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Abstract :

Since sensory system allows organisms to perceive and interact with their external environment, any
disruption in their functioning may have detrimental consequences on their survival. Ocean acidification
has been shown to potentially impair olfactory system in fish and it is therefore essential to develop
biological tools contributing to better characterize such effects. The olfactory marker protein (omp) gene
is involved in the maturation and the activity of olfactory sensory neurons in vertebrates. In teleosts, two
omp genes (ompa and ompb) originating from whole genome duplication have been identified. In this
study, bioinformatic analysis allowed characterization of the ompa and ompb genes from the European
seabass (Dicentrarchus labrax) genome. The European seabass ompa and ompb genes differ in deduced
amino acid sequences and in their expression pattern throughout the tissues. While both ompa and ompb
MRNA are strongly expressed in the olfactory epithelium, ompb expression was further observable in
different brain areas while ompa expression was also detected in the eyes and in other peripheral tissues.
Expression levels of ompa and ompb mRNA were investigated in adult seabass (4 years-old, FO) and in
their offspring (F1) exposed to pH of 8 (control) or 7.6 (ocean acidification, OA). Under OA ompb mRNA
was down-regulated while ompa mRNA was up-regulated in the olfactory epithelium of FO adults,
suggesting a long-term intragenerational OA-induced regulation of the olfactory sensory system. A shift
in the expression profiles of both ompa and ompb MRNA was observed at early larval stages in F1 under
OA, suggesting a disruption in the developmental process. Contrary to the FO, the expression of ompa
and ompb mMRNA was not anymore significantly regulated under OA in the olfactory epithelium of juvenile
F1 fish. This work provides evidence for long-term impact of OA on sensorial system of European seabass
as well as potential intergenerational acclimation of omp genes expression to OA in European seabass.
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Highlights

y We identified orthologous genes (ompa and ompb) in European sea bass. y Ompa and ompb genes
differ in amino acid sequences and in their expression pattern. y Acidification induces intra- and
intergenerational plasticity in omps expression. y Both ompa and ompb mRNA could be used as novel
molecular markers of OSN in sea bass.

Keywords : OMP, expression pattern, Dicentrarchus labrax, acidification, intergenerational
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Introduction

Among the environmental constraints related to global change, ocean acidification (OA) due to
increased concentrations of dissolved-@Onarine waters has been shown to disrupt olfactory
system with consequences on behaviour in marine fish from both tropical and temperate
environmentgAshur et al., 2017, Cripps et al., 2011, Dixson et al., 2015, Dixson et al., 2010,
Doney et al., 2009, Esbaugh, 2018, Ferrari et al., 2011, Heuer and Grosell, 2014, Munday et
al., 2009a, Rong et al., 2018/illiams et al., 2019, Velez et al., 2019, Chivers et al., 2014,
Devine et al., 2012a, Porteus et al., 2018)ch effects can impact s¥al traits of fish life
including predatceprey relationships (prey detection and predator avoidance), navigation (e.g.
migration, homing), and locating appropriate habitats, which may have severe consequences on
the survival and dynamics of wild fish pgdations. Numerous studies demonstrated that fish
sensitivities to OA are especially pronounced in early life stdgaaday et al., 2009b, Franke

and Clemmesen, 2011a, Domenici et al., 2012, Devine et al., 2012b, Pimentel et al., 2016, Rong
et al., 2018)Yet, OA effects on sensory systenediated behaviour of fish have been recently
guestionedClark et al., 2020)To shed more light on this, additional investigation of both-intra

and intergenerati@al impact of OA exposure in fish using proxies that provide information on
the regulation affecting the maturation and activity of olfactory sensory neurons may be useful.
While altered olfactory perception of chemical cues induced by OA have been deteahst
using electrophysiological analyses in fish at juvenile or adult stages, such an approach is
difficult to achieve on small size individuals at larval st@@erteus et al., 2018, Velez et al.,
2019, Moore, 1994)Conversely, proxies based on the analysis of MRNA expression are very
useful to investigate the physiological impact of environmental cues on small organisms since
they do not require a lot of biological material. Moreover, numerous studies demontiaated
OA-induced physiological disturbances were associated with regulation of gene expression
(Cline et al., 2020, Frommel et al., 2020, Hamilton et al., 2017, Huth and Place, 2016, Lai et
al., 2017, Mazurais et al., 2020a, Mazurais et al., 2020b, Shrivastava et al., 2019 |Beaus

et al., 2014, Tseng et al., 2013, Mittermayer et al., 2019, Michael et al.,. 203@)ticular,
changes in mMRNA levels of proteins involved in neural signalling processes have been observed
in olfactory systems of fish exposed to (Williams et al., 2019, Porteus et al., 2018)

including early stages of developmégRbng et al., 2018)

Olfactory marker protein dmp genes encode foDMP proteins that are predominantly
expressed in mature alftorysensoryneurongOSN) of vertebrates in which thaye expected

to be involved irthe maturation, the axon guidance and the physiological activity of olfactory
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sensory neurongBuiakova et al., 1996, Lee et al.,, 2011, St John and Key, 200hi)e
mammals possess a singlepy of theompgene teleostfish speciedhave at leadtvo ompgene
paralogs resulting from the duplication of an ancestrap gene (Suzuki et al., 2015)
Sequences fromgpalogompm andomb genes have beeadentifiedfrom genomic resources
different teleost speciesincluding zebrafish Danio rerio), stickleback Gasterosteus
aculeatu$, fugu (Takifugu rubripey tilapia (Oreochromis niloticus medakaQryziaslatipes,
platyfish Xiphophorus maculatys goldfish Carassius auratysand gilthead sedream
(Sparus auratp (Suzuki et al., 2015)in sockeye salmonQncorhynchus nerRatwo ompa
geneshave beemoundwhich mayhaveemergedvith the additionalwhole genome duplication
event in salmonidgKudo et al., 2009, Suzuki et al., 201¥ery few informationconcerning
the respectivefunctions ofthe OMPa and OMMB proteins are available in teleost species.
zebrafishompa andompb mRNA aremainly expresseth the superficial layer of the olfactory
epithelium andin ciliated olfactory sensory neuronsOSN9 locatedin the deep layer
respectively(Suzuki et al., 2015)While both zebrafislompgenes are expressedneurons
expressing GS U R W-subwits. ¢ . R Q Igenes, the almost completely rowverlapping
expressiorpatternof ompa andompa genesin neurons that pregt to differentregions of the
olfactory bulbssuggest that thelyave distinct rolesSuzuki et a{Suzuki et al., 2015ssumed
that the distinct functions magsult from the subfunctionalization dtiplicatedomp genes.
Involvement ofOMP proteingn OSN maturation andeuronakignal transduction makemp
MRNA expressioma key molecular marker to studhe regulation ofolfactory functionin
different vertebratespecies including fisiiKudo et al., 2009, Oboti et al., 2011, Sato et al.,
2005, Suzuki et al., 2013particularly, quantitativanalysisof ompmRNA expression levsl|
caninform aboutdeficiencies irthe olfactorysystemin organismgKim et al., 2010, Tilton et
al., 2008, Witt et al., 2009 hisis of particular interestvhen it comeso reveaihg theimpact

of environmental stressors time olfactory systesof fish (Tilton et al., 2008)

In this scientific context, investigation obmp transcriptexpressiommay provideadvanced
information about thentra- and intergenerationafffect of acidification on the sensory system
of fish at different life stage3.he present studgharacterizedhe full lengthompa andompb
MRNASs and protein sequendesm EuropearseabaséDicentrarchus labrax a commercially
important speciesnd theirexpression pattesnduring larval development and different
tissues at juvenile staga normal conditionby meas of gPCR analyis. Based on these
expression patternempmRNA expression levels wetbencompared during@arly stages of
larval developmenandin the olfactory rosette of adslfrom two successive generations (FO
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and F1) offish exposed t@ pH of 8.0 for standard rearing conditiors to a pH of 7.6 for OA
condition (Representative Concentration Pathwefthe Intergovernmental Panel on Climate
Change, RCP 8.5This workcontributes to better understand the impact ofd@#ne olfactory

system ofa marine fish species.



108

109

110
111
112
113
114
115
116
117
118
119
120

121
122
123
124

125
126
127
128
129
130

131

132
133
134
135

136

Material and methods
Identification andanalysis of the omp sequences

Blast searches using thempa (NM_001025185.1)and ompb (NM_173281.2) mRNA
sequences from zebrafish as query against European seabass genome available on UCSC
Genome Browser database (http://seabass.mpipz.mpg.de/index.html) allowed to identify two
genome squencesncluding theseabassmpagene (Linking Group 13:2732283% 325677,
DLAgn_00036760) and om@p gene (Linking Group 14:2603782%038307,
DLAgn_00046360).Linking group 13and linking group 14 correspond t6G916830.1:
27,324,68527,325,680 and HG916831.1: 26,036,7736,038,307 in ensembl databas
respectivelyThe fulllength transcripts encoding the Europsaabas®MPs were then cloned

by RT-PCR performedfrom olfactory epithelium cDNAusing primers designed on the
predicted mRNA sequencewlfle 1). After cloning, the cDNA sequences were obtained by
GENEWIZ sequencing service (South Plainfield, USA).

A microsynteny analysis was performed using Genomicus web server

(http://genomicudiologie.ens.fr/genomiciisLocation ofompand th& neighbouring genes

were compared among different fish species, using an ancestor species, the spotted gar

(Lepisosteus oculatysas query.

The OMPs amino acid sequences deduced from cDNA were obtaiimgcthe Expasy translate

tool (https://web.expasy.org/translate/). cDNA and deduced protein sequences are available in
Genbank nucleotide datalea@mpasequence: MW53699hmpb sequence: MW536996
Identification of domains in OMPs amino acid sequenwes performed using SMART
(Simple Modular Architecture Research Tool) web resource (http://smarttesidelberg.de/)
(Letunic and Bork, 2017)

Tablel: Primers used for European seabass aaapd omjb full length cDNA cloning and
relative quantification by gPCRSequencessed to design the primers are availabl¢*inMax
Planck Institutefttp://seabass.mpipz.mpg.de/index.htnid (**) genbank databaseNd: not

determined.
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Amino acid sequences of OMPs from different vertebrate species were aligned bttt

et al., 2017vith default parameters [Auto strategylNS-i). SnapGene software (version 5.2)
wasused to illustrate the alignment& neighbotoining method with the ITT model of amino
acid substitution and 1000 bootstrap repetitiasused for the construction of a phylogenetic
tree. Human Hlomo sapiens mouse Mus musculus tropical clawed frg (Xenopus
tropicalis), African clawed frogXenopus lavis), spotted garlepisosteus oculatyyszebrafish
(Danio rerio), goldfish Carassius auratys common carp Qyprinus carpig, gilthead sea
bream Sparus auraty medakaQryzias latipe} Atlantic almon Salmo salay and rainbow
trout (Oncorhynchus mykissOMP sequences were acquired fraansemblor genbank
databass. Accession numbers: hum&NSP00000436376nouseENSMUSP00000095882
tropical clawed frog ENSXETP00000098764 African clawed frog CAA09446.1 and
CAA09447.1;spotted gaENSLOCP00000022322ebrafishENSDARP00000139076.4nd
ENSDARP00000108338.2 sea bream ENSSAUP00010011932.1  and
ENSSAUP00010005277.1oldfish ENSCARP0000010910and ENSCARP00000136132
common carfENSCCRP00000071916.ENSCCRP0000001205&NSCCRP00000085754
andENSCCRP0000009242&edaksENSORLP00000038818ndENSORLP00000018774
Atlantic salmonENSSSAP0000003286ENSSSAP0000000233&NSSSAP00000121147
and ENSSSAP00000117049 and  rainbow trout ENSOMYPO00000010796
ENSOMYP0000009272andENSOMYP00000043590

Animal and experimental conditions
FO generation

Experiments were conductathder approved protocols in strict compliance with the EU
Directive 2010/63/EU for animal experiments and accortbnifpe French legal requirements
concerning welfare of experimental animals (APAFIS permit no. 1-20383101614401562).

The FO population oEuropean seabass used in the present experiment was the same as one
used in previous work®Mazurais et al., 202040 larvae were obtained in October 2013 from

a local commercial hatchery (Aguastream, Ploemeur, France). At two dayisapdsti(dph),

theywere broughZ LWKLQ WKH IDFLOLW L latirne AdapkatiorORepredudioN R U\ /|
HW 1XWULWLRQ GHV SRLVYVRCeNf dekBrdtadgné (AgREnemy nBnbed:UHP H |
B29-212-05). FO European seabass were maintained from hatching in twa &g@@itions

[Control group: pHB, ~600 patm, OA conditiongroup: pH 76, ~1600 patrh The ambient
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PCQ ZzDV DSSUR[LPDWLYHO\ —DWP ZKLFK FRUUHVSRQGV W
of Brittany (Duteil et al., 2016)The experimental conditions were chosen based on the IPCC
Representative Concentration Pathway (RCP) 8.5 scef&tnoker et al., 2013 he rearing
conditions ofthe FO population throughout all life stages are detailed in the previous papers
(Mazurais et al., 2020a, Mazurais et al., 202@ebE supplementary tablé-3). Briefly, tanks
were supplied with sewater pumped from a depth of 20 m approximately 500 m from the
coastline in the Bay of Brest. Water was treated as falléifter the passage through a sand
ILOWHU a P zZzDWHU zZzDV KHDWHG WXQJVWHQ 3ODWH +H
usind D FROXPQ ILOWHUHG XVLQJ D P PHPEUDQH DQG ILQD
France) assuring high water qualifyemperature and pH were checked daily with a WTW
3110 pH meter (Xylem Analytics Germany, Weilheim, Germany; with electrode: WTWixSen
41, NBS scale) before feeding the fish. Each day the pH meter was calibrated with NBS certified
WTW technical buffers pH 4.01 and pH 7.00 (Xylem Analytics Germany, Weilheim,
Germany).Total alkalinity was measured once a week following the protocstratkland and
ParsongCaspers, 1970n 50 ml sample of filtered tank water was mixed with 15 ml HCI (0.01
M) and pH was measured immediately. Total alkalinity was then calculated with the following
formula:

TA — Via " Cua

7 7 )
V sample V sample i HY

(L.rHCJI + mep!e) X {H+} ‘mlml
y l

With: TA 2 total alkalinity [mol * }1], VHCI 2 volume HCI [l], cHCI? concentration HCI [mol

*|-1], Vsample? volume of sample [I], H® hydrogen activity (14pH), + 2 hydrogen

DFWLYLW\ FRHIILFLHQW KHUH +

FO larvae were maintained in triplicate tanks, with oxygen concentration around 95% air
VDWXUDWLRQ VDOLQLW\ DW A DQG WKH FRQWUROOHG
progressively increasing ligimtensity according to larval age from total darkness to 96 lux)
until 45 days poshatching (dph)FO larvae were fed from 6 dparbundmouth openingtage,
with live brine shrimp Artemia salina nauplii, hatched from High HUFA Premium cysts
& D WY L¥erth@§rbosch, Netherlands). From 6 to 16 dph, a concentration of ~120 nauplii
per larva and day wasntinuouslydelivered from their storage tanks to the larval rearing tanks
for a duration o6 hours, which was changed to a concentration of ~800 nauplii per larva per
day after 16 dph. Fror®8 dphuntil 45 dph larvaavere fedwith commerciafeed diet(Néo-

start, Le Gouessant Aquaculture, France). From 2 yeardhptidting, fish from triplicat tanks



200 were randomlydistributedinto duplicate tanks and reared under ambient temperature and
201 natural photoperiod and fed a diet that meets the nutritional requiremebtsoofstocls
202  (Vitalis Cal, Skretting, Stavanger, Norway). Apart frtme pH conditonsdescribed abové-0
203 fish from the two groups experienced identical experimental conditions throughout their

204  different life stages.
205 F1 generation

206  An artificial reproduction was performed frofnyears old FO individuals. To produce a F1

207 generation, sperm and eggs were collected pooledrom 20 males and 6 females of each

208 pH-group.To stimulate the synchronous oocytes final maturaBdemales per tank (6 per pH

209 treatment) were injected withHRH (luteinizing hormone releasing hormort®rmone. 72

210 hours later LHRHinjected females and males (10 males per tank) were stripped and the eggs
211 from each tank were fertilized. The eggs and sperm from each group were crossed separately
212 to produce F1. Téaneggs were hatched and the resultant F1 fish were reared in the same pH as
213 their parents. For each treatme@bfitrolandOA) two replicates of tanks were us&karing

214  condition was similar to those described for F1 population.
215
216  Sampling and RNA extracion

217 Before sampling,24hfasted fishwere first lightly anesthetized (20 mg'™), and then
218 euthanized with a lethal dose (200 md')Lof tricaine methanesulfonate 222 (Pharmag,
219 Fordingbridge, Hampshire, UK).

220 FO generation

221 Investigation ofompa and ompb MRNA expressionpatterns across different adult tissues
222 (olfactory rosette, olfactory bulbs, diencephalon, optic tectum, cerebellum, spinagidsrd
223 heart, muscle, liver, spleen, kidney and proximal intestine) were perfamntesues sampled

224  from three adult maleseared under control pH conditi¢# years old).

225 Total RNA of olfactory rosettes was also extracted from 27 adults (4 years old) to analyse the
226  potentiallong-term effect of pH onompa andom@b MRNA expression within generation FO.
227  For thispurpose,14 adults from the control group (10 females, 4 males) and 13 individuals

228 from the OA group (6 females, 7 males) were sampled at thespasining period.



229 F1 generation

230 One pool of F1 larvae was sampled per tank (two pools per pH group) amdratesgal stages
231 0, 1, 4, 10, 16, 20, 27 dph. One pool contained 30 mg biological material containing five
232 individuals to several dozen individuals depending on the developmental stage. The number of

233  pools (n=2) sampled per tank was limited by the quanfitarvae.

234 At juvenile stage (18 months old), total RNA of olfactory rosettes from Iftskfrom each
235 groupwassampled.

236 After sampling larvae and adsjtissues werstored inRNA later (Qiagen, Hilden, Germany)
237 until total RNA extractionThe potocol of total RNA extraction is the samas previously

238 describedMazurais et al., 2020bYhe RNA integrity number (RIN) of the extracted RNA
239 were higher than nine allowing us to pragds retretranscription into cDNA and gPCR

240 analysis.
241
242  Reversetranscription and gPCR analysis

243  The reversetranscription (RT) of cDNA for all larval and adult samples was carriednout

244  duplicate XVLQJ QJ RI 51% ZLWK DQ L6FULS\Ra# L&bdr&otesQ WK H V |
245 Inc., Hercules, CA, USA) followinghe protocol previously described Mazurais et al.

246  (2020b) Negative RTconsisting in RT reaction without rettcanscriptase enzymeerealso

247  performedfor all samples.

248 The relative quantification shRNA of interesfomp, omp, trypsin(prss1) amylasgamyl)
249 and of the two housekeeping genes [elongation factdpHa (H 1 ).and RibosomaProtein
250 L13a(rpl13a)] was performed by gPCR usipgimers listed in table Prsslandamylyenes
251 were analysed as they are known to exHtibdtuating expression with maturation of digestive
252 function during early stages of sea bass larvae develop@amtboninelnfante and Cahu,
253 1994) The investigation oprsslandamylgenes expression all@dthe technical validation
254  of the gPCR datand the evaluation of the physiological development of the larkaaprimer
255 pairs were designed using Primer 3 plus toolhttp://www.bioinformatics.nl/gi-
256  bin/primer3plus/primer3plus.cgand tested using afdld serial dilution of pools of cDNA.
257 The dandard curves weneerformedfor eachprimer pairto determine thefciency of the
258 gPCRreaction. In the present study, all qPCR efficienaiesearound 100% with R> 0.999.
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Transcript expression was quantified using the CFX96 Touch Re& PCR Detection system

(Bio-Rad Laboratories Inc.) and the protocol previously descfidedurais et al., 2020bY he

relative quanties of transcriptsin juvenile and adult tissuagere QRUPDOL]J]HG ZLWK WK
method usingH | andor rpl13a as reference gene&@nly the rpl13a gene was used to
normalize mRNA expression throughout larval developrsarte the expression dfl | gene

was not stableThe choice ofreference genewas performedbased on theicoefficient of

variation CV) andexpression stabilityM) values lowethan 25% and 0.5, respectively
Statistical analysis

All statistical analyses were performed with the free softwar@® RCore_Team, 2018A

V W X Gti@Way dsed to test significant differeneéeshormalizedompm andompb mRNA
expression levelbetween control and OA groupd juvenile and adult stage§wo ways
ANOVA was perfemed to analyse thepotential effects of developmental stage and
acidification factors on gene expression data at larval stage. The normality of residuals was
checked graphically and homogeneity variance matricae ehecked with the Box's Mtest

The level of significance veataken a0.10while being cautious for P value > 0.05.



274 Results
275 Sequence analysis of ongenescDNAs and proteirs

276  Ompm andomp genes are located in two different gaot the EuropeaseabasgenomeThe
277 ompagene located in the Linking Group 13:2732283%93256770n UCSC Genome Browser
278 databas€HG916830.1: 27,324,6857,325,6800n Ensembl databaseonsists of two exons
279 included in the nowoding sequence separating the exons 2 and tBeofalpain 5a gene
280 (capn@) (figure 1A). Microsynteny analysis using an ancestor fish species as query was
281 performed to compare the genomic structure arammggenes among fish species including
282 European sea basBhe neighbouring genes Bluropean sea basspaincludecapng cul5a
283 anddcunld5that are retrievedvithin most ofthe flankingomparegions inteleost species
284 analysedfigure 1B) Theompb geneis included in the Linking Group 14:26037826038307
285 (HG916831.1: 26,036,7736,038,30) andconsistf a single exon incorporated betwdha
286 exons2 and 3of thecalpain % gene(capn5l) (figure 1A). Theneighbouringgenesf European
287 sea bassmpb(i.e. capnh gdpd4band myo7d) are well conserved among fish specikss
288 noteworthy thamost ofompaneighbouring genes atke paralogs of thempb neighbouring
289 genesAltogether, the present synteny analysis indicated tiegenomic structures around
290 ompgenes are well conserved among species and resulteddénplcations of an ancestral

291 genome.

292 Theompaandompb genesontain open reading fram@ORF) of501bp and483bp predicing
293 primary translation produsbf 166 aaand 1® aa, respectivelyThe Europeaseabasamino
294 acids OMPa and OMP sequences arg0.24% identicaland exhibit 68.07% of homology.
295 OMPaand OMB sequences share highnservatiorwith OMP from teleoss, gar (Holostei)
296 and tetrapods especiallywithin the EphHB2Receptoilike loop andin the protein area
297 includingthe D -helix, the D -helix and the followingE7 strand (figure).

298 A phylogeneticanalysisbased orOMP amino acid sequences from tetrapods, gar and teleosts
299 clearly separatetkleostOMP sequences according to thassgroup(figure 3). A first cluster

300 included tetrapodMPsand was divided into mammals aathphibians. While spotted gar
301 classified in a separate phylunmogher monophyletic cluster (bootstrap value4$9included

302 teleostOMPs divided irOMPaand OMM subgroupsWithin the groups of teleostsebrafish,

303 goldfish and common carp clustered in Ostariophysi superdktlantic salmon and Rainbow
304 troutOMPsappeared included inRrotachanthopterygii clustemile Europearseabas®MPs
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shared the closest relationship wispecies of Acanthopterygsuperorder the gilthead

seabreanand medaka

Omp mRNArelative abundancen different tissuesat juvenile stage

At juvenile stage, bottompa and ompb transcripts mRNAwere mainly expressed in the
olfactory rosette (figurd). Ompb cDNA amplification was also observed a lower level in
cerebellum, spinal cord, olfactory bulbs, diencéphandoptic tectumNo significantompb
transcript expression was observed insay@ in noncentral nervous system orga@antrary
to omb, ompa transcriptwas expressed in the eydswas also expressed a very low level
in othertissuessuch asolfactory bulb, diencephalon, optic tectum, spioaid, gills, heart

intestine, kidneyliver and spleetbut not in cerebellum argkeletalmuscle

Omp mRNA expression in Europeaseabas&xposed to OA

The potential effect of OA on therelative abundance dhe ompa and omgp mRNA were
investigated in the olfactory epitheliumed adult fishexposedrom hatchuntil four yearsold

to control (pH 80) or OA (pH 7.6) condition (figure 5)l'he ompa and ompb MRNA levels

were shown to fluctuate differentially between control and OA condi@onpamRNA level

was significantly higher (x1.31) in the olfactory epithelium of adults exposed to OA compared
to the control group ftest, p= 0.007). Inverselyhe relative abundance omg mRNA level

was significantlyhigher(x1.36) in the olfactory rosette fiéh from controlconditioncompared

to the OA group (ttest, p=0.002).

Figure 6 (A, B) shows the levels admpa and ompb transcripts during the first 27 days of
development of larvae (F19riginating from FO broodstock and reared under the same
conditions as their parentBoth ompa andomgb transcript exhibited significant variation of
expression level during larval developméptvalue < 1¢). Under control pH condition,
guantities obmpm andompb transcrpt increased exponentially frofto 4 dphthen decreased

until day16 posthatching to remaialmoststable afterwarsl The OA factor tended to interact

with stage of larval developmer® yalue = 0.8 and 0.0 for ompa andompb, respectively).
Under OA condition, the expression profiles of baimpa and ompb transcripts are shifted
compared to the control condition with a maximum of transcripts observed at day 10 post

hatching. The two genesamyland prssl, known to exhibit fluctuating expression patterns



336
337
338
339
340
341
342

343
344
345

346

during the early stages dfgestive functiordevelopnentin fish were also analyzefigure 6
C, D) (ZambonineInfante and Cahu, 1994)The amyl and prss1 mRNA expressionevels
exhibited significant variations during larval developmbetng maximal at day 10 post
hatching in larvae under control pdéndition(p value < 16). Afterwards theamyl mRNA
level dropped abruptly wte theprssImRNA levelremained relativelgtable before rising at
day 27 poshatching.OA did notchange significantly the expression pattern ofatmyland

prss1ImRNA expression levels during larval development

No significant differene (P value >0.1)n relativeexpression levels of botbhmpa andompb
MRNA levels was observed the olfactoryepithelium of Fljjuveniles (18 months oldjigure
7).
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Discussion

In the present studyye identifiedthe genomic loci othe ompm andompb genesn European
seabassBoth ompm and ompb genes areseparatelyincluded within intron 2 of European
seabassalpain 5 andcalpain S, respectivelyThis result is in agreement with previous data
in the literature showinthelocation ofthe ompa andompb genes between exon 2 and exon 3
of the duplicatedcalpain 5 genesin different vertebrate species including teleq§tuzuki et
al., 2015, Nakashima et al., 2013he microsynteny analysis showed ttieg genomic region
surroundingheompb geneis highlyconserved betwedBuropean seabass and zebrafisiile

the genomic area arourtde omm geneis more heterogenousetveen these two species
Interestingly, thearrangement surroundir§.C 35F2 cullin 5, ompandcalpain 5genes was
found for both Europeaseabasempm andompbgenes suggesting that this region ywesbably

entirely duplicated.

To better characterizd&european seabass OMP amino acid sequengesconducteda
phylogenetic analysi@nd analysedpredicted functional domainef OMP proteins Our
phylogenetic analysis clustered theone hand tetrapod OMP sequenaed on the other hand
the teleost OMPhomologsthatincluded OMR and OMM clades. The presenphylogenetic
analysis based on the full length OMP sequercedirmeda previousstudyindicating that
teleostompm andomb genes were duplicated from an ancestapgene(Suzuki et al., 2015)
The European seabaf3MPa and OMP sequenceshowed theclosest relationship to the
OMPa and OMB from other membes of the Acanthopterygii superordethe gilthead sea
breamand the medakahichvalidates the identity of European sealmsga andomb genes.
Characterization of protein domains revealed that the predicted European seabassn@MP
OMPb proteins posseszight betastrandstwo long alphahelicesandan Eph2Breceptotlike
loop domain Our alignment analysis indicated thdtist latter domain is specially well
conservechmong OMP sequences wértebrate speciesonfirming that it shoulglay a key
role for protein functionBaldisseri et al., 2002, Smith et al., 2p02

To investigate basampa andomb mMRNA expression, we perform&CRassaysn a variety
of tissuesfrom juvenile European seabasearedunderbasalenvironmental conditionAs
expected ompa and ompb transcriptswere highly expressedn the olfactory rosette Omp
transcriptsare indeed known to be expressashinly in the olfactory organ of vertebrates
including fish (Rogers et al.1987, Kang et al., 2015, Suzuki et al., 201B)erestingly, to a

lesser degreegmpma transcript is also hidia expressedn the eye contrary tompb transcript



379 which is more expressed in different parts of the central nervous system shuebesisbellum
380 the olfactory bulb and the diencephal@nfferential expressionfoduplicatedompgenes has
381 already been described in other teleost species. Indeedj\ergence oéxpression atterns
382 betweerompa andompb transcriptdn brainand eyas in total agreement witbxpressiortdata
383 obtainedin zebrafish(Suzuki et al., 2015)This indicakes that thedistinct functiors of the
384 duplicatedompgenessuggested in zebrafisdre likely conserved between the two species
385 zebrafishin situ hybridization analyses indicated tloahb andompa transcriptsveremainly
386 expressed imonroverlappingciliated OSNin the deep layeand the superficial layesf the
387 olfactoryepithelium respectively Zebrafishompa transcriptexpressiorwasalso shown to be
388 restricted inretinal horizontal cells inthe outermost part of the inner nuclear laf@nzuki et
389 al., 2015) Although additional studies are required to identifg cells expressing European
390 seabassemp andompb genes usingn situhybridization and/or immunohistochemical studies,
391 we assume thateabassmptranscrips have the same cellular distributioastheir orthologs
392 in zebrafishin the olfactory andvisual tissues Further studies should also be performed to
393 determine the cell types expressmgm andomgb transcripts in the different brain assaf
394 European seabas$o our knowledge,dentification ofomp gene expressingells in non
395 olfactory areaof thebrain has only benperformed in rodentdaker et al., 1989)Vhile OMP
396 protein has been localised in neurons of thegmtec and hypothalamus region in three rodent
397 species, its expression pattem other regions including cerebellum dagds on the species
398 studied. Determining the nature of neurons expressmga and omgb transcripts in the
399 different area of theteleostbrain may offer novel opportunities to expldheir functiors in
400 nonolfactory brain regions Especially sincewe found thatompa transcript was also
401 significantly expressedn many norolfactory organs This finding confirms previous data
402 obtainedin mammalssupportirg the ideathat OMPproteinsmay play a more general role in

403 chemosensing in addition to its rofethe olfactory systerfKang et al., 2015)

404 The two paralogousf European seabassnptranscripts showed similar expression patterns
405 during larval developmentvith maximum levelsfound around4 dph Interestingly, this

406 expression pea&round4 dphcorresponds to thetage of mouttopening in European seabass
407 Data available in the expression atlastbe EMBL-EBI website confirm lie hgh relative

408 expressiorevel of omp andompb transcripts at larval protruding mth stagen zebrafish

409 The increasing expression omptranscripts duringhe first days poshatchingis consistent

410 with the early differentiation ofhe olfactory organ during ontogenesis in European seabass

411 (Diaz et al., 2002)The peripherablfactoryorganis known to behefirst chemosensorgrgan
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to developin fish (Hansen andielinski, 2005) The synchronization of thelfactory system
development wittmouth openinganbe associated with the development of feeding behaviour
during early lifestages of larvaelhe drop inompa andomgb transcripts expression observed
after 4 dphrelies not necesséy to a decline in olfactory system formation, but could more
probably arise from the decrease in olfactory organ/whobly tissue mass ratio occing
during larval developmentOther genes involved in the ontogenesis of sensory and nervous
systems have been found éahibit similar expression patteyrluring the early stage of

Europearseabass developmg(iiarias et al., 2008)

Another objective of the present study wasanalysempa andomg mRNA expression levels

in two successivgenerations of fish rearathdertwo pH conditiondo evaluate the potential
impact of OA on theolfactory systenof European seabasSurprisingly our data revealed
oppositeeffects of OA orompa andomb mMRNA levels in theolfactory rosette of 4 yeaisd
adult (FO) European seats.Differential regulation ofomp genes by OA indicatethat the
underlying molecular mechanisms differ between the two g&uet differential regulation of
paralogous genes have already been observed in tMarsindel et al., 2016The absence of
negative correlation between the expression of tketwmpgenes at the individual level seems
to rule out the hypothesis that the regulation of @am@gene by OA could compensate for the
opposite regulation of the paralog (data not shonis data reinforces also the idea thisia
and ompb genes have distinct roleEven if additional experiments would be necessary to
confirm this regulation athe protein levelthis resultsuggest that theoppositeregulationof
duplicatedompgenesdn the olfactory epitheliunmay significantly contribw to thelong-term
acclimationresponsé€4 years exposur@f European seabass to C8uch longterm impact of
OA ontranscriptexpression leveh the olfactory rosette addult (FO)European seabass was
recently observed fahe cbinllgene(Mazurais et al., 2020bjAltogether, these data suggest
that the olfactory epithelium transcriptome may be durably impacted in FO individuals exposed
for long time to OAFurther determintgon of the roles of botbmpa andomb genes in teleost
would be essential to better understand the physiological meaning of these opposite regulations
and especially their potential impact i olfactory system However, these effects of OA on
the expession ofompa andomgb transcrips expression were only observed in the olfactory
epithelium of the first generation of fislhdeed, no more significant effsaf OA on theompa
andomppb mRNA expression levels were observed in the olfactory rosethe pivenilesfrom

the F1 generationWhile regulation ofomptranscripts expression found in B@ultrelies on

phenotypic plasticity associated to acclimation to environmental variation within a generation,



445 the absence of regulation observed in the tifgcepithelium of Fljuveniles may have
446  different explanations. We cannot exclude the possibility thair@aced regulation of genes
447  involved in sensory system depends on the ontogenic development of the fish and particularly
448 on its sexual maturation $tes. Interaction of the olfactory transcriptome with the progression
449  of sexual maturation has been shown in Chum Salf@tdrhynchus kejéPalstra et al.,
450 2015) It may also be related totergenerational acclimatiorand/or genetic adaptation
451 (Munday, 2014) Intergeneational acclimation to OA has beenentionedin anemonefish
452  (Amphiprion melanopysn which the growth and survivak not impactedonlyin juveniles
453 whose parents had been exposed to high @ller et al., 2012) It is uncertainwhether
454  intergenerational plasticit¢including epigenetic regulatiomnd genetic adaptation interat
455  explaining the absence of regulation in the olfactory rosette of F1 juvaniles preseinstudy.
456  However,possibleselectionof individuals exhibiting an insensitivityp OA among the Fl1s
457 not supported by the apparédf-inducedregulationof ompa andompb transcriptexpression
458 foundin larvaealso being the offspring of loAgrm exposed FO seababwleed, the present
459 expression data obtained at larval stagggesta delay in the expression pattern of tmep
460 transcriptsduring the early developmental stagfeF1 larvae reared under OAhis delay in
461 omptranscript expressiosuggesthatthe development of the external olfactory orgaay be
462 retarded under OAFurther fistologicaland gPCR analyses with bigger sample svpelld
463  confirm this hypothesisThis possibledelay in thematurationof theperipherablfactorytissue
464 doesnot seemassociated witla global developmentatetardationn Europearseabass larvae
465 assuggestedy the OA-inducedno significanteffect onthe expression ofrssland amyl
466 transcripts encoding two enzymi@solved in the digestive systerniihe increase iamyland
467 prsslexpressiorobservedetween day 4 and day 10 pbstiching is in total agreement with
468 the knownpeak ofenzymatic activityobserved around th@outh openingstagein European
469 seabass larvaewhich validates the gene expressidata obtained in the present study
470 (Zamboninelnfante and Cahu, 1994)The indicated OA-induced disturbance of the
471 developmerdl process durinthe earlylarval stages of European seabagseeswith previous
472  data obtained in other teleost spe¢Msinday et al., 2009b, Pimentel et al., 2014, Baumann et
473 al., 2012, Franke and Clemmesen, 2011b, Hurst.e2@19) It would be interesting to
474 investigate whether regulatiasf ompa and om genes expressiois correlated toaltered
475 responses to sensory cuEsom an ecological point afiew, impairment of olfactory sensory
476 system developmenturing the early stagesof larval developmentcould havesevere
477 consequences in terms @fedator avoidangefirst feeding andsurvival in the natural

478 environment.



479 In conclusion,we found thatthe European seabaesm and om geneproducts exhibit
480 similar structural anexpression characteristics with zebrafish ortholegggesting that the
481 function of ortholog genes are conserved between these sgacklition, he present data
482 revealed thatnder acidification conditiwhich could occur in the ocean by the endlué
483 century, OA inducesintra and intergenerational plasticity imomp and om@p mRNA
484  expressionWhile further research is needed to better understand the rolepmfandommb
485 genes in European seabassy data suggest potential loteym impact of OA on sensorial

486  system of European seabass.
487
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495 Legends

496
497 Figure 1: Microsynteny analysis of OMP loci The microsynteny was performading

498 Genomicus web server attp://genomicus.biologie.ens.fr/genomicus: ompaand ompb

499 genes from European sea bd3géntrarchus labrakare included in the necoding sequence

500 separating the exons 2 and 3 of the calpainca@nb5d and calpain 5bc@pn5h genes,

501 respectivelyB: Overview of microsynteny analysis ompgenes antdhe neighbouring genes
502 intheir flanking regions among different fish spegiesingan ancestor species, the spotted gar
503 (Lepisosteus oculatyisas querySyntenic genes are represented by arrow coluorthologs

504 are drawn with the same color and the lettering or number inside refetypes@haded genes

505 correspond to genes that are not orthologous to any genes from the spotted garTspecies.
506 map is centralized iompgene. Genes are aligned in columms and kept in the order in which
507 they appear in chromosomes (Chr) without considardtiodistance, while the transcriptional
508 sense is represented by the pentagorRigul square nodes represent duplication events of an

509 ancestral version of the gene used as query. Blue square nodes represent ancestral species


http://genomicus.biologie.ens.fr/genomicus

510 leading from the same "roaihcestral species to orthologs and/or paralogs of the gene used as
511 query.Open blue square nodes represent extant sp&tiesgpean sea bass species is indicated

512 by a black arrow. The black horizontal liseparateemp gdpd4 myo7andcaprb subgroups.
513

514  Figure 2: Alignment of OMP amino acid sequences of teleosts, gar and tetrapods including
515 Dicentrarchus labraxOMPa and OMPb. SnapGene software (version 5.2) was used to
516 illustrate the alignmentlomologies among the sequences are illustrategtdoyblocksabove

517 the alignment. Amino acids are marked with color highlighting based on properties and
518 conservationSecondary structure prediction basedsomith et al. (2002), Suzuki et al. (2015)
519 s indicatedas followed:the eightbeta strands (bethto beta8) are boxed, theWV Z Relical

520 regions( O-Helix and 2-Helix) and the EphHBReceptor Like Loop (RLL) domaiare

521 indicated by solicand operarrows,respectively
522

523 Figure 3: Phylogenetic analysis constructed from OMP amino acid sequences of gar,
524 tetrapods and teleostsPhylogenetic tree waserformed using neighlio-joining method with

525 the ITT model of amino acid substitution after Mafft alignm@P sequences were acquired
526 from ensembl and genbank databad#smbers next to the branching points indicate the
527 relative support from 100®ootstrap replicates. Arrows indicate European seabass OMP

528 sequences.
529

530 Figure 4: Boxplot showingompa (A) and ompb (B) relative mRNA abundance (arbitrary

531 units, a.u.) throughout different European seabass tissueshree individuals were analysed

532 by samplig tissue.Omp mRNA abundances were normalized usefd@ Dand rpl13a as

533 housekeeping genes. The cross in each column of the plot represents the mean mRNA relative
534 abundance value. Mean nanrmalized Ct values for each tissue are indicated in brackets.

535 Upper and lower whiskers indicate maximum and minimum values, respectively.
536

537 Figure 5: Relative mRNA abundance (arbitrary units, a.u.) ofompa and ompb in the
538 olfactory epithelium of 4 yearsold adult European seabass (FO) exposed @y boxes) or
539 not exposed (black boxes, control condition) to ocean acidification (OA) from hatching
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stage OmpmRNA abundances were normalized usfihandrpl13aas housekeeping genes.

The relative level obmpmRNA was fixed to 1 for each control grodfhe cross and the line

in each column of the plot represents the mean and the median mRNA relative abundance value,
respectively. Asterisks indicate statistically significant effects of ocean acidification related to

the respective control grouptést,~ <0.01).

Figure 6: ompa (A), ompb (B), amyl (C) and prssl (D) relative mRNA abundance
(arbitrary units, a.u.) by days posthatching (dph) under control (solid black line) and

ocean acidification OA, dashed gay line) conditions determined using gPCRanalysis.

Two pools of F1 larvae were analysed per condition and by sampling date. mRNA abundance
wasnormalized usingpl13aas housekeeping gene. Each point represents the relative mRNA
level from one pool of larva&ach panel integrates results of tway ANOVA test. F and P

values of significant effects of dph and/or OA and interaction between them are highlighted

using the following signification codesi <0.001<«+<0.01<+<0.05<<0.1

Figure 7: Relative mRNA abundance (arbitrary units, a.u.) ofompa and omgb in the
olfactory epithelium of F1 juvenile European seabas$18 months old) exposed (gay
boxes) or not exposed (black boxes, control condition) to ocean acidification (OAmp
MRNA abundances were normalized usfigandrpl13aas housekeeping genes. The relative
level ofompmRNA was fixed to 1 for each control group. The cross and the line in each column

of the plot represents the mean and the median mRNA relative abundanceesgaetively
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Tablel

Gene Ref seq
name

Linking Group
ompma 13:27322839

27325677
ompm DLAgn_00036766
Linking Group
ompb 14:26037825
26038307

ompb DLAgn_00046366
amylase DLAgn_00008186
trypsin AJ006882.1+*

HI . AJ866727.1*

rpl13A  DLA_LG12_004186

Application

full length
cDNA
cloning

gPCR

full length
cDNA
cloning

gPCR
gPCR
gPCR
gPCR

gPCR

9 1 )RUZDUG S

AACCTTGAAGTCGGACATGG

ATTTCCCAACACTGGACCCC

TTTCGACATAGCTGCCAATC

CTCACCCACCTGATGACACG

GATCACCAGATGCAACAACG

CTCCACTGCTGACAGGAACA

CTGGAGGGCAGTGAAAAGAT

TCTGGAGGACTGTCAGGGGCATGC

T 1T 5SHYHUVH S Efficiency Melting Amplicon

GAGAAGAGTCAATTATCTGGTGTGAA

AGCGTTTCGCCAAATCGTTC

ACAGCCAGGCCTCAGCTATC

CCTCGTAGCACTGAACGGAC

CTGAACCAGCTTCCACATGA

CATGCCAGGGTAGGAGTTGT

CATCAAGAGCCTCCAGCAGT

AGACGCACAATCTTGAGAGCAG

(%)

nd

95

nd

99
97
95

98

temp.
°C)

nd
84
nd
88
85
82

84.5

86

size (bp)

525

84

570

97
114
85
97

148



Highlights:

We identified orthologous genesnjpaandomph) in European sea bass
Ompaandompbgenes differ in amino acid sequences and in their expression pattern
Acidification induces intraand intergenerational plasticity amps expression

Both ompaandompbmRNA could be used asovelmolecular markexof OSN in sea
bass

X X X X
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