, if the comet assay is conducted in neutral conditions, the comet tail is composed 
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of double strand DNA and only double strand breaks are detectable (Shaposhnikov et al., 

2008). However, despite its numerous advantages, the comet assay alone does not allow the 

identification of genome sequences affected by DNA alterations. A sequence of interest can 

be specifically detected on comets by fluorescence in situ hybridisation (FISH) using a 

labelled probe. The combination of both methods allows analysis of the structural integrity of 

a specific gene or chromosomal region.  

Despite the achievements obtained recently by the comet-FISH in the analysis of gene and 

chromosomal sensitivity (Mladinic et al., 2012; Reiter et al., 2012; Volpato et al., 2008, 

Hovhannisyan et al., 2005) this method had not been applied to date in bivalves in the 

framework of ecotoxicological studies. Their wide geographical distribution, filter feeding, 

sessile lifestyle and ability to bioaccumulate pollutants make the bivalves valuable sentinels 

of aquatic ecosystems life (López-Barea and Pueyo, 1998; Waykar and Deshmukh, 2012). 

Crassostrea gigas possesses all of these characteristics and has been widely studied from a 

biological, physiological and ecological perspective (Bachère et al., 2004; Robert and Gerard, 

1999; Samain, 2011). This bivalve is also of major, worldwide economic interest, particularly 

in France, where it is one of the most extensively-farmed shellfish species (FAO, 2012).  

This article describes the first application of the comet-FISH technique for the detection and 

quantification of DNA damage in bivalves by analyzing the structural integrity of nucleolar 

organizer regions (NORs) further to hydrogen peroxide exposure. Hydrogen peroxide is a 

model direct genotoxicant, causing DNA lesions through the oxidation of purine and 

pyrimidine bases, the formation of strand DNA breaks, abasic sites and DNA protein cross-

links (Asad et al., 2004).  

NORs are the chromosomal regions in which tandem repeated DNA sequence encoding for 

18S-5.8S-28S rRNA genes are located. At the end of the telophase, when rDNA transcription 

is reactivated, the nucleoli assemble around the rDNA clusters (Hernandez-Verdun, 2006). 

Transcription, processing of major ribosomal genes and assemblage of ribosomal subunits 

take place within the nucleoli. Therefore, major rDNA instability may reduce transcription, 

leading to a reduction in ribosome biosynthesis and cell malfunctions (Kobayashi, 2008). The 

comet assay was performed in alkali conditions in order to estimate overall DNA damage. 

NORs were detected on comet slides by FISH using two plasmids containing the major rDNA 

repeat unit as a probe. The number and distribution of signals corresponding to major rDNA 

genes in the comets were registered and analysed.  
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2. Material and Methods 

2.1. Chemical reagents 

Na2HPO4, NaH2PO4, hydrogen peroxide, colchicine, KCl, KH2PO4, normal and low melting 

point agarose, ethylenediaminetetraacetic acid (EDTA), Na2EDTA, Trizma base, sodium 

lauroyl sarcosinate, dimethyl sulfoxide (DMSO), triton X-100, NaOH, , tris HCl, cetyl 

trimethyl ammonium bromide (CTAB), polyvinyl-pyrrolidone PV40, B-mercaptoethanol, 

chloroform: isoamyl alcohol solution (24:1), dextran sulphate, 4-(2-Hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES), sodium acetate and ammonium acetate were purchased from 

Sigma Aldrich. Sybr Green and propidium iodide were acquired from Life Technologies. 

Acetic acid, formamide and albumin fraction V were from Merck. Fluorescein avidin, 

biotinylated antiavidin antibody and vectashield were purchased from Vector. Formamide 

deionized and glycogen were from Ambion. Ethanol and NaCl were, respectively, from Fluka 

and Biosolve. The nick translation system was from Invitrogen. Biotin-11-dUTP was from 

Thermo Scientific, Tween 20 from Acros and sodium citrate from Prolabo. To amplify DNA 

probes, GeneAmp PCR Reagent Kit with AmpliTaq DNA Polymerase from Applied 

Biosystems was used. Ultra-pure deionized water was prepared using a Milli-Q system 

(Millipore, Molsheim, France).  

2.2 Animals 

The hemolymph (0.5 mL) of 15 adult of Crassostrea gigas (2n = 20) was taken from the 

adductor muscle using a syringe with a 21-22 G needle and filled with 0.2 mL of an 

antiaggregant solution (AASH). The hemolymph from all the individuals was pooled, filtered 

using a 30 µm mesh (Parterc cell trics) and dispatched to constitute 6 sub-samples. Three 

were used as controls and the other three were exposed to 100 µM of hydrogen peroxide for 1 

h at room temperature in the dark.  

Hemocyte viability was assessed before and after exposure to hydrogen peroxide by flow 

cytometry (BD accuri C6). Fresh samples were stained using SYBR Green I (10X final) and 

propidium iodide (10 µg/mL) as described by Dang et al. (2011). In order to estimate the 

amount of DNA per cell, a portion of each hemocyte sample was also fixed with ethanol, then 

stained with propidium iodide (50 µg/mL, prepared in Calcium-magnesium-free saline buffer 
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with 0.5% Tween 20 and 1mg/mL boiled RNAse) for 45 min at room temperature in the dark. 

In both assays, three measurements were performed per sample and an average of 10,000 cells 

was counted on each round. 

 

2.3. Alkaline Comet Assay 

The alkaline comet assay was performed in alkaline conditions according to Akcha et al. 

(2003). Slides previously coated with 0.5% normal melting point agarose in Ca2+ and Mg2+ 

free 1X PBS were covered with 85 μL of hemocyte suspension prepared in 0.5% low melting 

point agarose (in Ca2+ and Mg2+ free 1X PBS) and covered with a cover slip. The slides were 

placed on a cold metal plate at 4°C for 5 min in order to solidify the agarose. The cover slips 

were then withdrawn and 90 μL of low melting point agarose (0.5% in 1X PBS) was 

deposited on the slides and scattered with a cover slip for the last gel layer.  

To lyse cell and nuclear membranes, the slides were immersed in a glacial lysis buffer (NaCl 

2.5 M, Na2EDTA 0.1 M, Trizma base 0.01 M, sodium lauroyl sarcosinate 1%, DMSO 10%, 

Triton X-100 1%, pH 10.0) for 1 h at room temperature in the dark. Next, the slides were 

placed in a horizontal electrophoresis chamber containing a freshly-prepared electrophoresis 

buffer (NaOH 0.3 M, EDTA 0.001 M, pH 13.0), where they were left for 15 min at 20 °C to 

allow DNA unwinding. DNA migration was performed in this buffer for 20 min at 23V (390 

mA, 0.66 V/cm). The slides were then washed in Tris base 0.4 M, pH 7.5 for 2 x 5 min at 

room temperature, dehydrated in increasing ethanol series (70%, 90% and 100%) and air-

dried. Two slides were prepared for each replicate (n = 3) from both the control and exposed 

group.  

 

2.4 Mitotic chromosome and nuclei spreads 

In order to demonstrate that the probe for major ribosomal genes hybridise only in their 

corresponding locations, mitotic chromosome and nuclei spreads were performed. 

Chromosome and nuclei preparations were obtained from gills according to the method 

described by Martínez-Expósito et al. (1994). After exposing the specimens to colchicine 

(0.005%) for 12 h, the gills were excised, rinsed and fixed with a mixture of ethanol/acetic 

acid in three baths of 20 min each. To obtain chromosome and nuclei spreads, small pieces of 

fixed gills were dissociated in 60% acetic acid and the cell suspension was dropped onto 
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slides heated to 55ºC. 

 

2.5 Fluorescence in situ hybridisation (FISH) 

Major ribosomal genes were produced in high quantities using the plasmids HM123 and HM 

456, containing the major ribosomal gene repeat unit (18-5.8-28S) from Xenopus laevis 

(Meunier-Rotival et al., 1979). The probe was labelled with biotin-11-dUTP (Thermo 

Scientific) for 1 h 30 min at 15 °C using the Nick translation system (Invitrogen) in 

accordance with the manufacturer's instructions. Hybridisation on interphase nuclei and 

chromosome spreads was performed to check proper probe functioning.  

The comet slides prepared as described above were denatured in 0.5 N NaOH for 30 min at 

room temperature. The gels were then neutralized in 1X PBS pH 7.4 for 1 min at room 

temperature. The chromosome spreads were denatured in a solution of 70% formamide in 2X 

SSC (0.3 M NaCl, 0.03 M tri-sodium citrate dihydrate) for 2 min at 69 °C. Once denatured, 

the comet and chromosome slides were dehydrated in an increasing ethanol series (70, 90, 

100%, 3 min each) and air-dried. The hybridisation mixture, containing 30 ng/μL of labelled 

DNA and a 1:1 ratio of formamide deionized and 20% dextran sulphate in 8X SSC, was 

denatured at 80 °C for 8 min. Once denatured, 20 μL of the hybridisation mixture was added 

to each slide, covered with a cover slip and incubated overnight at 36.5 °C in a humidified 

chamber.  

Stringency washes were done in agitation using a solution of 50% formamide prepared in 2X 

SSC and 0.1X SSC for 3 x 5 min each at room temperature. Blocking was performed at 35 °C 

for 30 min using 5% bovine albumin solution prepared in 4X SSC/0.2% Tween 20. The 

biotin-labelled probe was detected using fluorescein avidin and biotinilated antiavidin 

antibodies (Vector). The slides were stained with propidium iodide (0.07 μg/mL) in 2xSSC 

for 8 min and, once washed and dried, mounted with Vectashield medium (Vector). All 

experiments were carried out in dark conditions to prevent additional DNA damage by natural 

light.  

The preparations were examined with an Olympus BX60 fluorescence microscope using the 

proper filter set (U-MWG and FITC 31001 from Olympus). Images for each filter were 

captured with an Andor camera DL-658M and merged using Gimp. The number of signals 
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and their localization in both the comet head and tail were recorded for each nucleoid. DNA 

damage on each comet picture was analysed using the Komet Version 5.1 image analyses 

system (Kinetic Imaging, Liverpool, UK). The percentage of tail DNA (TD) was the comet 

parameter selected to quantify global DNA damage.  

Forty randomly-selected nuclei with FISH signals were analysed on each slide. The FISH-

signals were classified in two classes: dots and clouds of dots. Dot signals were defined as 

circle shaped signals or those smaller than 0.6 µm in the major axis. Clouds of dots were 

characterized by the superposition of dots or by several dots closed by a distance lower than 

1.5 µm. A cloud of dots was scored as a single unit, since they represent a cluster of tandem 

repeated rDNA transcriptional units. A total of 240 nuclei were then analysed per group. 

Nuclei presenting hedgehog comets and comets without FISH signals were excluded from the 

comet analysis.  

The data was analysed using Statistica software 6.0 (Statsoft). The mean values of TD were 

normalized using its square root and analysed by an ANOVA. The effect of hydrogen 

peroxide exposure on the number of signals detected by FISH for major rDNA genes was 

analysed using a Mann–Whitney U test. The correlation between √TD and the number of 

signals was studied using Spearman’s correlation coefficient. 

 

3. Results 

3.1 Cell Viability and cell cycle 

The cell viability of both the control and exposed samples was higher than 97% (Mean = 

97.67  0.11), indicating appropriate conditions for application of the comet assay. No 

significant differences were found between cells exposed to hydrogen peroxide and controls 

(Mann-Whitney U, p > 0.01). Hydrogen peroxide showed no cytotoxicity following 1 h 

exposure to 100 µM versus controls (Wilcoxon test, p > 0.01).  

Genome size was similar in both groups. The percentage of 2C and 4C cells was 88.23% and 

4.6 %, respectively in the control and exposed groups (Fig 1). The 2C peak corresponded to 

Go/G1 population, whereas the 4C peak was interpreted as G2/M or polyploid cells.  
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3.2. Comet-FISH  

After 1h exposure to 100 µM of hydrogen peroxide, a significant increase in DNA damage as 

measured by comet TD was detected in the hemocytes of Crassostrea gigas after applying a 

one-way ANOVA (random model, nested design) (p < 0.001, Fig 2a). No significant 

differences were found between replicates in either experimental group, indicating 

homogenous exposure conditions.  

Fluorescence in situ hybridisation experiments on mitotic chromosome and nucleus spreads 

showed a unique site of hybridization of the probe  corresponding to the NORs location, i. e. 

the terminal region of the long arms of the metacentric chromosome pair 10 (Insua and 

Thiriot-Quiévreux, 1992 and Xu et al., 2001, Fig 3a), demonstrating the proper probe 

functioning. Comet-FISH experiments revealed major rDNA FISH-signals to appear as both 

individual dots and clouds of dots dispersed over the comets. Dot clouds were more frequent 

in comet heads, whereas individual signals were more frequently observed in comet tails (Fig 

3b-i). No dot chains were observed in comet tails. The number of signals ranged from 1 to 4 

in little-damaged nucleoids (Fig 3b-d) and from 1 to 32 in nucleoids with a comet tail (Fig 3e-

i). Moreover, in cells exposed to hydrogen peroxide, nucleoids without a comet tail also 

exhibited 1 to 4 signals, similarly to undamaged nucleoids from the control group.  

A significant difference was detected between the control and exposed group in the number of 

signals for major ribosomal genes (Mann-Whitney U, p < 0.001, Fig 2b). The signal mode 

was 2 in both groups. However, a data distribution assessment showed the number of classes 

corresponding to the different signal numbers to increase in the group exposed to hydrogen 

peroxide. Interestingly, the percentage of cells displaying 1 and 2 signals was significantly 

lower (Fig 4).  

The maximum number of detectable signals for major ribosomal genes on alkaline comets is 

eight when (i) the DNA amount of the cell is 4C and (ii) DNA is undamaged. As the 

maximum percentage of 4C we obtained was 4.6%, the presence of more than four signals 

was considered as indicative of NOR fragmentation. Taking into account this percentage 

adjustment, 43.7% of the nulceoids exposed to hydrogen peroxide showed NOR 

fragmentation. This percentage was even higher when nucleoids with tails only were 

considered (54.9%).  
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In the group exposed to hydrogen peroxide, the DNA fragmentation level of NORs was 

significantly higher than in the controls (Pearson X2, p < 0.001). Following exposure to the 

model genotoxicant, a positive correlation was also observed between the number of FISH 

signals and the percentage of DNA present in the comet tail (Spearman coefficient correlation 

of 0.70, p < 0.05). 

 

4. Discussion 

The simplicity, sensitivity, versatility, rapidity and low cost of the comet assay make it one of 

the most popular methods for assessing DNA damage, with applications in genotoxicology, 

human molecular epidemiology and the study of cell repair capacity (Collins, 2004). 

Nevertheless, despite its great versatility, the comet assay does not provide information on the 

nature and function of the damaged sequence. Its combination with the specificity of 

fluorescence in situ hybridisation allows us to analyse the effect of hydrogen peroxide on the 

structural integrity of nucleolar organizer regions in the hemocytes of the Pacific oyster 

Crassostrea gigas.  

The presence of 1 to 4 major rDNA FISH signals in nucleoids coincides with cytogenetic data 

published for Crassostrea gigas. This species presents one NOR on the terminal region of the 

long arm of the metacentric chromosome pair 10 (Insua and Thiriot-Quiévreux, 1992; Xu et 

al., 2001). Therefore, the expected number of signals in undamaged nucleoids can range from 

1 to 8, depending on nuclear DNA content, cell cycle status and comet assay conditions, 

which promote the separation of DNA strands in alkaline conditions, hence doubling the 

number of FISH-signals. The duplication of FISH-signal numbers when applying the alkaline 

comet assay has already been described in animals and humans  (Rapp et al., 2004), despite 

the fact that it does not occur systematically (Kwasniewska et al., 2012). In fact, comet heads 

are partially composed of renatured DNA, as previously suggested by acridine orange staining 

(Östling and Johanson, 1984) and FISH-detection of Cot-1 DNA in alkaline comet heads 

without previous denaturation (Shaposhnikov et al., 2008). Therefore, 2C cells corresponding 

to cells in G0/G1 phase are expected to display between 1 and 4 FISH-signals, whereas 4C 

cells corresponding to either cells in G2/M phase or polyploidy cells are expected to display 

no more than 8 signals. The majority of intact nucleoids from both the control and exposed 

groups showed 2 signals (61.64% and 66.66%, respectively) and no more than 4 FISH signals 
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were detected, suggesting that most of the complementary denatured strands of DNA had 

renatured or stayed in close proximity, hence giving the same signal. A small percentage of 

4C cells was detected by flow cytometry (4.6%), which could partially explain the percentage 

of 4 FISH signals detected in intact nucleoids. In view of the relatively-low level of DNA 

damage measured by comet TD value, the extra FISH signals could be linked to the 

separation of DNA strands in alkaline conditions. Conversely, nucleolus organizer regions 

tend to aggregate during interphase forming the nucleoli (Kalmárová et al., 2007), explaining 

the presence of one and three signals detected in some nucleoids. 

Although the comet tail is thought to be composed of single strand DNA in alkaline 

conditions, its formation remains poorly understood and various interpretations have been put 

forward. The electrophoretic behaviour and kinetic analysis of alkaline comets suggest that 

the tail mainly comprises fragments, whereas the nucleoid is a coil of single strand DNA 

molecules detached from the nuclear matrix due to the alkaline treatment (Afanasieva et al., 

2010; Klaude et al., 1996). However, the persistence of some broken DNA sequences on 

alkaline comet heads contradicts this interpretation, suggesting that some damaged sequences 

may remain attached to the nuclear matrix (Horvathová et al. 2004). On the other hand, 

comet-FISH data suggests that single strand DNA, which comprises the alkaline comet tails, 

coalesces into a granular form (Shaposhnikov et al., 2008). 

The aspect of FISH signals on comets reflected their chromatin topological organization. On 

alkaline comets with tail DNA, FISH signals were observed as clouds of dots over the comet 

head. Their appearance coincided with DNA organization into loops, which remained on the 

head despite the ability of the alkali treatment to detach DNA loops from the nuclear matrix 

(Afanasieva et al., 2010). This could be explained by the resistance of high molecular weight 

DNA to electrophoresis migration in agarose gels. The proximity of single strand DNA loops 

in comet heads can promote re-annealing during the neutralization process, explaining why 

the number of observed signals was generally 2 in the comet head and never 8. Given the 

tandem repeat organization of major ribosomal genes (Long and Dawid, 1980), FISH signals 

could be expected to be arranged in linear arrays on comets, as observed on fibre-FISH 

(Pérez-García et al., 2014). However, they appeared as individual and clouds of dots, 

supporting the idea that the single strand DNA constituting the alkaline comet tails had 

coalesced into a granular form (Shaponiskov et al., 2008).  
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Hydrogen peroxide induced the fragmentation of NORs in exposed hemocytes. Although the 

number of major rDNA signals increased with the percentage of tail DNA, most of the comets 

(77.27%) with NOR fragmentation showed FISH signals in the head, suggesting that some 

rDNA sequences or adjacent regions had remained attached to the nuclear matrix. 

Alternatively, the fragmented sequence may have been too long to migrate to the anode under 

electrophoretic field. Mammalian rRNA genes available for transcription have been 

previously reported as appearing to organize themselves into chromatin loops by tethering of 

non-transcribed inter-genic spacer region of the rDNA to the nuclear matrix. rDNA genes 

silenced by methylation are not recruited to the matrix (Shiue et al., 2014). Nevertheless, there 

is no evidence that the nuclear matrix is retained under alkaline treatment (Afanasieva et al., 

2010).  

Oxidative stress is known to be responsible for a rapid and reversible inhibition of protein 

synthesis via translation inhibition and oxidation of components of the translational apparatus 

and mRNA (Grant, 2011). Using comet-FISH, we observed NOR damage in the hemocytes of 

Crassostrea gigas exposed to hydrogen peroxide, hence pinpointing a possible negative effect 

on protein biosynthesis due to oxidative stress. Nucleolar organizer regions form nucleoli 

during the interphase rDNA; their instability may hence reduce rDNA transcription, resulting 

in lower ribosome biogenesis and affecting cellular functions (Kobayashi, 2008). However, 

rDNA copies that remain intact on comets could be transcribed anyway and fulfil cell 

requirements. In yeast, the number of copies of rDNA was shown to exceed the minimum 

number of genes required to obtain normal growth (French et al., 2003), with only half of 

copies transcribed. Despite the presence of NOR damage, the expression of major ribosomal 

genes could hence be maintained. Various evidence accumulated in recent years suggests that 

the nucleolus acts a sensitive sensor of genome damage and cellular stress (Hetman and 

Pietrzak, 2012; Shaw and Brown, 2012). In response to DNA damage, an ATM-dependent 

accumulation of the transcription factor E2F1 has already been described in the nucleolus; 

this mechanism plays a role in cell cycle arrest, DNA repair, apoptosis and the regulation of 

rDNA transcription (Jin et al., 2014). Conversely, nucleolus dysfunction has been shown to 

stabilize p53 preventing its degradation. As consequence, apoptosis, autophagy, cell cycle 

arrest, metabolic changes, and senescence may occur (Boyd et al., 2011; Elkholi and Chipuk, 

2013).  
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This study demonstrates the utility of the comet-FISH to analyse the fragmentation of NORs 

on hemocytes of Crassostrea gigas and reveals its potential use to analyse damaged induced 

by genotoxicant exposure in specific genes. However, despite of its efficacy in the assignment 

of DNA damage to genes and specific chromosomal regions (Mladinic et al., 2012; Reiter et 

al., 2012; Volpato et al., 2008, Hovhannisyan et al., 2005) and in the analysis of cellular DNA 

repair capacity (Guo et al., 2013; McKenna et al., 2012), this technique has not been widely 

employed in the field of ecotoxicology. This can be explained by the fact that its application, 

optimization and interpretation of the results require experience in gene mapping by FISH. In 

fact, the critical step of this method is to obtain proper probes for the gene of interest that do 

not generate background noise under low stringency conditions. In the other hand, a correct 

interpretation of the results require knowledge on the cell cycle phase, the DNA content (C-

value) and the number of chromosomal loci of the gene under study. This last data is not 

available for the majority of species, except for a little number of gene families, such as 

ribosomal genes and core histone genes. Nonetheless, the comet-FISH is a promising method 

in the field of genotoxicoloy and ecotoxicology, which can be used to study the sensitivity of 

target genes to genotoxicant exposure and cellular DNA repair capacity.  

 

5.  Conclusions 

In this study, a comet-FISH assay was applied for the first time to bivalves following 

exposure to a model direct genotoxicant, allowing analysis of the structural integrity of NORs 

and hence the nucleoli of oyster hemocytes. Our data revealed NOR fragmentation, with 

possible severe consequences for cells. As bivalves are widely-used for monitoring 

environmental pollution in aquatic ecosystems, the application of comet-FISH to these 

organisms can provide additional and interesting information on the nature of the genomic 

regions affected by genotoxicant exposure and on cell repair capacity. Targeted probes can be 

used to better understand the consequences of genotoxicity on animal health, which remains 

poorly-documented in aquatic species. .  
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Fig 1: Flow cytometric analyses of nuclear DNA content of hemocytes reveal a small 
percentage of 4C hemocytes (4.6%) in both the control (black line) and exposed group (red 
line). 

Fig 2: Effect of 100 µM H2O2 exposure on levels of DNA fragmentation measured as tail 
DNA (a) and on the number of major rDNA signals registered on comets from oyster 
hemocytes (b). 

Fig 3: FISH mapping of major ribosomal genes on mitotic metaphase chromosomes (a) and 
comets (b-i). Undamaged nucleoids (b-d) showed from 1 to 4 major rDNA signals. The 
number of signals present on the comets increased with DNA damage (e-i). Chromosomes 
and nucleoids were stained with propidium iodide. 

Fig 4: Frequency distribution of FISH-signals in control and exposed groups. 
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