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Abstract

In a previous study, the Comet assay was optinfizeBalaemon serratus prawns in order to propose a biomarker for speunatlity in this
species. However, better knowledge of its basall lamd its natural variability, related to intrioiiotic and environmental abiotic factors, is
required before any relevant use of this biomaikehe field. To fulfill this goal, the present diuproceeded in three steps: (i) the temporal
variability of DNA integrity was followed monthlyni a reference population over a 2-year period,tli§) correlation between the main
intrinsic biotic (i.e. size, weight and molting g&g and abiotic factors (i.e. water temperaturaewecorded in the field, and the basal DNA
integrity was assessed in order to scrutinize amyarinding influence of factors unrelated to tovdsponse, (iii) the baseline level was used
to discriminate biomarker response among differsiations displaying contrasting contamination Isvelhe results of the two-year
monitoring in the reference population revealeccaoelation between the levels of spermatozoa Didtage and temperature, body size,
weight or molting stage. Only a slight variabilibgtween monthly samplings was detected. On thes lsdishese field-collected data, we
defined a reference distribution (i.e. 52.6 + 5.8)Awith a threshold value (i.e. 61.7 A.U). Finaltiais threshold value proved its relevance
to discriminate among stations with contrastindyimn levels around the Seine Bay. Indeed, theltesuggest significant DNA damage in
populations nearest the Seine estuary, a majoceafrcontaminants in the Bay, and a lower effagbapulations further away from the
estuary. The overall conclusion was that the Coassay onP. serratus spermatozoa could be a useful tool for the moinigoof the

toxicological print within sperm and main globathe contamination exposure of crustaceans in mavéters.

Key words: Comet assay, Environmental genotoxicity,Biomonitoring, Reference, Threshold value,
Crustacean.
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1. Introduction

Pollution released from industrial wastewater, fagnand urban sources is a major threat to orgalavzing in
the aquatic environment. Nowadays, estuarine anthenareas are one of the main preoccupations wdtaq
ecotoxicologists; due to their ultimate destinatipasition for most anthropogenic compounds, theg ar
subjected to contamination from point and diffuserses (Tappin and Millward, 2015). From a toxigpdal
point of view, biocenotic approaches and chemicalyses (e.g. sediment and biota), which are recemded
by the Water Framework Directive 2000/60/EC, appedre limited in their capacity to identify contaation
effects on aquatic populations. To address thissttaimt, the UE Marine Strategy Framework Directive
2008/56/EC introduced the development of biomarkeith the view to their deployment in transitiorahd
coastal waters. Indeed, biomarkers are early-wgrtinls assessing a causal relationship betweeexthesure

to chemicals and the impacts on organisms, inctudactors such as bioavailability and mixture ef§eof
known and unknown chemicals (Hanson et al., 20B@markers should be reliable, robust, easily alie,
only modulated by contaminants, and predictorsdokese impacts on populations and communitiesedtity,
almost all biomarkers are influenced by abiotictdes such as water temperature, salinity, pH asdalived
oxygen ( Buschini et al., 2003; Bolognesi et abDp£2; Leinio and Lehtonen, 2005; Pfeifer et al., 200r
intrinsic variables linked to age, sex or reprotgcstage (Jha, 2008; Lacaze et al., 2011a; Saretredz, 2008;
Sheehan and Power, 1999; Wiklund and Sundelin, ;2B04&reb et al., 2009). Because of these confogndin
factors, biomarkers are still not often routinelpmoyed in biomonitoring surveys, particularly itudies on a
spatial or temporal large scale. The major paihaitu application with biomarkers is generally basedthom
comparison between a reference site and an impagited(e.g. upstream and downstream comparisons)
(Flammarion et al., 2002; Flammarion and GarricQ7)9 This (i) imposes similar physicochemical cdiotis
between stations in absence of contamination (Umatga, 2000) and (ii) consequently limits the assess in
punctual studies and local areas. Alternativelynescolutions have been proposed to control theiénfte of
both biotic and environmental factors on the respasf biomarkers, and make possible their deploymvéthin
field surveys on a larger scale. Among them, treessment of natural variability to propose a bes@rence
while taking into account a spatiotemporal changs fproved its effectiveness (Barrick et al., 20Hé&gger et
al., 2008; Hanson et al., 2011; Jubeaux et al.22Dacaze et al., 2011a; Xuereb et al., 2009). Teshodology
makes it possible to (i) compare sites without feremce site, (ii) reveal the exposure of organismene or
several contaminants in low contrasted or contatadthaituations and (iii) prevent false negativest the

estimation of such ranges, a monitoring of sevezfdrence sites in different seasons is recommeritieel
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OSPAR convention in 2013 has recommended that @nganshould be collected from reference sites for a
least two seasonal cycles to assess the influgremnéounding factors (Amiard-Triquet et al. 2015).

Among biomarkers for damage, genotoxicity biomaskare considered as integrated tools, able to geovi
complementary information to chemical and ecoldgaraalyses for field monitoring (Lacaze et al., 28]
Indeed, contaminants described as potentially getmtwould represent one-third of the anthropogenic
compounds released into the marine environmenix{@aet al., 1998). Interaction of these compouniathe
reproduction process may have an even greater ingiaihe population level than carcinogenic effefcis
organisms (Aitken and De luliis, 2007). In germelicells, spermatozoa proved to be sensitive torwate
contamination because of their inability to preventidative stress and to repair DNA damage. These
particularities make them a more integrated ceallat@del of chemical exposure than oocytes (Aitkeale
2004; Aitken and Baker, 2006; Lacaze et al., 208 and Steinert, 2003; Lewis and Galloway, 20@01t&s et

al., 2014). Moreover, several authors have alredgonstrated the relationship between genotoxikigperm
and reproductive impairment, in invertebrates (lzacat al., 2011a; Lewis & Galloway., 2009) as wsllin fish
species (Devaux et al., 2011; Santos et al., 2Q13d&tese studies highlighted the main interestofuding a
biomarker of genotoxicity measured in sperm foriemmental monitoring and ecological risk assesgniEme
Comet assay or Single-cell gel electrophoresisya¢SEGE) has become one of the most widely used for
detecting DNA strand breaks in aquatic animals émtand Fe, 1999; Frenzilli et al., 2009; Jha,&0Gcaze

et al, 2011; Lee and Steinert, 2003; Martins andt&02015; Mitchelmore and Chipman, 1998). Furtloeem
Comet assay on spermatozoa for environmental nrimgtdvas been recommended in many reviews (Jha;200
Speit et al., 2009; Villani et al., 2010).

As a member of the crustacean family, Palaemorédvps have been commonly used as a relevant sentinel
species for assessing the health conditions oadetiand coastal systems (Bocquene et al., 198Scé et al.,
2008; Key et al., 2006). These species are relgtea@sy to identify, manipulate and maintain in thalkoratory

or to use foiin situ biosurveysPalaemon genus is widespread and common in the coastal stndrene waters

of Western Europe, where they are often found gh lhensity (Campillo, 1975). Moreover, these praagsan
important trophic component for many fish and ottrerstacean species, including commercially vakialoles,
and play a major part in the detritus breakdowrcess, being primary and secondary consumers (Amaers
1985). A particular interest has recently beerilatted to thePalaemon serratus species, which is a coastal
species with a large distribution around the Euampe&oast (North Sea, English Channel, Atlantic and

Mediterranean coast; Campillo, 1975).
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Our work aims to develop the Comet assay on Palaghspermatozoa and propose it as a reliable amalsto
biomarker for the surveys of the European coastdlestuarine water bodies. As recommended by Aacared
Collins (2013), a preliminary study related to thethodological optimization of the Comet assay quot was
performed inP. serratus (Erraud et al., 2017). This step, which is unasabid before any deployment in field
studies, led us to propose a procedure for cofigcd homogeneous population of mature spermatoada a
measuring their DNA integrity. Palaemonid sperrméal out to be sensitive to different genotoxic patys.
Henceforth, the aim of the present study was (ié@elop a procedure to obtain the lowest varigbihf
biomarker response related to intrinsic biotic dagtand (ii) to define reference values of our genimiox
biomarker taking into account the effect of enviremntal confounding factors. For that, the interidual and
seasonal variability of the basal level of spermAdddamage was investigated during a two-year pesibdin a
wild population of prawns in a reference site (iYgort), in order to propose a reference distributand a
threshold value for this biological measurementthi@ second step, sperm DNA damage was measuradydur
two campaigns of biomonitoring within populatiomsdifferent stations of the Seine bay displayingtcasting
degrees of contamination, in order to assess tlewanece of this reference distribution to discriatan toxic

effect.

2. Materials and methods

2.1. Localisation of studied area

The mouth of the Seine (Normandy, France) is margdhe discharge of a wide diversity of chemical
contaminants (i.edrained by the Seine River), most of which areeisted to the particles of the sedimentary
plume. The contamination is transported by the $twoge drift along the coastline mainly in a northelirection
(Augris et al., 2004), up to the seawall of Antiféarbor. This 3-kilometer long transverse strucedlects the
contaminated plume offshore, creating a sedimemtasirea upstream of the seawall (i.e. south of fanti
Harbor) (Brivois et al., 2015).

The contamination gradients from the Seine esttmmard both the north and the south of the bayvesk
illustrated by the ROCCH data records (Chemical t@wmnation Observation Network;

http://www.ifremer.fr/envlit/) synthetized in Table This table indicates the annual mean (i.e. 20 2016)

of cumulated concentrations of polychlorobiphenghgeners (i.e. CB138; CB180; CB156; CB28; CB52;
CB105; CB153; et le CB101), polycyclic aromatic hychrbons (i.e. Benzo(b)fluoranthene; Chrysene;

Dibenzo(a,h)anthracene; Fluoranthene; Indeno(L@)Byrene; Anthracene; Phenanthrene; Pyrene;
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Benzo(g,h,i)perylene; Benzo(k)fluoranthene; Bengmfeene; Benzo(a)anthracene) and seven metals (pame
Zinc, Cadmium, Copper, Mercury, Silver, Nickel abbelad) measured in soft tissues of mussels sampbed f
both sides of the mouth of the SeiAecontamination index was calculated to facilitétte appreciation of the
contamination level of the different studied ROCEtdtions. On the basis of rank transformation atingrto
this equation:Y,"=® = xi/xmax where for each contaminant and each ye&ars annual concentrations of
considered stations angnax = annual concentration maximum, a higher rank (L)ewas accorded to the
highest concentration value of PCBs, PAHs and médtailboth 2015 and 2016 (Pain-Devin et al., 20T#gn, a
global index was obtained by adding rank valuesfarh condition (i.e. contaminant / year).

In this context, during the present study, 9 samgptitations were followed in order to investigaféedent areas
of interest along the gradients of contaminatioiy.(E): two stations in the south of the bay (Lengues-sur-
mer and Ver-sur-mer); two close to the mouth of $wne (i.e. stations of Trouville-sur-mer and CGhpla
Heve, in the south and north respectively); fivéhia north of the bay, downstream (i.e. station®@atkville-sur-
mer and Southern Antifer) and upstream from theif@nHarbor (i.e. stations of Northern Antifer, Yigpand

Senneville-sur-mer).

2.2. Procedure of prawn sampling

Adult specimens of. serratus were collected on the intertidal rocky shore & littoral of the Seine Bay using
a hand-net. Water temperature, salinity, pH andodied oxygen were systematically recorded. Sexumaditure
male prawns were immediately shortlisted by thes@nee of secondary sexual characteristics, asideddn
Erraud et al. (2017). Prawns were brought to theratory in one hour, in 30 L-plastic containerpggied with
the natural seawater of the sampling station, ungggenation. Males were kept in the plastic cordes under
oxygenation until the analysis of DNA damage frofh ibdividual sperm suspensions (i.e. n = 10 diffiere

specimens), the next morning.

2.3. Procedure of the sperm DNA damage analysis

The measurement of DNA damage in the prawns’ speoa was performed according to the methodology
described in Erraud et al. (2017). Beforehand, repérimens were weighed and the total cephalotitdegyth
(LCT) was measured. A fragment of uropod was rerdoaed observed under a photonic microscope (i.e.
EVOS] FL Auto Cell Imaging System; x100 and then x400pider to determine the molt stage on the basis of

the integumental morphogenesis according to thesifleation of Drach (1944) (Fig. 2). Spermatopisonere



155 extracted by a gentle pressure between the fifth gfgpereiopods, allowing the expulsion of speropiores
156 from the terminal ampullae. Then, spermatophora® wansferred into 1.5 mL-microtube, weighed, imsee
157  with 600 pL of artificial seawater (adjusted to themolymphatic osmolality dP. serratus at i.e. 950 — 1000
158 mOsmol.kg") and ripped by pipetting up and down until theirentaceration of spermatophores. For each
159 specimen tested in the present study, the mortalftysperm-suspension was assessed by a membrane
160 permeability test after mixing cells 1:1(v/v) wiéim isotonic Trypan-blue dye solution (i.e. 0.4 %)wCellular
161 mortality was performed in KOVA® slides, using agbdnic microscope (x400). Mortality measurementsewe
162 performed on the spermatozoa suspensions of 20sm&te avoid the measurement of DNA damage due to
163 cytotoxic events leading to an over-estimation, imimum of ten different males displaying a mortalitite
164 (< 15%) were selected for the assessment of DNAag@nusing the Comet assay=10).

165 Prior to the Comet assay, superfrosted microscligesswere first covered with a normal melting aga-type |
166 (0.8 % wliv) in C& - Mg* free PBS (i.e. 10 mM, pH 7.4) and dried overnightambient temperature. After
167  collection of spermatozoa, 60 uL of the cell suspen (i.e. 16 cells.mL?) were equally mixed with 60 pL of
168 1 % low-melting-point agarose-type VIl in €a Mg** free PBS (i.e. 10 mM, pH 7.4, 37°C - 0.5% finaheape
169 concentration), and immediately deposited onto ¢bated slides and finally covered with a 24 x 60 mm
170  coverslip. From this point, all steps of the Comssay protocol were performed in darkness withtiniadight
171 to prevent additional DNA damage. Slides were abdte 10 min at 4°C on ice for solidification of agse.
172  After removal of the coverslip, slides were plaged freshly prepared lysing solution (i.e. 2.5 M®, 100 mM
173 Na&EDTA, 10 mM Tris, 1 % Triton X-100 and 10 % DMSOdadl immediately before use, pH 10) at 4°C in the
174  dark for 1 hour. After cell lysis, slides were dgnplaced in a horizontal electrophoresis chamiitdf with
175 freshly prepared alkaline solution (i.e. 300 mM NBQ mM NaEDTA, pH > 13). DNA was then allowed to
176  unwind for 15 min. Electrophoresis of DNA was penfied in a standard Comet Assay Tank (i.e. 20 slib@s0
177 mL of alkaline solutions; 24cmx27cmx7cm (W xH)) under 0.83V.cih for 24 min. After
178 electrophoresis, slides were washed in a neuttaizduffer (i.e. 0.4 M Tris—HCI, pH 7.5) at 4°Crf@0 min.
179 The last step consisted of a dehydration of slidebsolute ethanol for 15 min. DNA embedded inglde was
180 stained with 30 uL of a DAPI solution at a concatitm of 2 pg.mL. Slides were blindly observed using an
181 epifluorescence-reversed microscope (Eclipse TE200Mikon®). Slide scoring was assessed by a visual
182 scoring according to the method of Collins (2004jiclu was demonstrated as trustworthy as image sisaly
183 (e.g. Azqueta et al., 2011), and proved to be gpjate to detect DNA damage in sperm fréhserratus

184  (Erraud et al. 2017). A minimum of 150 spermatogeaslide was counted and classified into five gaties of



185 Comet according to the degree of DNA damage, froifi.éd no tail) to 4 (i.e. almost all DNA in theilta
186 indicating highly damaged DNA). The DNA damage lewas expressed in arbitrary units (i.e. AU) (F).

187  This arbitrary unit, graduated from 0 to 400, wakuclated by applying the following formula: (pentage of
188 nucleoids in class 0 x 0) + (percentage of nuckedidclass 1 x 1) + (percentage of nucleoids isTR x 2) +

189 (percentage of nucleoids in class 3 x 3) + (peegmbf nucleoids in class 4 x 4)

190 2.4. Characterization of a DNA damage baseline level in prawns from a reference station

191 In order to describe the natural variability of DNlAmage in spermatozoaRfserratus and to define a baseline
192 level, prawns were sampled monthly at the stattovipmrt, from May to November during two years: 30dnd
193 2016 (see section 2.1). Yport, which is locatedtmarf Antifer harbor (Fig. 1), is admitted to beskghtly
194  polluted station according to ROCCH data recorée (section 2.1) and is used as a reference statioar
195 laboratory (e.g. Rioult et al., 2014). The perioahi May to November corresponds to the period duvihich
196 P. serratus specimens are found on the rocky shore of thetidé zone until they return to greater depths

197 (Campillo, 1975). Prawns were considered and agdlys previously described (see section 2.3).

198 2.5, Biomonitoring of natural populations along the Seine Bay coastline

199  All stations previously described (see section Eifj; 1) were monitored during the autumns of 2am8 2016
200  between mid-September and mid-October, exceptdmgles-sur-mer and Northern Antifer, which wereeatld
201  during the campaign of 2016. All of these samplsitgs exhibited different levels of anthropogeniegsure
202  according to ROCCH observations. Prawns were sahipléhe intertidal zone (see section 2.2), exdepthe
203 stations at Ver-sur-mer and Longues-sur-mer, wheasns were caught by a fisherman using prawn tchyse

204  to the coast. Prawns were considered and analgspabaiously described (see sections 2.2 and 2.3).

205

206 2.6. Satistical analysis

207  Statistical analyses were performed with the Ristsdftware v0.99.903 (RStudio Inc.). For valuesDNA
208 damage for Yport, normality and homoscedasticityevassessed by a Shapiro-Wilk test and a Bartstt t
209 respectively. Inter-individual variability of DNAainage for each month was then assessed using ANGsA
210 The influences of temperature, total weight andltoephalothoracic length on the natural variapitift DNA
211 damages were assessed using mixed effect modaisiimg sampling date as random effect to take autwount
212  pseudo-replication in the dataset. The relationskigveen DNA damage and the molt stage was assasief

213 an ANOVA test. A maximum reference threshold for ®Namage of monthly means was defined on the basis
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of the variation in the mean of values measure@l®prawns simultaneously collected from the refegeestation
at a common date (¥5percentile). This threshold value of DNA damageswaed thereafter for the passive
monitoring experiment in order to test whether itiean of recorded values (also 10 prawns per sitgfpom to
this reference distribution. A comparison was afsmde between the two years at each site using aD\AN

test followed by a post hoc test Tukey HSD.

3. Results

3.1. Therange of natural variability of spermatozoa DNA damage and definition of a reference distribution

Figure 4 shows the level of DNA damage measurethén spermatozoa of Yport's prawn population (i.e.
reference population) from May to November in 2@b8 May to October 2016. In November 2016, pravats h
already migrated from the intertidal zone. Watengerature, salinity, pH and dissolved oxygen weeorded
monthly throughout the sampling campaigns. No Vmlitg of pH (i.e. 8.21 £ 0.9, mean + SD), salinifiye. 33-

35 PSU) and dissolved oxygen (i.e. 8.09 £ 0.24 pprean + SD) was observed during the monitoring. The
temperature was the only registered physicochenfaetor displaying a seasonal cycle with remarkable
variations ranging from 11.8 to 19.2 °C.

DNA damage was measured for 7 months in 2015 aathdgr 6 months in 2016 (10 prawns per sampling
date). DNA damage values (n = 130 prawns) were albyndistributed (Shapiro-Wilk tesf = 0.0632) and
homoscedasticity among sampling dates was verifartlett test,p = 0.0923). A weak but significant
variability of DNA damage levels was detected betwsampling dates (ANOVA tegt,= 0.0206). However,
the DNA damage level of spermatozoa measured wrErdrom Yport presented no variability trends. éial
relationships between DNA damage and temperatuirgransic factors were thus investigated. Figufeshows
the relationship between the average level of DM#ndge in spermatozoa of the 10 prawns of each naomth
the temperature recorded monthly in the field. Moelation has been observed (Pearson’s correlédgtnp =
0.2926;r = 0.09). The weight and the total cephalothoraeigth recorded during the sampling of prawns from
the intertidal zone ranged from 7 to 33 mm and fi2fl to 2380 mg, respectively. Figure 5BC represémt
relationship between DNA damage of 130 prawns daralr tweight or total cephalothoracic length. No
significant influence of these biotic factors WiltNA damage level has been observed in mixed effextels p

= 0.2644 for the cephalothoracic lengghs 0.4276 for the weight). Finally, the relationshiptween the molt
stages and DNA damage of spermatozoa obtainedeod38 prawns was assessed (Fig. 6). Sampled prawns

were found in all molting stages with a frequen€2.6 % in stage A, 28.2 % in stage B, 19.6 % agstC, 20.5
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% in stage DO, 12.8 % in stage D1’, 4,3 % in st&g8, 7.7 % in stage D1 and 4.3 % in stage D2. No
significant difference was obtained (ANOVA tept= 0.321). Hence, based on this chronological dataase
reference distribution was established. The meaeliree level was established at 52.6 + 5.6 A.U tledupper
95% unilateral confidence threshold was 61.7 AThis maximum damage threshold is based on thetiaria
of the monthly mean of DNA damage levels (n = 1éwvprs), which notably presented a quite small véitigb
over all months (Variation Coefficient - VC = 10%6). All the mean monthly values of DNA damage relear

during the two-year monitoring in Yport fall beldtve defined 95% unilateral confidence threshold.(B).

3.2. Measure of DNA damage in sperm from prawns sampled in different populations along the Seine Bay

The environmental factors were in the previoushseslied range of the monthly sampling from May to
November 2015-16 in Yport (i.e. temperature: 1318.2 °C; Salinity: 33 — 35; pH: 8.17 + 0.5 andsdised Q:
7.95 £ 0.15 ppm). The cephalothoracic size and teggght of prawns sampled along the rocky shoiegia
hand net (see section 2.1) ranged from 13 to 33ancth525 to 2197 mg, respectively. In contrast, peaw
sampled by the fisherman at the stations of Vemser and Longues-sur-mer displayed slightly biggee and
higher weight (i.e. total weight: 1672 — 2851 mgddoCT: 26 — 34 mm). Figure 7 presents the passive
biomonitoring performed on 7 sites in October 26108 9 sites in October 2016 on the Seine Bay tesashe
level of DNA damage. Levels of DNA damage displayedsignificant variation between 2015 and 201éha&
different sites (HSD Tukey, p > 0.05). All the sitsituated north of the Antifer seawall and soutkthe Seine
Estuary presented mean DNA damage levels belownthbémum damage threshold of 61.7 AU defined in the
reference population (see section 3.1). In contthsthighest levels of DNA damage were observeatiemorth

of the Seine Bay at the stations of Southern Anticteville-sur-mer and Cap de la Héve, displaying
maximum of 90.2 + 13.8 A.U, 81.0 £ 13.3 A.U andB%.15.8 A.U, respectively. A significant decreadeb4

% of the mean level of DNA damage was observedit6Zbetween the south and the north of the seafall
Antifer (i.e. 90.2 £ 13.8 A.U and 58.4 + 27.0 A.l@spectively) (ANOVAp= 0.0327). However, it can be
underlined that the prawns of the northern statelmowed a significant inter-individual variability

(VC = 46.2 %).

4. Discussion
Initially, biomarkers were developed in ecotoxi@poto assess environmental quality (McCarthy & Stityg

1990). Even so, they are still rarely used in biaitwring programs especially in spatial and temptaaye-
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scale studies due to the lack of control of theatural variability. This natural variability causeuly
environmental or intrinsic biotic factors other mhaontaminants can represent a real problem in the
identification of the effects of contamination. Thaly alternative to improve biomarker interpregatiis to
understand both the natural inter-individual vailigh the seasonal variability and the influencé ather
potential confounding factors from populations eference sites, in order to establish referencaegataking
into account this variability (Coulaud et al., 203&mec et al., 2010; Xuereb et al. 2009). Wherattadysis of

the chronological and/or spatial data set disply®n-significant variability for a biomarker undgarameters
other than the contaminant, a baseline can be remtstl directly. However, many biomarkers have shaw
marked seasonal variability (Dixon et al., 20023,J2008; Sanchez et al., 2008; Wiklund and Sund20(04;
Barrick et al., 2016). If the results are predomihaaffected, the origins of the variability hatebe identified
and integrated to minimize the risk of misinterptiin. (Wirzinger et al., 2007). The variabilityrcghen be
minimized by sampling methodology optimizations Iswuas the selection of a standard range of organisms
(Xuereb et al. 2009) or about sampling periods f#ket al. 2004). In another way, when trends cfesgppear,

the variability can be directly lessened during tia#a analysis by using mathematic models (Couktual.
2011; Barrick et al., 2016). Conversely, if thelb@cal response shows stochastic fluctuationspiitsequently
has no potential to be used in the field (Jubeaak £2012).

The aim of the present study was the assessmetiteohatural variability of DNA damage dn serratus
spermatozoa to propose a reference value diswibwilowing the use of this response as biomarkdrs
genotoxicity in the field. The final step of thisogess aimed to assess the discriminant poweredbittmarker

throughout regionally contrasting contaminatedieitet

4.1. Characterization of the natural variability and definition of a baseline level

In the present study, the inter-individual and eeas variability of the sperm DNA damage basal levas
assessed during a two-year period (from May to Nder in 2015 and 2016) within a reference wild
population ofP. serratus, Yport. Prawns displayed relatively low damageelsv(i.e 53 A.U. in mean). A
residual but significant variation (i.e. VC of theonthly means = 11 %) of the response has beeactraized

at the outcome of the data analysis. Our resuisansistent with the ones reported by Lacaze ¢2@11b) in
spermatozoa of the freshwater shri@ammarus fossarum. Their work showed no difference of sperm DNA
damage levels in gammarids collected monthly in teference stations from January to December 20d9 a

2010. Conversely, other author groups have repartediderable spatio-temporal variations of DNA dgm
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304 levels in different cellular types (i.e. hemolymeélls, and gill cells) in molluscs such Bigtilus sp and fish
305  such asLimanda limanda (Akcha et al., 2004; Dévier et al., 2013; Frenzt al., 2001; Magni et al., 2006;
306  Pisanelli et al., 2009; Shaw et al., 2000).

307 The diagnosis of a residual variation led us tongre the influence of different environmental otrimsic
308 biotic factors in order to identify potential tem#ées which could be diminished by mathematical el®ar
309 avoided by refining the sampling strategy. Contr@ryhe continental and estuarine environment, tebasd
310 marine areas appear much buffered in terms ofisalimd pH. In the scale of the Seine Bay, vaviai of
311 these parameters are mostly induced in the wintbgre desalinated water provided by the Seine fligod
312 tackled to the coast, decreasing the salinity #iigio a level of 30 in the internal area betwelea €ap line of
313 Antifer and Ouistreham and all the coasts of thg B8dess than 33. However, the period of coastasence of
314 prawns (i.e. from May to November) coincides wttk period of stability of these parameters in then& Bay.
315 On the local scale of a rocky shore, it may havéatians in relation to the tidal rhythm (i.e. desation and
316 fresh water resurgence). However, during our nooimg), the water temperature was the only measured
317 environmental factor which displayed remarkablessaal fluctuation (i.e. from 11.8 to 19.2 °C). pite of this
318 contrast, the statistical analysis showed no siait correlation between the water temperature tued
319 measured DNA damage in prawn spermatozoa. Sevadies have however demonstrated that the extresniti
320 of environmental temperature gradient seem to affec DNA integrity in different taxa and cell tygpdndeed,
321 an increase of the baseline level of DNA damage otmerved in erythrocytes of the dalmanda limanda
322  (Akcha et al. 2004), in cells from the gills, kigndiver and blood of the mulldtiza aurata (Oliveira et al.,
323 2010) and in haemocytes of the mushkBtilus galloprovincialis (Pisanelli et al. 2009) during the coldest
324 months of the year. An inverse tendency was algorted for hot summer temperatures such as inigestive
325 gland cells and gill cells ofMytilus sp (Shaw et al. 2000; Magni et al. 2006) or in g#lls of Dreisseina
326 polymorpha (Michel et al., 2013) and in blood cells of twaesjes of fish, the gray mullet and the sea catfish
327 (De Andrade et al., 2004). Conversely, Lacaze .e28l11b) recorded no effect of water temperaturddlA
328 integrity of spermatozoa of Gammarids during a tabmry-controlled experimentation (i.e. from 6 t# ) as
329 well as in the field (i.efrom 5 to 19 °C) except for the month of July fieir reference river where a significant
330 increase in DNA damage was measured. In this ks#,ahis increase was explained by a global stvighsa
331 temperature exceeding the optimal living tempegafue. > 24°C for 3 days) and the minimal flowesatvhich

332  could be associated with a decrease of the oxygecentration.

11
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Among the intrinsic biotic factors capable of irfhcing the baseline level of DNA damage, the aghelife
stage was already highlighted in previous works. &ample, Akcha et al. (2003) demonstrated thaADN
damage measured in blood cells of adult dabs wgteehithan that in juveniles. A positive correlatlogtween
the DNA damage in blood cells and the size was rbksein the three-spined sticklebaGasterosteus
aculeatus (Wirzinger et al., 2007). Nevertheless, these @stldid not exclude a possible effect of chemical
stress due to the contamination in their referestaon. That has been confirmed by Santos eR@l4), who
demonstrated in the same biological model thaetieno correlation between fish length and thelleé DNA
damage in a reference site. The positive influef@ge on DNA damage was also observed in thegik and
haemocytes of blue mussels (Rank et al., 2005). at#hors explained this difference by a higher
biotransformation capacity of adults in comparisdgth juveniles. During the present study, the asalyf the
distribution of the prawn cephalothorax size on Hasis of work by Campillo (1975) (i.e. concernithge
description of cohorts withifP. serratus populations of Roscoff, a station located on thenEh Coast of the
English Chanel; 1975), showed that more than 94f%ampled specimens corresponded to the age class 0
(LCT < 27 mm), while only 6 % seem to belong to #ue class 1 (27 < LCT < 36 mm) and none repredente
the age class 2 (LCX 36 mm). This estimation suggests that the emplaagture procedure (i.e. manual
capture using a hand-net on intertidal rocky shie@)}o a homogenous sampling in terms of the &geawns.
Despite the lack of variability in terms of ageg thigh level of disparity in terms of size and weim the age
class 0 made us wonder about the potential inierabetween the DNA damage in spermatozoa and these
intrinsic biotic parameters. Our results show rgniicant correlation for total cephalothoracic déim and total
weights ranging from 7 to 33 mm and from 420 to@88), respectively.

In palaemonids, as for most decapods, sperm regiddg male seminal vesicle in the form of speophbre
(i.e. a medial mucus mass encapsulated in a nduareknvelope). This particularity offers the adtage to
collect and to work only on homogeneous maturermspayzoa populations and therefore to avoid a piaient
difference in the sensitivity between the differestages of spermatogenesis depending if cells haen
exposed during their differentiation or in a matstage (i.e. as suggested @ fossarum by Lacaze et al.,
2011b). However, males being continuously readgéde, even outside of the reproduction periods fiicen
November to May ifP. serratus; according to Campillo, 1975), the issue of thing@f spermatozoa contained
in the spermatophores can legitimately be addred3adhes et al. (2006) reported the first evidetheg the
reproductive cycle of male prawns is strictly assma with their molt cycle ifitopenaeus vannamei, intact

spermatophores disappearing about 12 h premolaarelv pair appearing in the ejaculatory bulbs te after
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363  exuviation. Consequently, the different molt stagesre used here as chronological markers to agbess
364 influence of retention time of spermatozoa in thersmatophore on their DNA integrity. No significaeffect
365 was observed. On the basis of the work of Richa@¥8) relative to molt cycle duration P serratus and
366  considering prawns sampled in this present workséhresults suggested that the spermatozoa coutépte
367  more than one month in the spermatophores withouDiNA degradation.

368  Ultimately, a low residual variability of the spetvaseline level of DNA damage was observed, whischot
369 seem to be explained by the environmental or isicifactors identified as the most important. Cousatly, a
370 reference value was generated from the Yport chogiwal data set with a mean value of DNA damags26
371 +5.6 A.U and a maximum threshold correspondinthéounilateral 95% confidence intervals of 61.7 Abdm
372  which a superior DNA damage level could be intelgieas a modulation, resulting from an exposure to
373  contaminants. However, this methodology was dewldpom only one reference station on prawns ofaitpe
374 class 0 and on the water temperature conditionspoing and summer (i.e. from 11.8 to 19.2 °C). As
375 recommended by OSPAR Convention (2013), furthetistushould investigate several reference statona
376 larger range of physicochemical parameters in cmlepnsolidate the robustness of this referensgiblition in
377 view to a large-scale deployment.

378

379 4.2 Relevance of DNA damage in sperm of prawns in the spatial discrimination of the genotoxicity in different

380 sites of the Seine Bay

381 The Seine Bay is considered to be one of those mifstted by trace metals, PAHs and polychlorinated
382  biphenyls (PCBs) in Europe, presenting a well-defigradient of contamination which reduces fromrtizaith
383  of the estuary towards the extremities of the Bayorder to assess the relevance of the use ofesenze
384  distribution presently proposed, different statiovese investigated along the Seine Bay coastlinebaly, the
385  results of this work revealed contrasting genotdaxipregnation levels coherent with the contaminaticadient
386  of the Seine Bay (i.e. on the basis of mussel lwioaulation measurements; Tab. 1).

387  Considering the slightly contaminated stations tedat the extremity of the bay (i.e. SennevilleBécamp in
388  the north, and Longues-sur-mer and Ver-sur-mehénsputh), the levels of sperm DNA damage werevbéie
389  maximum threshold (i.e. previously defined by thetadset recorded at the station of Yport). Theselte
390 demonstrate in hindsight the spatial robustnesthisfreference distribution. Otherwise, the incicemf age
391 class of prawns on levels of sperm DNA damage neagiu@stioned in our study, since the prawns fromsvie-

392  mer and Longues-sur-mer sampled in deeper waterftsherman, displayed a frequency of age clase190
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393 % and 100 % on average, respectively) that wasehititan those observed during the samplings peedrat
394  Yport (i.e. 6 % on average). The results tend tafiom that the age class of prawns has no incidemceperm
395 DNA integrity. They suggest also that different gding methods (i.e. hand net and prawn trap) candeel to
396  monitor this biomarker in Palaemonids prawns.

397 Regarding the stations under the influence of #i@esplume, all the stations in the north betwédenrouth of
398 the estuary and the Antifer Seawall (i.e. Cap deH&ve, Octeville-sur-mer; Southern Antifer) present
399 significant levels of DNA damage ranging from 3146 % above the maximum threshold. Remarkably, a
400 drastic decrease of DNA damage from the southerthgonorthern Antifer Seawall was observed despite
401 spacing of only 1.2 kilometers, highlighting theopounced effect of the seawall on the drift of dhemical
402 toxic load associated to the Seine plume. In thehsdTrouville-sur-mer displayed a surprisingly ldevel of
403 DNA damage in clear opposition to the stations @tacear the mouth of the Seine estuary in the rfoethCap
404  de la Héve). It can be noted for this station ti@significant DNA damage level was reported, despistrong
405  contamination index recorded in the ROCCH statibWilberville (i.e. stations only spaced 6.5 Km apalt can
406 be rationally hypothesized that, in spite of theximity of these two stations, Trouville-sur-mershizeen less
407  exposed to the Seine plume (i.e. transported alomgiorthern coastline by the longshore drift) tNéterville,
408 which is located nearest the estuary mouth (Figri}he same way, similar genotoxic impacts werseoted
409 from Cap de la Héve to Southern Antifer in spiteaofialving of the contamination index between theae
410 stations. This gap could be explained by the difiee of the contaminant bioavailable fraction betwmussels
411 and prawns or by the fact that the most conventiomataminants reported in the survey network dexplain
412 all the genotoxic impact. This report shows theriest of biological monitoring, highlighting, thanko the
413 threshold value, a chemical pressure not identtfigthe ROCCH observations.

414  Finally, the proposed methodology seems to be agleto diagnose finely and robustly abnormal lewals
415 sperm DNA damage iR. serratus and consequently to characterize the genotoxitityud water bodies along
416 the shoreline. However, it could be interestingirtprove the ecological relevance of this tool tadst the
417 impact of sperm DNA damage on parameters of remtddiand recruitment success (e.g. fertilizationl a
418 hatching success; abnormality rate during the eanlgy late phases of embryo-larval development).t&®,
419 abnormal sperm DNA damage could be interpretediveléo the potential risk incurred for the popidas. In
420 this way, several authors have demonstrated, orébryin vivo andex vivo exposures of semen, a significant
421 relationship between sperm DNA damage and progefscts in fish species (Devaux et al. 2011, Saetas.

422 2013) as well as in invertebrate species (Lacazé. @011b; Lewis & Galloway, 2009). More recenfbgvaux
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et al. (2015) have reported such relationshipshénfish nase (i.eChondrostoma nasus) sampled in a heavily
contaminated station, suggesting that levels of DiN#nage sufficient to lead to a fitness impairnmanild be
found in a realistic environmental scenario. Howewetransversal reading of the whole of these waekds to
show that the level of sperm DNA damage requiredatase significant alterations of reproductive sgecare
dependent on the studied species and/or the coediéadpoint. Consequently, it is difficult to rapé the high
levels of sperm DNA damage measured during theeptesgudy within the Southern Antifer, Octevilleda@ap
de la Heve populations with respect to the reprodo@nd progeny risks for prawns, simply on theibaf the

literature analysis. Future work is thus neededvestigate this link in palaemonid prawns.

5. Conclusion

The aim of this study was to assess the naturahitity of DNA damage orP. serratus spermatozoa in order to
determine a baseline level. The results showedDhs& damage on spermatozoaRfserratus are not related

to intrinsic biotic factors (i.e. total size; totakight; molting stage) and to environmental fagtgre. the water
temperature) obtained with monthly sampling in 2@036 at Yport. We have proposed a baseline lendl a
maximum threshold beyond which the increase of DN&mage may be attributed to present or past
contamination exposure and so significant diffeesnbetween sites could be easily reported. Findfig,
biological data and the reference distribution @pp® make it possible to discriminate between dlies

according to the pressure/contamination gradietit@fSeine Bay.
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Legends

Table 1. Annual means (n = 2 analyses per yeatywifulated concentrations of 12 PAHs, 9 PCBs anafals
measured in mussel soft-tissudbyilus edulis) from six sampling sites (i.e. Yport; Southern et Cap de la
Héve; Villerville; Ouistreham and Port-en-Bessinjhese data were generated by the French marine
environment monitoring network (ROCCH; “http://wwfremer.fr/envlit/”. PCBs and PAHs concentrationes a
expressed in pug/kg-dry weight and metals concéotrstin mg/kg-dry weight. A contamination index was
proposed for each station on the basis of a ramstormation (see section 2.4)
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Figure 1. Localization of the sampling stationsngldhe Seine Bay (Normandy; France). White pointcgund
of black = stations of biomonitoring without ROCC#hta; white point surround of red = stations of
biomonitoring with ROCCH data; red point surrounaddblack = ROCCH data without sampling.

Figure 2. Observation of the setogenesis morphcébghanges during the molt cycle from A to D2 00Jand
x 400) : Stage A (early postmolt): the setal lurfided with setal matrix; Stage B (late post molgtraction of
the satal matrix and the beginning to internal clonmation; Stage C (intermolt): empty setal lunaea internal
cone; Stage DO (onset of premolt): separation efciliticle and epidermis; Stage D1’ (early premdttymation
of a circular fold around the nervous cluster othae; Stage D1”(intermediate premolt): the circulald

reaches its maximum depth beginning of secretitage&sSD1(late premolt): the walls of the fold gete the
skeletal case; Stage D2 (late premolt): formatibthe preexuvial wall of the future skeletal.

Figure 3. Visual classification of DAPI-stained Cetnfigures inPalaemon serratus spermatozoa (class 0 to 4)
adapted from Collins (2004): class 0, no damagesscl, low damages; class 2, medium damages;3;lagsh
damages; class 4, complete damage.

Figure 4. Natural variability of DNA damage (exped in arbitrary units AU) measuredfalaemon serratus
spermatozoa during its period of attendance orcdlast from May to November 2015-2016 at Yport (refee
site). Results are shown in boxplot (i.e. the medile first and the third quartiles, the non-a@utlirange and the
outliers). The mean (red point) was added to bdgpio provide as much information as possible dé det.
White boxplots = 2015, grey boxplots = 2016; combins line represents the bi-annual mean of DNA d@na
the dashed lines represent the 95% unilateral @endie intervals (n=10).

Figure 5. Relationship between the temperature tf#),total cephalothoracic length (B) or the tataight (C)
and DNA damage of spermatozoa from md?eserratus sampled in Yport from May to November 2015-2016
(n=130).

Figure 6. Relationship between the molting stagkBNA damage of spermatozoa frdnserratus sampled in
Yport from May to November 2015-2016 (n=130).

Figure 7. Sperm DNA damage measured in field pdipunia of Palaemon serratus from different stations along
the Seine Bay sampled on 7-10 sites of the Setmamsand the bay of Seine during autumn 2015-201610)
Results are shown in boxplot (i.e. the median,fitst and the third quartiles, the non-outliersgarand the
outliers). The mean (red point) was added to bdspio provide as much information as possible dé deet.
White boxplots = 2015, grey boxplots = 2016; camtius line represents the bi-annual mean of DNA dgenad
Yport; the dashed lines represent the 95% unilbterafidence intervals (n=10). Stations are presgfitom the
North to the South of the Seine bay and the Antieawall and the Seine estuary are replaced witticak
dashed lines.
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CCEPTED MANUSCRIP
Table 1:

PAHs
ug/kg-dry weight
Mussels sampling sites 2015 2016 Contamination index
Yport 93.7 1.8
(mean of 2013-2014)
Antifer south 67.6 233.0
Cap de laHeve 373.4 620.3
Villerville-sur-mer
Herviie-su 195.8 213.0
(Trouville-sur-mer)
istreh;
Ouistreham 1375 121.4
(Ver-sur-mer) 2.4
Port-en-bessin
78.4 65.7
(Longues-sur-mer) 2.0
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Figure 5.
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Figure 7.
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Highlights

- Wepropose areference distribution for sperm DNA integrity in Palaemon serratus
- Theinfluence of main confounding factors on sperm DNA integrity was quantified
- Our reference distribution proved to be robust to environmental conditions

- Contamination impacts can be reveal by this biomarker to assess water quality



