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Abstract :
Changes in normal chromosome numbers (i.e. aneuploidy) due to abnormal chromosome segregation may
arise either spontaneously or as a result of chemical/radiation exposure, particularly during cell division.
Coastal ecosystems are continuously subjected to various contaminants originating from urban, industrial and
agricultural activities. Genotoxicity is common to several families of major environmental pollutants, including
pesticides, which therefore represent a potential important environmental hazard for marine organisms. A
previous study demonstrated the vertical transmission of DNA damage by subjecting oyster genitors to shortterm exposure to the herbicide diuron at environmental concentrations during gametogenesis. In this paper,
Fluorescent in situ hybridization (FISH) was used to further characterize diuron-induced DNA damage at the
chromosomal level. rDNA genes (5S and 18-5.8-28S), previously mapped onto C. gigas chromosomes 4, 5
and 10, were used as probes on the interphase nuclei of embryo preparations. Our results conclusively show
higher aneuploidy (hypo- or hyperdiploidy) level in embryos from diuron-exposed genitors, with damage to the
three studied chromosomal regions. This study suggests that sexually-developing oysters are vulnerable to
diuron exposure, incurring a negative impact on reproductive success and oyster recruitment.

Highlights
►FISH was realized on oyster embryos from diuron-exposed genitors. ►rDNA genes were used as probes
on the interphase nuclei of embryo preparations. ►Higher aneuploidy level was observed in embryos from
diuron-exposed genitors. ►Hypo- and hyperdiploid (triploid) nuclei were detected.
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1. INTRODUCTION

t

Cells characterized by the loss or gain of one or more whole chromosomes in comparison to

rip

the normal haploid or diploid condition are considered as aneuploid. Aneuploidy is the most
common genetic defect in humans and somatic aneuploidy has been linked to the development of

us
c

various cancers (Kops et al., 2005; Weaver and Cleveland, 2006). Germinal aneuploidy can have
major detrimental effects, as it impacts the following generation, resulting in mental retardation,

an

congenital malformation and miscarriage. When all classes of numerical chromosomal
abnormalities (monosomy, trisomy, polyploidy) are taken into account, these abnormalities are

M

thought to contribute to more than half of all spontaneous abortions; aneuploidy is thus
considered as the major cause of reproductive loss in man (Aardema et al., 1998; Abruzzo and

ed

Hassold, 1995; Hassold and Hunt, 2001).

Changes in normal chromosome numbers due to abnormal chromosome segregation may arise
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spontaneously (age, genetic instability, etc.), or as a result of chemical/radiation exposure,
particularly during cell division. Several chemicals are known to induce aneuploidy in vitro or in
animals in vivo. The marine environment and, in particular, coastal ecosystems, are continuously

Ac

subjected to various contaminants, originating from urban, industrial and agricultural activities.
Certain contaminants exert their effects via genotoxic mechanisms, simultaneously causing
embryotoxicity, carcinogenesis and long-term damage to organisms (Jha et al., 2000). Among
these chemicals, phytosanitary products are a major concern in France, which is the leading user
of agrochemicals in Europe and the third-biggest user worldwide (Jacquet et al., 2011; UIPP,
2012). During rain events, pesticides can be drained by catchment areas and contaminate coastal
waters, hence creating an environmental risk for aquatic organisms. The bio-ecological
particularities of marine bivalves (filter feeders, sessile mode of life and ability to bioaccumulate
3
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pollutants) make them particularly sensitive to chemical stress, which can lead to reversible or
irreversible genomic abnormalities such as DNA breaks or chromosomal aberrations. The
relationship between genotoxicity and pollutants or polluted environments has been well-
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t

investigated in marine invertebrates and in particular in oysters and mussels (Akcha et al., 2012;
Bihari et al., 2003; Dallas et al., 2013; Marcheselli et al., 2011; Wessel et al., 2007). Moreover,
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c

the parental transmission of DNA damage has already been demonstrated, although the
associated literature is incomplete (Barranger et al., 2014; Bouilly, 2004). The consequences of
genomic abnormalities induced by chemicals on animal fitness are of major interest for

an

understanding the long-term impact of genotoxic pollutants on wildlife.

Regarding the Pacific oyster, high mortality phenomena have been observed in summer in

M

many regions of the world, in particular on French coasts (Samain et al., 2007). In most cases,
summer mortality is not allocated to a single factor, but a combination of several parameters,

ed

including physiological stress, environmental conditions and pathogenic organisms (Dégremont
et al., 2010; Huvet et al., 2010; Renault et al., 1994; Samain et al., 2007). As many oyster

ce
pt

production areas are subject to anthropic pressures, in particular pesticides inputs (Burgeot et al,
2008; Munaron et al., 2003), the possible role of environmental pollution in oyster mortality
events is being increasingly examined in France and elsewhere (Ochoa et al., 2012).

Ac

Understanding this phenomenon is a complex but very important challenge, as the Pacific oyster,
Crassostrea gigas, is one of the foremost aquaculture resources worldwide (FAO, 2012) and
France is currently Europe’s leading producer. This species, whose diploid chromosome number
is 20 (2n = 2x = 20 chromosomes), can tolerate a genome size variation of between 5 and 15%
(DNA aneuploidy) and a percentage of hypodiploid cells with 17, 18 or 19 chromosomes varying
from 5 to over 30% (Benabdelmouna et al., 2011; Leitão et al., 2001b; Thiriot-Quiévreux et al.,
1992; Zouros et al., 1996). Various methods are available for characterizing these genomic
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abnormalities. Originally, cytogenetic analysis could only be performed by conventional
karyotyping. However, this approach is technically demanding, time-consuming and limited by
the number of metaphase cells available for analysis. Additionally, poor chromosome

rip

t

preparations and frequent artifactual variations in chromosome numbers may compromise
results. These limitations can be overcome by recent molecular cytogenetic techniques as
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Fluorescent In Situ Hybridization (FISH), allowing chromosome and gene identification, not
only onto metaphase preparations but also starting from the more accessible material represented
by interphase nuclei (I-FISH). This method has essentially been used in higher vertebrates, such

an

as human, equine, bovine and porcine cells (examples in embryo nuclei: Rambags et al., 2005;
Viuff et al., 2002; Zudova et al., 2003). FISH analysis has already been used for the chromosome

M

characterization and identification of bivalves (Benabdelmouna et al., 2008; Cross et al., 2005;
Wang et al., 2004; Xu et al., 2001), but never previously for the detection of genomic

ed

abnormalities in ecotoxicological studies.

In a previous experiment, the vertical transmission of DNA damage was highlighted by exposing

ce
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oyster genitors to short-term environmental concentrations of diuron - a substituted urea
herbicide used for on-land weed control - during gametogenesis (Barranger et al., 2014). In spat
from diuron-exposed genitors, a significant decrease in nuclear DNA content was measured, with

Ac

over 15% of individuals showing DNA hypodiploidy, i.e. a decrease in their genome size
relatively to eudiploid oysters.
In this study, rDNA probes were hybridized on interphase nuclei (I-FISH) from embryos
produced by controls and diuron-exposed oyster genitors in order to supplement information on
the aneugenic effects of diuron. These genes were chosen to specifically label particular
chromosomes and identify their numerical variations. The major (18-5.8-28S) and minor (5S)
rRNA genes used in our study are two families of ribosomal RNA genes in higher eukaryotes. 5S
5
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ribosomal RNA is the smallest RNA component of the ribosome. Both genes are organized into
clusters of tandem repeats with up to hundreds or thousands of units (Martins and Galetti, 2001).
In view of their high copy number, rRNA genes can easily be detected by FISH and used for
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chromosome identification (Fontana et al., 2003; Insua et al., 2001; Liu et al., 2003).

There are a number of advantages to studying freshly-fertilized embryos. Firstly, the cells are in

us
c

an active state of division; this is an ideal state for studying aneugenic effects leading to
chromosome loss or gain, allowing adverse effects to be observed prior to cell death or removal
of the aberration through DNA repair. Moreover, the study of early life-history stages provides

M

2. MATERIALS AND METHODS

an

various information on population fitness.

ed

2.1 Genitor origin, diuron exposure and fertilization

The adult Pacific oysters (Crassostrea gigas) used for this experiment were the progenies of wild
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oysters sampled in the Marennes-Oléron Bay (France). One hundred oysters were spawned in
February 2011 at the Ifremer hatchery, to produce 6 batches, each cross using around 16 parents.
These 6 batches were then mixed at the juvenile stage to get one group, in order to limit any

Ac

batch effect. The resulting group of oysters was used for this experiment.
Oyster husbandry, diuron exposure and fertilization were performed as described in Barranger
et al. (2014). Briefly, following a one-month acclimatization period, sea water temperature (8°C
± 1°C) was gradually raised by two degrees per day for 1 week, to reach 19.8°C (± 0.3°C). Once
gonad development had begun, the oysters were divided into three experimental groups: a
seawater control, a solvent control and a diuron-exposed group. Diuron - the pesticide selected
for our study - is a substituted urea herbicide used in agriculture for on-land weed control. This
6
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herbicide is also used as an antifouling biocide (Thomas et al., 2001). In France, it has been
banned as phytosanitary product since 2008 (JO no. 204 September 4, 2007), and as biocide used
in antifouling paints since 2009 (bylaw 28 August, 2008). Although data on pesticide transfer
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from the continent to French coastal ecosystems is fairly rare, recent studies have reported the
presence of diuron in various French aquatic environments (Atlantic bays, estuaries and
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Mediterranean Sea) (Buisson et al., 2008; Caquet et al., 2013; Munaron et al., 2012, 2006). As
diuron stock solution is sold in acetonitrile, the solvent control group was exposed to acetonitrile
at a concentration of 0.005%. This concentration of acetonitrile has already been used in a

an

previous study of Akcha et al. (2012) and did not reveal any genotoxic and embryotoxic effects
on spermatozoa or embryo, respectively. Three 250-L tanks were used for each experimental

M

group, containing each 240 oysters. Two 7-day exposure periods took place at the start and midcourse of gametogenesis, during which the oysters were exposed to 0.4 and 0.6 µg/L of diuron,

ed

respectively. These short exposure pulses were chosen to mimic rain events with concentrations
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of diuron close to those detected in coastal waters (see Barranger et al., 2014 for details).
Within experimental group, when oysters were ripe, males and females (n=70 oysters per
group) were individually induced to spawn through thermal shocks (from 18°C to 28°C for 30
min). The oocytes were then pooled within group, as well as the spermatozoa, and the

Ac

fertilization was achieved using 9,000,000 oocytes and a ratio of 200 spermatozoa per oocyte.

2.2 I-FISH analysis
Embryonic nuclei preparation. Four hours after fertilization, developing embryos were
collected and transferred to a hypotonic solution (0.9% sodium citrate) for 15 min. Following
7
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incubation in the latter solution, the embryos were recovered and fixed twice for 20 min in a
freshly-prepared 100% ethanol:glacial acetic acid (3:1) solution and stored at -20°C pending use.
For nuclei preparation, the embryos were recovered by centrifugation and transferred to 45%
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acetic acid for cell dissociation. Microscopic preparations were then obtained by dropping nuclei
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c

onto pre-warmed microscope slides at 44°C and dried overnight prior to FISH analysis.

DNA probes. Probes targeting 5S rRNA genes and 18-5.8-28S rRNA genes were selected for
our study; these genes had already been mapped on C. gigas chromosomes in previous studies.

an

In C.gigas, the major ribosomal RNA genes (18-5.8-28S) are located in the long arms of
chromosome 10 (confined to the telomere region), which is the shortest chromosome (Xu et al.,

M

2001). 5S rRNA genes are located in an interstitial position, on two different chromosome pairs:
a major site on chromosome 4 and a minor site on chromosome 5 (Benabdelmouna et al., 2008).

ed

C. gigas 5S rDNA was obtained by PCR amplification of total genomic DNA in the presence of
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5S-specific primers, as described by Cross et al. (2005). The obtained PCR fragments were
cloned and labelled by digoxigenin-11-dUTP using nick translation (Benabdelmouna et al.,
2008). Two recombinant plasmids (HM123, HM456) were used for the 18S-5.8S-25S rDNA
probe, containing fragments of Xenopus laevis rDNA (Meunier-rotival et al., 1979) combined in

Ac

a probe mix. This probe mix was labelled using nick translation by direct incorporation of
tetramethylrhodamine-6-dUTP.

In situ hybridization. The in situ hybridization reaction was accomplished as described in
Benabdelmouna and Abirached-Darmency (1997), with slight modifications. The hybridization
mixture was prepared to a final concentration of 5 ng/µL digoxigenin and tetramethylrhodaminelabelled probes in 2X SSC, 10% dextran sulfate, 0.1% SDS, 1 mM EDTA, 1X Denhardt’s and
8
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50% deionized formamide. Slides were incubated with 150 µL of Rnase A (100 µg/mL in 2X
SSC) for 60 min at 37 °C under a plastic coverslip in a humid chamber. After 3 x 5 min washes
in 2X SSC and 2 min in HCl 10mM at room temperature, the slides were incubated with 150 µL
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of pepsin solution (50µg/ml in 10mM HCl) for 10 min at 37 °C. After a 5 min wash in PBS 1X,
the nuclei preparations were then fixed in 1% paraformaldehyde (in PBS 1X) for 10 min at room
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temperature, rinsed for 5 min in PBS 1X, dehydrated in 70, 95 and 100% (v/v) ethanol and airdried. The hybridization mixture was denatured at 100 °C for 10 min and immediately quenched
in ice for 5 min, and 20 µL were then pipetted onto each slide. A plastic cover slip was applied to

an

the preparation and sealed with rubber solution. The nuclei and hybridization mixture were
denatured at 80 °C for 10 min, and incubated overnight at 37 °C in a humid chamber.

M

Following hybridization, the rubber solution was peeled off and the cover slips were removed
by dipping the slides into 2X SSC. The slides were then washed in three baths of 2X SSC, 0.5X
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SSC and 0.1X SSC for 10 min each at 42 °C and finally in 2X SSC for 10 min at room
temperature. The slides were then blocked with 200 µL of TNB Buffer (100mM Tris-HCl (pH
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7.5), 150 mM NaCl, 0.5% blocking reagent) for 30 min at 37 °C. The blocking solution was
drained off and the slides incubated with sheep Anti-digoxigenin-fluorescein antibody (2µg/mL
in TNB) for 30 min at 37 °C in a moist chamber. After 2 x 5 min washes in TNT Buffer (100mM

Ac

Tris-HCl (pH 7.5), 150 mM NaCl, 0.05% Tween 20) at 37°C, the slides were incubated with
fluorescein isothiocyanate (FITC)-conjugated rabbit anti-sheep antibody (2µg/mL in TNB) for 30
min at 37 °C. The final washes were performed with TNT Buffer for 2 x 5 min at 37°C in the
dark. The slides were then dehydrated in 70, 95 and 100% (v/v) ethanol and air-dried.
The nuclei were counter-stained with 1µg/mL of 4',6-diamidino-2-phenylindole (DAPI) in
VECTASHIELD medium (Vector Laboratories), covered with cover slips and stored at 4 °C for
1 day to stabilize fluorescence. Nuclei preparations were analyzed using a Zeiss axioplan 2
9
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imaging epifluorescent microscope equipped with appropriate fluorescent filters. Around 700
nuclei were analyzed for each experimental group (Table 1).
Scoring criteria

rip

t

Only intact and non-overlapping embryonic nuclei were scored. Spots found in close proximity
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c

to each other were counted as one signal.

2.3 Statistics

Statistical tests were performed using STATISTICA (StatSoft, Inc.,version 10). An

3. RESULTS AND DISCUSSION

M

groups. The significance level was set at p < 0.05.

an

independent 2 test was used to compare the number of nuclei across the different experimental

ed

This study provided a first estimate of the basal frequency of spontaneous aneuploidy on the
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identified chromosomes in 4hr-old embryos of C.gigas. A total of 707, 712 and 662 nuclei were
analysed for the seawater control, solvent-exposed and diuron-exposed groups, respectively. In
embryos originating from the seawater control group, FISH analysis revealed cell nuclei
predominantly showing (89.53%; Table 1) 4 signals for 5S rDNA probe (two for chromosome
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pair 4 and two for chromosome pair 5) and 2 signals for 18-5.8-28S rDNA probe (chromosome
pair 10), i.e. consistent with the typical diploid nucleus pattern (Figure 1, A). Otherwise,
aneuploid nuclei represented a significant proportion of the analysed nuclei, among which 6.64%
were hypoploid, 1.28% hyperploid (among which 0.57% were triploid) and 2.55% haploid (or
hypoploid) (Table 1). The FISH patterns of embryos obtained from solvent-exposed genitors
were essentially similar to those of embryos from the seawater control group. Indeed, 86.10% of
the nuclei were diploid, 5.76% were hypoploid, 3.93% were hyperploid and 4.21% were haploid
10
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(or hypoploid) (see Table 1). However, the percentage of triploid nuclei (2.95%) was higher in
embryos from the solvent-exposed group versus the seawater control group. FISH patterns
obtained in embryos from diuron-exposed genitors were significantly different (2; p<10-5), with
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parental exposure resulting in an increase in genomic abnormalities in the descendants. Only
69.34% of the embryos from diuron-exposed genitors exhibited a typical diploid FISH pattern;

us
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the remaining nuclei were all aneuploid with differing ploidy levels: hypoploidy (17.82%),
hyperploidy (4.38%), triploidy (3.02%) and haploidy (8.46%) (Table 1).

In seawater control group, our results support previous data published by Guo et al. (1992) using

an

karyological analyses on Pacific oyster embryos. In the latter study, the authors found control
Pacific oyster embryos to have a majority of cells (89.30%) with a diploid number of 20

M

chromosomes, while spontaneous haploids, triploids and aneuploids accounted for 0.70%, 1.30%
and 8.70%, respectively. In our study, the frequency of aneuploids among controls was similar to

ed

the spontaneous level reported in other marine bivalves at the same development stage (for
example: 8% for mussels in Dixon (1982); 8.7% for oysters in Guo et al. (1992)). This basal
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frequency of aneuploid nuclei could be explained by the fact that Pacific oysters, similarly to
other marine bivalves, are known as r-strategist organisms, with a high ability to reproduce
rapidly and high fecundity coupled with a low investment in gametogenesis quality, leading to

Ac

the production of relatively high proportions of cytogenetically-abnormal germ cells.
In this study, chromosomes tagged by minor (5S) and major (18-5.8-28S) rDNA probes were
affected by aneuploidy. Although both hypodiploidy and hyperdiploidy were observed in nuclei,
hypodiploid nuclei were more frequent whatever the experimental group. Additionally, embryos
from diuron-exposed genitors exhibited the higher level of aneuploid nuclei (Figure 1, B-L) and
the most diversified FISH patterns (11 versus 5 in seawater control group), some of them being
specific to diuron-exposed group (Figure 1, H-J). For chromosome 10, trisomy was detected in
11
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all experimental groups (Figure 1, B), but at a lower frequency than monosomy (1.66% versus
6.64% in diuron-exposed group, for example) (Figure 1, C-E-K). For chromosomes 4 and 5, it’s
more difficult to identify monosomy or trisomy as minor and major site for 5S rDNA genes in
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nuclei cannot be clearly distinguished in interphase nuclei.

As oysters were exposed during gametogenesis, the predominant potential source of
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c

aneuploidy for embryos was gametes. In a previous study by Barranger et al. (2014), comet assay
was performed on spermatozoa and a higher level of DNA strand breaks was detected on
spermatozoa from diuron-exposed genitors. However, despite exhibiting high levels of DNA

an

damage, male gametes still have the ability to fertilize eggs, potentially leading to the production
of high levels of aneuploid embryos in the following generation. Indeed, in fish as well as in

M

oyster, gynogenesis (all maternal inheritance) can be achieved even after the complete

Streisinger et al., 1981).

ed

degradation of sperm DNA via irradiation (Guo et al., 1993; Komen and Thorgaard, 2007;
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Various aneuploid formation mechanisms are known for gametes and in particular mammalian
germ cells, e.g., the presence of translocations in the genome (Kirkpatrick et al., 2008). Another
possible factor of aneuploidy is altered meiotic recombination, especially during M-phase, when
spindles are forming and chromosome segregation occurs (Ferguson et al., 2007; Sun et al.,

Ac

2008). This was a possible source of aneuploidy in our study, as the oysters were exposed to
diuron during meiotic division. The improper segregation of chromosomes during meiosis can
result in the production of genetically-unbalanced sperm or oocytes. If these gametes are
involved in fertilization, the resulting embryo will be aneuploid, i.e. it will have too many
chromosomes (trisomy), or too few (monosomy) as observed in our experiment.
A preliminary study reported the majority of aneuploids as being non-viable in the Pacific oyster
(Guo et al., 1992). Indeed, as each chromosome contains hundreds of genes, the addition or loss
12
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of even a single chromosome will disrupt cell equilibrium and, in most cases, is incompatible
with life (O’Connor, 2008). In this experiment, hatching rate was measured and a significantly
lower rate was observed for offspring from genitors exposed to diuron (42.4 ± 5.9% versus 79.3
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± 10.8% and 76.7 ± 12.1% for the seawater control and solvent control groups) (Barranger et al.,
2014). The hatching rate in the control group was around 80%, which appears to be in the

us
c

expected range of values for oyster and other marine invertebrates (Bouilly et al., 2004; Pruski et
al., 2009). It cannot be totally excluded that the presence of immature eggs could explain the
20% of hatching failure. However, unlike studies where gametes were collected after gonad

an

stripping, it is noteworthy that in the present study gametes were obtained by thermal shock
(natural spawning), ensuring expulsion of mature gametes. Moreover, histological analysis of

M

oyster gonads done in each experimental group (unpublished data) confirmed that all oysters
were at stage III, corresponding in C. gigas to mature reproductive stage (Berthelin et al., 2001).

ed

In diuron-exposed group, the percentage of embryos (around 60%) that did not reach the Dlarvae stage could be affected by severe DNA damage as demonstrated by the higher level of
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aneuploidy detected by FISH. In the present study, major rDNA genes which are constitutive of
the nucleolus have been shown to be affected by DNA damage, pointed out a possible disruption
of the nucleolar structure. Instability such as DNA damage in rDNA genes could affect protein

Ac

synthesis and cell functions, potentially resulting in the observed embryo development arrest. It
could be the case for p53 which plays a central role in nearly all cell stress responses, including
gene expression, DNA repair, cell cycle arrest, metabolic adjustments, apoptosis, and senescence
(Elkholi and Chipuk, 2014). p53 is known to be regulated by nucleoli those function is directly
dependent on its structure (Boyd et al., 2011). As a consequence, damage in rDNA genes could
indirectly result in the activation of p53 leading to cell cycle arrest or apoptosis (Jin et al., 2014).
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Survival of aneuploid organisms is generally associated with negative physiological
consequences. Indeed, in a natural population of C.gigas, Leitao et al. (2001a) demonstrated a
significant negative correlation between aneuploidy and growth. Otherwise, Barranger et al.

rip

t

(2014) found larvae from diuron-exposed genitors to have lower growth and delayed
metamorphosis, which may be directly linked to the genomic abnormalities. A global
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modification of gene copy numbers subsequently alters the expression of genes on the affected
chromosomes, resulting in phenotypic changes (FitzPatrick et al., 2002). Therefore, DNA
damage caused by pollutants could be responsible for a general lower fitness of C. gigas, leading

populations in France, particularly since 2008.

an

to a higher sensitivity to stressors and contributing to the mortality outbreaks affecting C. gigas
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It is important to note that the two probes used in this study only detect three chromosomes (4, 5
and 10) out of ten, and particularly two chromosomes (5 and 10), which are very prone to

ed

aneuploidy. Indeed, according to the results obtained by Leitão et al. (2001b), chromosome
losses in C. gigas are not random but reflect differential chromosome susceptibility, in particular

ce
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with regards to four chromosomes (pairs nos. 1, 5, 9 and 10) out of the ten affected by
chromosome loss. It can therefore be concluded that the FISH results obtained on interphase
nuclei only highlighted alterations affecting the labelled region and provided partial information

Ac

on what was occurring inside the cell.

Triploid nuclei were observed in all of the experimental groups (Figure 1, L). As explained by
Guo et al. (1992), spontaneous triploids have already been reported in other species of
amphibians, fish and molluscs and are probably caused by the fertilization of unreduced gametes
or by accidental blocking of the extrusion of one of the polar bodies (Fankhauser, 1945; Guo et
al., 1992; Thorgaard and Gall, 1979). The percentage of triploids in the control group was low
and similar to the basal level reported for this species (Guo et al., 1992). This triploid rate was
14
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higher when parents had been exposed to either the solvent or diuron. This is probably due to the
fact that the chemicals used in our study (acetonitrile and diuron) can increase the production of
unreduced gametes and/or affect the egg membrane during early fecundation steps, thus allowing

rip

t

polyspermy. This phenomenon has already been reported following exposure to chemicals such
as cytochalasin B (Longo, 1972; Peaucellier et al., 1974; Stepto and Cook, 1998).
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Nuclei considered as haploid (Figure 1, G) found in the different experimental groups could be
due to sperm incorporation failure, leading to the production of gynogenetic haploid embryos.
Frequency was higher in gametes from diuron-exposed genitors, suggesting a possible impact of

an

diuron on fertilization. This latter effect has already been observed in C. gigas following sperm
exposure to diuron concentrations as low as 0.04 µg.L-1 (Mai et al., 2013).

M

As reviewed in Vorsanova et al. (2010), I-FISH using site-specific DNA is a powerful
technique which is usually used for diagnosing known microdeletion and microduplication

ed

syndromes, aneuploidy and recurrent chromosome abnormalities in Human. Nevertheless, this
technique has several limitations. The first limitation of I-FISH using site-specific DNA is linked

ce
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to hybridization and detection efficiency. As a matter of fact, hybridization efficiency of 70% is
required at minimum for adequate analysis. In the present study, I-FISH using rDNA probes
showed very high hybridization efficiency with all the nuclei being labeled. A second limitation

Ac

is related to DNA replication during S-phase of cell cycle. Transcriptionally active nuclei could
exhibit more than the normal number of signals and in this case these nuclei could be falsely
interpreted as aneuploid, or polyploid. However, in such transcriptionally active nuclei, FISH
signals are usually detected as small and diffuse fluorescent signals. It was not the case in the
present study where additional hybridization sites were always detected as signals with similar
and normal intensity. The last limitation of I-FISH that could lead to underestimate detected
signals could be related to the structural tri-dimensional organization of the nucleus. This is
15
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particularly true for I-FISH using ribosomal genes which are constitutive of the nucleolar
organizing region (NOR). In interphase nuclei, chromosomes with NOR cluster together in the
nuclear space to form the nucleolus and are restrained from movement by their association with
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the nucleoli (Parada and Misteli, 2002). As a consequence, it could be difficult to distinguish
signals emitted by the chromosome pair due to their close position. Anyway, even if these
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artifacts may have been included in our analysis, this would have concerned all the experimental
groups in the same extent. It could not explain the differences observed between the groups. The
level of aneuploid nuclei remained significantly higher in embryo from diuron-exposed genitors

an

that is concordant with the other results on DNA damage obtained by FCM in spat from the same
experiment (Barranger et al., 2014).

M

The selected diuron concentrations were realistic with regards to data available in the literature
and corresponded to medium concentrations in the natural environment. In this study, nominal

ed

diuron concentrations targeted for our study were 0.4 and 0.6 µg/L. However, Polar Organic
Chemical Integrative Samplers (POCIS) installed in rearing structures, highlighted effective
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exposure concentrations of only 0.2 and 0.3 µg/L. In comparison to the regulatory Annual
Average-Environmental

Quality

Standards

and

Maximum

Allowable

Concentration-

Environmental Quality Standards (AA-EQS = 0.2 µg/L and MAC-EQS = 1.8 µg/L) for diuron

Ac

defined by the EU Water Framework Directive (EU, 2013), the results obtained with these
concentrations were highly worrisome from an environmental viewpoint as negative effects were
observed at a lower concentration than the MAC-EQS and for a short-term exposure duration.

4. CONCLUSION
For the first time, our study demonstrated the presence of aneuploid C. gigas embryos
following parental diuron exposure using FISH. 5S and 18-5.8-28S rDNA genes, located on
16
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chromosomes 4, 5 and 10, were found to be regions impacted by DNA loss. The origin of this
aneuploidy remains to be determined, in particular through the study of germ cells. The
persistence of these missing regions should also be examined in terms of embryo survival at

rip

t

juvenile/adult stages. Finally, the vertical transmission of DNA damage was observed at low
environmental concentrations, hence highlighting the importance of water quality for population

Ac
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pt

ed

M

an

us
c

fitness of a species with such major economic weight as the Pacific oyster.
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Table Legend
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Table 1. Results of FISH analysis of embryo nuclei from the various experimental groups.
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Figure Legend
Figure 1. Two-color I-FISH with rDNA probes. Representative images of normal and
aneuploid C. gigas embryo nuclei with rDNA genes identified by fluorescent in situ

us
c

hybridization. (A) Normal, diploid nucleus (stained blue) from a control embryo with
chromosomes 4 and 5 (green probe) and chromosome 10 (red probe). (C, D, E, F, G, H, I, J,
K) Examples of hypodiploid nuclei. (B, L) Examples of hyperdiploid nuclei. (L) Triploid
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nucleus.
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Highlights
FISH was realized on oyster embryos from diuron-exposed genitors.

-

rDNA genes were used as probes on the interphase nuclei of embryo preparations.

-

Higher aneuploidy level was observed in embryos from diuron-exposed genitors.

-

Hypo- and hyperdiploid (triploid) nuclei were detected.
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