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This study concerns a comparative analysis of the acridine orange and Giemsa staining procedures for
the fish erythrocyte micronucleus assay. The goal was to optimize the assay in the context of field water
monitoring. Fish (Carassius carassius) were exposed to a reference genotoxic agent, cyclophosphamide
monohydrate 5 mg 1~ ! for 2, 4, and 6 days before testing. Slides from each individual were scored using
the two procedures. The results show that the assay was more sensitive when acridine orange was used.
When slides were Giemsa stained, the presence of ambiguous artefacts, leading to false positives and
increasing random variance, reduced the contrast between exposed and control samples. Acridine
Orange staining was then applied in the context of water quality monitoring. Fish were exposed for

4 days to water sampled in two hydrological contexts: basal flow and spring flood. The results show
that exposure to spring flood water in an agricultural stream can induce mutagenicity.

1. Introduction

The micronucleus assay (MN) is widely used in fish to
investigate the genotoxic effects of chemicals, isolated or in
mixtures, present in the aquatic environment (see Al-Sabti and
Metcalfe, 1995 and Udroiu, 2006 for a review). The method is
based on the detection of whole or partial chromosomes not
incorporated in the daughter nucleus following mitosis due to
clastogenicity (chromosomal breaking) or aneugenicity (mitotic
spindle dysfunction). It has been demonstrated to respond to a
large number of experimental and environmental carcinogenic
pollutants, such as polycyclic aromatic hydrocarbons (PAH)
(Al-Sabti and Metcalfe, 1995; Pacheco and Santos, 1997), heavy
metals (Al-Sabti and Metcalfe, 1995), and pesticides (Grisolia,
2002). Moreover, many studies highlight the impact of the
genotoxic burden on Darwinian fitness traits (Kurelec, 1993;
Anderson and Wild, 1994; Depledge (1994); Diekmann et al.,
2004). This link with a higher biological scale (population level)
makes genotoxicity biomarkers highly ecologically relevant.
Because fish seem to respond to xenobiotics in the same way as
higher vertebrates (Al-Sabti and Metcalfe, 1995; Udroiu, 2006)

* Corresponding author at: UMR 5245 CNRS-INP-UPS, Ecolab (Laboratoire
d’écologie fonctionnelle), 31326 Castanet-Tolosan, France. Fax: +33 562 19 39 01.
E-mail address: severine jean@ensat.fr (S. Jean).

they are routinely used as sentinel organisms in biological water
quality monitoring studies. However, many attempts have been
made to increase the sensitivity of the MN assay in fish
(Rodriguez-Cea et al,, 2003). Two main directions have been
explored, aiming either at increasing the MN induction potential
or improving MN detection. Several strategies can be used to
increase the induction potential of detectable anomalies. Carrasco
et al. (1990) who first pointed out the lack of sensitivity of the
MN assay in fish, proposed scoring other nuclear alterations
(NA) (including blebbed, lobed, vacuolated, and notched nuclei)
as complementary biomarkers beside MN scoring. This procedure
is now frequently used (Ayllon and Garcia-Vasquez, 2000; Cavas
and Ergene-Gozukara, 2003, 2005a,b; da Silva Souza and Fontanetti,
2006; Bolognesi et al., 2006). However, no standardization of
nuclear abnormalities exists, and there is no consistent data on
the origin of erythrocyte nuclear abnormalities (Strunjak-Perovic
et al., 2009). Consequently, here we focus only on MN, widely
recognized as an indicator of genotoxic pollution, and for which
the scoring process follows well established criteria (Al-Sabti and
Metcalfe, 1995). The use of tissues with a high mitotic index, and
hence a high potential for MN induction, is also being explored.
During the past years, several studies have successfully used
embryos, cephalic kidney, liver, gills, and even regenerating fin
cells (Al-Sabti and Metcalfe, 1995; Hayashi et al., 1998; Cavas and
Ergene-Gozukara, 2005b; Arkhipchuk and Garanko, 2005; Deguchi
et al., 2007; Talapatra and Banerjee, 2007). Such procedures
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require complex cell preparation (Bolognesi et al., 2006) and often
fish sacrifice. Moreover, the abundance of tissue debris slows
down scoring (Frenzilli et al., 2008). The ease of collection and
preparation make nucleated erythrocytes the most popular cells
for fish MN assay (Udroiu, 2006).

The second way to improve the assay was thus to increase the
detectability of the induced MN. The small size of the chromo-
somes, and thus of the MN, in many species including the widely
used cyprinids is frequently pointed out to explain the difficulties
encountered in detecting fish MN (Udroiu, 2006). The use of fish
with bigger chromosomes, as recommended by Kligerman (1982),
is not always possible in the context of ecologically relevant
studies. The optimization of the staining procedure could be an
interesting alternative to improving MN assay sensitivity. Surpris-
ingly, till date, little attention has been paid to the effects of the
different staining procedures currently used (mainly Giemsa
and AO) on the sensitivity of the piscine MN erythrocytes assay.
In mammals, fluorescent AO staining as been demonstrated to be
more reliable and to allow higher sensitivity than the commonly
used Giemsa staining (Hayashi et al., 1983; Tinwell and Ashby,
1989; Nersesyan et al., 2006). The AO staining procedure is now
routinely used in rodent MN assay (Tiveron et al., 1996; Hamada
et al.,, 2001; Nishikawa et al., 2002; Balachandra Dass and Alj,
2004). In fish, AO staining was first used by Ueda et al. (1992),
followed by Hayashi et al. (1998), Bolognesi et al. (2006), and
Costa and Costa (2007). In recent years, some authors switched
from Giemsa to AO staining (Cavas and Ergene-Gozukara, 2005a).
But, as yet, no comparative data are available to recommend
Giemsa coloring or AO fluorescent staining in the context of the
fish erythrocyte micronucleus assay. Giemsa is still by far the
most used staining procedure in fish genotoxicity studies.

The aim of this work was 2-fold. First, we established a
comparison between the results from the two most frequently
used staining procedures (Giemsa and AO). For that purpose, we
exposed a model organism (Carassius carassius) to a model
genotoxic molecule cyclophosphamide monohydrate (CP) by
immersion contact for 2, 4, or 6 days. Second, the selected
procedure was validated in the context of water quality monitor-
ing. The genotoxic potential of water from the Save River (France)
was investigated during basal flow and spring flood. Because of
the surface runoff due to heavy rainfall following herbicide
application, the spring flood was expected to be highly
contaminated with herbicides (Richards and Baker, 1993; Kuivila
and Foe, 1995; Taghavi et al., 2010).

2. Materials and methods
2.1. Experimental animals

The Crucian carp, C. carassius (Linnaeus, 1758; Cyprinidae) was chosen for its
availability. Specimens aged 8-15 months, measuring 9.6 + 0.8 cm, and weighing
12.6 + 3 g, were obtained from a local hatchery. The fish were acclimated in
filtered dechlorinated water in the rearing facilities two weeks before the
experiment. The fish were fed ad libitum before exposure and were not fed during
exposure. The experiments have been carried out in accordance with the European
Ethical Guidelines, with the approval of the National Ethical Committee of the
French Scientific Research National Center (CNRS). Fish exposure and handling
have been conducted under the supervision of Dr Laury Gauthier, holder of French
certificate no.31-103, giving authorization to experiment on living vertebrates.

2.2. Test chemicals and reagents

All the chemicals and reagents used, heparine salt (CAS no. 9041-08-1), cyclopho-
sphamide monohydrate (CAS no. 6055-19-2), benzocaine (CAS no. 94-09-7), acridine
orange (CAS no.10127-02-3), methanol and Giemsa solution were purchased from
Sigma-Aldrich (Saint-Quentin Fallavier, France).

2.3. Comparative study

2.3.1. Experimental design

Assays were carried out in six 36| tanks, each containing 8 randomly picked
fish. One tank was used for each exposure time (2, 4, and 6 days) (Cavas, 2008) and
another for each parallel negative control. A reference genotoxic compound,
cyclophosphamide monohydrate (CP), was dissolved in water at a nominal
concentration of 5 mg 1~! (Cavas, 2008). The aim of this study was not to measure
the genotoxic potential of a given concentration of CP, but to compare the test
performance by scoring MN induced by CP after two different staining procedures.
As each of the two staining procedures was performed on blood smears obtained
from the same fish, the effective concentration of CP in water was not crucial, and
no quantitative analyses were performed. Water was artificially oxygenated
and renewed daily to minimize changes due to metabolization, complexation, and
organisms catabolites.

Fish were anaesthetized with benzocaine 0.12g1~' (Marques de Miranda
Cabral Gontijo et al., 2003). Peripheral blood samples were obtained by cardiac
puncture with heparinized syringes and smeared onto slides. After fixing in pure
ethanol for 15 min, the slides were allowed to air-dry for 24 h. We prepared 8
slides per fish. Four were stained using Giemsa, and 4 with fluorescent acridine
orange. All AO and Giemsa stained slides were coded, randomized, and scored
using a blind review by the same observer using an Olympus®™ BX4 microscope.
A mean of 5000 cells were scored by fish. Slides of poor quality due to inefficient
puncture were rejected before scoring.

2.3.2. Slide preparation

Giemsa solution was prepared immediately before staining. Solution diluted in
demineralized water (12.5%) was centrifuged (10 min; 4000 g) and the super-
natant was filtered (Whatman® filter paper, 1.2 um). Slides were then immersed
in solution for 25 min, rinsed thoroughly with distilled water, and air dried. Cells
were scored under 1500 x magnification in bright-field microscopy. As recom-
mended by Al-Sabti and Metcalfe (1995), small, non-refractive, circular or ovoid
chromatin bodies displaying the same staining and focusing patterns as the main
nucleus were considered as micronuclei. An example of a positively identified
Giemsa stained micronucleus is shown in Fig. 1a.

The other 4 slides for each individual were stained with a drop of AO (0.003%
in Dulbecco PBS) and covered with a glass slip (Ueda et al., 1992 adapted by Cavas,
2008). Because AO stained slides were not able to be stored for a long time,
observation immediately followed staining. Micronuclei, exhibiting the same
yellow-green fluorescence as the nucleus were scored under epi-fluorescence with
a U-MWB2 filter at 1000 x magnification (Fig. 2).

2.4. Experimental assessment

2.4.1. Experimental site

The Save River is a Garonne tributary located in the Gascogne area of south-
western France. It is 140 km long and its watershed (1150 km?) is mainly
dedicated to agriculture, with more than 75% of arable land. The main crops are
corn, wheat, and sunflower, which require the use of pre-emergent herbicides.
There is no major city on the watershed (density: 39.3 /km?), suggesting no
significant impact of urban pesticide contamination. Sampling was conducted at
Larra (01°14'40”E-43°43'40”N), just before the confluence of the Save river,
consequently offering the maximum effective agricultural watershed.

2.4.2. Experimental design

Assays were carried out in 36 | tanks, each containing 10 randomly picked fish.
Each exposure lasted 4 days and had a parallel negative control. Exposure water
was renewed every day with water collected in the Save river. Basal flow
conditions sampling took place from March 21st to March 24th, 2009. Spring flood
sampling was timed to coincide with the first major rainstorm event and took
place in from April 12th to April 15th, 2009. Physico-chemical parameters
(temperature, pH, conductivity, turbidity) and flow were measured (Table 1). Save
water samples were gently heated (water bath, 10 min) to match the rearing water
temperature thus avoiding thermal shock for the fish. The micronucleus assay was
performed using the AO procedure as previously described.

2.5. Statistical analysis

All results are presented as mean + standard error. For the comparative
staining study, data were processed using a crossed two-way analysis of variance
(ANOVA) for each staining procedure. Factors were treatment and duration of
exposure. The dependent variable was micronucleus frequency, weighted by the
number of cells scored. The assumption of normality and homoscedasticity of
the residuals were tested through Shapiro-Wilk normality and Brown-Forsythe
Levene-type test, respectively. The Tukey pairwise comparison test was performed
to test differences between each sample and its respective control. The difference
between residual variance of both staining procedures was tested with an F-test
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Fig. 1. Giemsa stained peripheral erythrocytes of C. carassius ( x 1500) after 4 days exposure to CP 5 mg 1~ . (A) Micronucleus, (B and C) artefacts.

10pm

Fig. 2. Acridinde orange stained peripheral erythrocytes of C. carassius ( x 1500)
after 4 days exposure to CP 5 mg1~'. (D) Micronucleus.

for two populations with correlated observations (Kanji, 2006). All statistical
analyses were performed using R (Ugarte, 2008). The induction rate was estimated
by the ratio of MN frequency between exposed and control samples.

3. Results
3.1. Comparative study

The frequencies of micronuclei and the induction rates
observed in peripheral erythrocytes after 2, 4, and 6 days of
exposure to CP at a nominal concentration of 5 mg1~! are shown
in Table 2. No mortality was observed in any of the 48 fish. The
difference between each effective sample size and the initial
number of fish exposed in each sample (8) is due to the rejection
of individuals in which the blood sampling puncture did not fulfill
quality requirement. Whatever the staining procedure the MN
induction rates were higher after 4 days.

Table 1
Physico-chemical properties of the test water.

Basal flow Spring flood

Exposed Control Exposed Control
pH 8.11+0.34 8.01+0.05 7.97+005 8.1+0.14
Temperature (°C) 165+02 16.7+0.17 173+03 17.54+045
Conductivity (uS/cm) 583.3 +9.6 558+29 571.2+8.6 564 +10.4
Oxygenation rate 98 + 5% 94 + 2% 85.6+10% 89.5+3%

Values are the average value of daily measurements for the 4 days of
experiment + standard error.

Results of the crossed two-way analysis of variance (ANOVA)
for each staining procedure are shown in Table 3. Considering all
the durations of exposure together, the exposure to CP at a
nominal concentration of 5 mg1~! led to micronucleus induction
in a significant way, for both AO and Giemsa staining (p < 0.001
and p=0.01, respectively). There was no time-dependent change
in micronucleus induction between 2, 4, or 6 days of exposure for
AO (p > 0.05). Time had a significant impact on MN frequencies
when Giemsa was used (p<0.05). Tukey tests revealed no
difference between 2 and 4 days (p > 0.05), but a higher MN
frequency after 6 days (p<0.05) in Giemsa stained slides.
Although not significantly different from other control MN
frequencies (p > 0.05), the higher MN frequency for the negative
control at 6 days could explain this result. Moreover, the intra-
sample variance was lower with AO than with Giemsa, 0.27 and
1.195, respectively. The F-test with correlated observations
showed that residual variance with Giemsa was greater than
with AO (Table 3).

When each experimental sample was compared with its
respective control sample for each duration of exposure, MN
induction was not significant at any time in Giemsa stained slides
(Tukey, p > 0.05). In contrast, micronucleus frequency was always
significantly higher in exposed fish on AO staining (Tukey,
p < 0.05) (Table 2).

3.2. Experimental assessment

The frequencies of MN after 4 days of exposure to water
sampled in the Save River are shown in Table 4. There was no
significant difference in MN frequency between fish exposed to
water taken during basal flow and to control water. MN frequency
in fish exposed to water taken during the flood was significantly
higher than in the controls.
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Table 2

Frequency (%) of micronuclei scored in control fish and in fish exposed to 5 mg1~! CP and MN induction rate.

Exposure (days) Giemsa (n)

Induction rate Acridine orange (n) Induction rate

2 Control 2.41+0.76 (8)
Exposed 2.97 +1.28 (8)
4 Control 2.04 +1.05 (7)
Exposed 3.46 +1.35 (7)
6 Control 3.414+1.03(7)
Exposed 3.96 +0.91 (7)

124 0.66 + 0.36 (8) 2.40
1.58 +0.79 (8)*

1.70 0.59+0.32 (7) 2.67
1.59 + 0.57 (7)*

1.16 0.68 + 0.43 (7) 2.32
1.57 +0.47 (6)*

Data are shown as the mean frequency of MN for each treatment group (%o), + standard deviation, (n=number of fish).

* Denotes a significant difference from the corresponding control group at the p < 0.05 level (Tukey).

Table 3
Analysis of variance of MN frequency as a function of treatment and time.

Acridine orange Giemsa

Mean square p Mean square p
Treatment 9.41 10-%* 8.56 0.01*
Time 0.0043 0.98 3.86 0.013*
Treatment x time 0.0091 0.97 0.83 0.73
Residuals 0.27 1.195

Mean square refers to the estimate of the variance based on the variability among
the set of measures.

* Denotes a significant effect of the factor at the p < 0.05 level.

Table 4
Frequency of micronuclei scored in control fish and fish exposed to basal flow
water or spring flood water for 96 h.

Basal flow (n) Spring flood (n)

Control
Exposed

0.40+0.2 (10)
0.54+ 0.5 (9)

0.44 +0.15 (8)
1.275 + 0.46 (9)*

Data are shown as the mean total frequency for each treatment group, + standard
deviation (n=number of fish).

* Denotes a significant difference from the corresponding control group at the
p <0.05 level (Tukey).

4. Discussion
4.1. Comparative study

The MN frequencies observed in the present study are in
agreement with the literature. The baseline MN frequencies
measured are consistent with the results observed in C. auratus by
Cavas (2008) and Cavas and Konen (2007) and in the range of
variability of 1-2 orders of magnitude reported by Bolognesi et al.
(2006). The rate of induction by the CP solution at nominal
concentration of 5mgl~! is low compared to previous studies
(Cavas and Konen, 2007; Cavas, 2008). As MN induction requires cell
division, this difference can be explained by a lower mitotic rate
caused by a lower average temperature and by the use of older fish.

The MN frequency was always higher measured with Giemsa
than with OA in both exposed and control samples. Because of the
high contrast between green AO stained DNA and the dark
background, we assume that no MN were missed during the
scoring (Tinwell and Ashby, 1989). In accordance with the
literature, even with the highest care in solution preparation,
Giemsa does not stain solely actual MN, but also stains ambiguous

artefacts such as cell debris or protein granules (Nersesyan et al.,
2006; Winter et al., 2007; Costa and Costa, 2007). The identifica-
tion of authentic MN among all the artefacts is then time
consuming because the focusing pattern is often the only reliable
distinctive criterion. Fig. 1b exhibits examples of staining
artefacts. ‘C’ indicates a confirmed artefact, because of its location
outside the cells. On the other hand, ‘B’ is susceptible to be
mistaken for a micronucleus, leading to a false-positive detection.
Only a detailed analysis of its slightly different focusing pattern,
compared with the main nucleus, allows a conclusion to be
reached concerning the real status of the material observed.
Therefore, the higher MN score in Giemsa slides should be
attributed to artefacts mistaken for MN even with time-consum-
ing checking and rejection of doubtful items (Heddle and
Salamone, 1981). Such an overestimation of MN frequency has
already been pointed out for Giemsa stained slides, in the case of
human exfoliated oral mucosa cells (Nersesyan et al., 2006).
Nersesyan et al. demonstrated that the keratin bodies that form in
mucosal cells resemble micronuclei with non-specific staining,
leading to false positives. In fish erythrocytes, such keratinization
cannot be considered, and artefacts are most likely to be
coloration grains or protein granules (Costa and Costa, 2007),
which are not expected to be more represented in either exposed
or control samples. AO is a nucleic-acid-selective fluorescent
cationic dye, which emits green light (525 nm) when exited
(502 nm) only if bound to DNA. Thus, no ambiguous artefacts may
confuse the observer in AO stained slides (Fig. 2). As a result, the
scoring process is faster and more reliable (Hayashi et al., 1983).

False-positive artefact scoring in Giemsa-stained slides is
responsible for background noise. This is illustrated by the random
variance in ANOVA, higher with Giemsa than with AO. Given the low
MN induction rate, this background noise significantly reduces the
contrast between control and exposed samples. The resulting
loss of detection power is stressed in the present study. When
considering all three exposure times together (44 individuals), the
Giemsa staining detected a statistical difference between exposed
and control individuals, whereas when samples of different
exposure times are considered separately in the post-hoc Tukey test
(16 individuals), the difference appears to be non-significative.
Considering the time required for scoring with Giemsa staining,
improving the statistical power by increasing the number of
individuals is not desirable.

The wusual drawbacks of florescent staining cannot be
considered in the context of MN scoring. No fading was observed
while scoring during this study and the one-by-one staining
strategy allow quick scoring of stained slides. Using AO, MN can
be scored selectively in immature erythrocytes (Ueda et al., 1992;
Cavas and Ergene-Gozukara, 2005a; Cavas, 2008). AO maximum
excitation shifts to 460 nm when bound with RNA and the
maximum emission shifts to the red (650 nm). A red-stained
cytoplasm is then characteristic of an immature RNA-containing
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cell. However, immature erythrocyte frequency depends on the
erythropoiesis intensity and is low if the organism exhibits little
mitosis. In our experimental conditions, immature erythrocyte
frequency was too low to restrict MN scoring to this type of cell.
Nevertheless the assay was sensitive enough to allow discrimina-
tion between exposed and control samples when AO was used.

The time course study supports previous studies dealing with
MN assay in Carassius sp. (Cavas, 2008). More widely, MN are
generally induced in fish after 1-6 days of exposure (Al-Sabti and
Metcalfe, 1995; Grisolia and Cordeiro, 2000; Udroiu, 2006). In this
study, the highest induction rates were measured after 4 days of
exposure whatever the staining procedure. Statistical analyses
revealed a higher MN frequency after 6 days of contact when
slides were stained with Giemsa. In this case, MN frequencies
were high in both control and exposed samples, resulting in a low
induction rate. No difference in MN frequencies was detected
between each duration of exposure for AO stained slides. Stability
in control MN frequencies from one exposure time to another
confirms the high reproducibility of the results in our negative
control conditions. A longer exposure time could have been
performed in order to determine the MN induction kinetics in our
experimental conditions. Given that no significant time variation
occurred in AO stained slides, the three times of exposure can be
used in experimental assessments without distinction. Analysis of
the flow data from the Save River (1994-2008) revealed that the
average duration of a flood was 4 days. Given that this duration
coincides well with high induction rates, the exposure time of
4 days was retained for stream water monitoring.

4.2. Experimental assessment

MN assay was used for field water quality monitoring (Lemos
et al., 2007). In order to validate the AO staining procedure in this
context, we investigated the mutagenicity of water collected in
two hydrological conditions typical of an agricultural stream
contamination pattern. Short contamination events are rarely
considered in water quality monitoring programs. However, this
type of contamination occurs during floods in agricultural
streams. It has been demonstrated that the highest contaminant
loads in agricultural streams are measured when rainfall causes
surface water runoff, providing a major transport mechanism for
pesticides. This phenomenon is emphasized in spring when the
rainfall happens shortly after pesticide application (Richards and
Baker, 1993; Kuivila and Foe, 1995; Schulz, 2001; Ferenczi et al.,
2002). Fenelon and Moore (1998) describe an increase in atrazine
level from trace level to 14 pg 1! during spring floods in a small
Indiana watershed where corn and soybean are the main crops. In
the Gascogne area, where the Save River is located, the major
contaminants are pre-emergent herbicides used for crops of corn,
wheat, and sunflower (Devault et al.,, 2009). These herbicides,
belonging to the families of triazines (atrazine, DEA, cyanazine),
ureas (isoproturon, linuron, chlorotoluron) and anilides (metola-
chlor, metazachlor), are mostly applied in spring. High contam-
ination of water during spring flood has been reported (Debenest
et al., 2008). Taghavi et al. (2010) reported a 10-fold increase in
chlorotoluron and linuron concentration in the Montoussé creek,
a tributary of the Save river, during a flood in May 2008. Aquatic
organisms are then exposed to a pulse of a mixture of herbicides.
Genotoxicity of metolachlor and atrazine in aquatic organisms has
already been discussed (Clements et al., 1997; de Campos Ventura
et al., 2008), but little is known about the impact of pulse
contaminations during floods. Few authors have pointed out DNA
damage induction (single, double strand breakage or alkali-labile
sites) by agricultural runoff (Whitehead et al., 2004; Bony et al.,
2008). Mutagenicity has been demonstrated by Ames bacterial

mutagenicity assay (Whitehead et al., 2004), but until now, MN
induction had not been investigated in this context. In this study,
MN induction was detected in fish exposed to Save River water
sampled during the spring flood, but not in fish exposed to water
sampled during basal flow. The pulse of agricultural contamina-
tion associated with the flood, as described in the literature
(Richards and Baker, 1993; Kuivila and Foe, 1995; Fenelon and
Moore, 1998; Schulz, 2001; Ferenczi et al., 2002; Debenest et al.,
2008; Taghavi et al., 2010), appears to be mutagenic in the context
of our study. This is the first time that an agricultural flood is
demonstrated to induce MN in fish, revealing the mutagenic
potential of short contamination events. At this point, the
detected genotoxicity cannot be attributed to a contaminant in
particular. Further studies are required in order to explore the
chemicals, or mixture of chemicals, which exhibits the higher
genotoxic potential in the Save river. This result constitutes
evidence that short contamination events should be taken into
consideration when monitoring water quality.

5. Conclusion

The results of the present study add further evidence about the
use of the MN assay as a relevant biomarker for water quality
monitoring when used with AO staining. Statistical analyses
revealed that fluorescent AO staining is better adapted to piscine
erythrocyte MN assay than classical Giemsa staining. DNA-
specific staining reduces false-positive MN scoring due to
artefacts. This provides higher reliability and sensitivity for the
assay. In addition, the scoring process is faster. The sensitivity of
the MN assay using AO is validated by the field experiment. The
mutagenic potential of a spring flood in the Save river was
investigated. In such an agricultural watershed, where the main
crops are corn, wheat, and sunflower, spring floods are heavily
contaminated by pre-emergent herbicides transported from field
to stream by surface runoff. Significant MN induction was
detected in fish exposed to flood water under our experimental
conditions. This mutagenicity is most likely associated with the
short pulse of herbicides as no such results were observed with
water sampled during basal flow. This contribution to the
optimization of the MN assay highlights (i) the advantages of using
AO rather than Giemsa staining and (ii) the applicability of the assay
for monitoring biological impacts of short contamination events in
the field.
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