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ABSTRACT

Better understanding of the mechanisms underlyitgy-individual variation in stress
responses and their links with production traita key issue for sustainable animal breeding.
In this study, we searched for QTL controlling thagnitude of the plasma cortisol stress
response and compared them to body size traitgar2 full-sib families issued from two
rainbow trout lines divergently selected for highaw post- confinement plasma cortisol
level. Approximately 1000 F2 individuals were inidivally tagged and exposed to two
successive acute confinement challenges (one niutetival). Post-stress plasma cortisol
concentrations were determined for each fish. Aiomedlensity genome scan was carried out
(268 markers, overall marker spacing less than J0GMIL detection was performed using
QTLMap software, based on an interval mapping nethttp://www.inra.fr/qtimap).
Overall, QTL of medium individual effects on codisesponsiveness (<10% of phenotypic
variance) were detected on nineteen chromosomesgst supporting the hypothesis that
control of the trait is polygenic. While a coreayof QTL controlled cortisol concentrations
at both challenges, several QTL seemed challeng@fgp suggesting that responses to the
first and to a subsequent exposure to the confinesteessor are distinct traits sharing only
part of their genetic control. Chromosomal locatdithe steroidogenic acute regulatory
protein @AR) makes it a good potential candidate gene forafrtiee QTL. Finally,
comparison of body size traits QTL (weight, lengtid body confirmation) with cortisol-
associated QTL did not support evidence for negajanetic relationships between the two

types of traits.



INTRODUCTION

In fish as in terrestrial farm animals, repeatedhoonic exposure to stressors has
negative impact on both production traits and lheattd welfare traits (see reviews by
Wendelaar Bonga 1997; Segmeeral. 2012). Farmed fish are unavoidably exposed toyman
environmental perturbations, such as changes ierwgaiality or handling and manipulation.
A better understanding of stress responses, ingjudigulatory mechanisms at the individual
level and the links with major production traits thhus a key issue for animal breeding.
Glucocorticoid hormones (cortisol in most mammald &sh, corticosterone in rodents and
birds) are released into the bloodstream when dsiara exposed to stressful stimuli. In fish,
cortisol production is mediated by the activatidnh@ hypothalamo-pituitary-interrenal (HPI)
axis. Cortisol is considered as the cornerstortheprimary (neuroendocrine) stress
response, and cortisolemia following exposure $tr@ssor is commonly used as a tractable

indicator of the magnitude and thus severity ofdtiess response.

Furthermore, cortisol directly affects numerousayebural traits and physiological
processes associated with production and robuspies®types. Cortisol is well known for
its negative effect on growth physiology. In figlertisol inhibits energy consumption,
decreases condition factor and feed efficiencygihahe effect may depend on age and/or
rearing conditions (Pickering 1990; Wendelaar Bot@@7; Fevoldemt al. 2002; Pottinger
2006 ; Qverliet al. 2006, in rainbow troudncor hynchus mykiss; Hori et al. 2012, in Atlantic
cod Gadus morhua; Martinset al. 2011, in Nile tilapia, @ochromis niloticus). However,
paradoxically, some genetic studies in rainbowtthl@yve shown a positive correlation
between cortisol responsiveness to acute stresgramdh performance (Lankford & Weber
2006; Weber & Silverstein 2007). High cortisol-respiveness is also associated with a
greater susceptibility to a range of common aquarallistressors like hypoxic conditions

(Hoglundet al. 2008; Laurseset al. 2011) or long duration transportation (Ruiz-Goraieal .



2008). Cortisol is implicated in the immunosuppres&ffects of stress, though inconsistent
results have been reported according to speciediaadses (Fevoldesal. 1992, 1993a,
1933b, 1994; Refstie 1982; Kittilsehal. 2009; Webeet al. 2008). Morphological and
molecular indicators of heart pathology in rainbibeut and zebrafish have also been

associated with high levels of cortisol (Johangteal. 2011a; Nesan & Vijayan 2012).

There is strong evidence that the magnitude o€timésol response to stressors is
under genetic control (Mormeaeal. 2011). In fish, moderate to high heritabilityigsites
for the cortisol response to confinement were réedrin rainbow trout (Fevoldest al. 1999;
Pottinger & Carrick, 1999; Webet al. 2008; Vallejoet al. 2009), brook charr (Crespetlal.
2011), Atlantic cod (Kettuneet al. 2007) and carp (Tanck al. 2001). The existence of one
or more major genes governing the plasma cortesganse to a crowding stressor was
suspected using segregation analyses in a donpegtidation of rainbow trout (Vallejet al.
2009). Finally, significant Quantitative Trait Lo@@TL) for post-stressor cortisol
responsiveness were found in the rainbow trout gen®rewet al. 2007; Rexroaét al.
2012, 2013) and suggestive ones described in ssa(Bassaulkét al. 2009) and sea bream

(Boultonet al. 2011).

QTL discovery constitutes a step toward the mokecdissection and deeper
biological understanding of complex phenotypemaly also help with implementing Marker
Assisted Selection (MAS) which is particularly ned@t where seeking to enhance selection
efficiency for traits that are difficult to asses9ractice. The detection of QTL associated to
stress response could therefore facilitate thediction of adaptation and robustness traits in
breeding programmes. In this study, we searche@1Tdr controlling cortisol responsiveness
in rainbow trout, using a F2-family design issueahi two lines divergently selected for high
or low post-confinement plasma cortisol level. Goafment is a reliable non-invasive means

of triggering a neuroendocrine stress responsisiinaind is also analogous to stressors



commonly encountered in aquaculture. Analyses waneed out screening data from two
successive exposures to the same standardizeseo@nt. Results were compared to those
of previous studies in rainbow trout that have stigated the core characteristics of cortisol
responsiveness in trout. QTL for body size and @onétion were mapped in the same F2
families in order to provide further insight inteet possible links between stress response and

production traits.

MATERIAL AND METHODS
Experimental design

Experimental design and QTL families were the samm Le Brast al. (2011).
Briefly, FO grand-parents belonged to two linesashbow trout divergently selected for their
blood cortisol response to an acute confinemeasstr. After 2 generations of selection, fish
from the high-responding (HR) line exhibited a pdsallenge blood cortisol level up to twice
as high as the individuals from the low-responditig) line (Pottinger & Carrick, 1999,
@verli et al., 2005), confirming the existence of a substamgadetic control of the trait. F1
parents were produced by crossing FO individuaketécted HR and LR lines. The next
generation, five F1 males and five F1 females wgargle pair mated to produce five F2 full-
sib families. Fish from FO, F1 and F2 generatioesenall reared at the CEH (Centre for
Ecology & Hydrology) experimental fish facilitie¥indermere, UK). The experimental
work was carried out under the UK Animals (Scieatifrocedures) Act 1986, Project

Licence no. 40/2600.

In the first rearing period, each family was kepbne or two holding tanks according
to the family size. When fish were about 11 mormtas 215 individuals per family were

randomly sampled, tagged with passive integragatsponders (PIT; Trovan ID100A) and



fin clipped for further DNA extraction. Individudlody mass (BM g) and fork length (1,

mm) were recorded. After measurement, fish werestdouted into ten holding tanks (1000
litres, circular GPR, constant flow of lake wat€r|Rres/min), with each family held in two
tanks (107 and 108 fish/tank). During the wholagkof survey, the fish were fed as normal
(approx 2% body mass, 3 days per week, Skrettiagdaird Expanded 40) until the

commencement of phenotyping.

Confinement challenge and blood collection

The confinement stressor was basically the santteadsipplied during the selection of
the grand parental HR and LR lines.The first roahdonfinement stress challenges took
place when fish were about 15 months old. For efefgling tank, twenty-five fish were
netted on day 1 and transferred to five 50-literfc@ment tanks, five fish per tank. Each
confinement tank was covered with a lid and supphéh a constant flow of lake water (15
L/min). After 1h of confinement, each batch of fifigh was anaesthetized (2-
phenoxyethanol, 1:2000). Fish were identified kadieg the PIT tag (Trovan GR-250 RFID
Reader) and body mass (BM)) and length (1) were recorded. Blood samples (0.2 ml) were
collected from the Cuverian sinus into a syringetaming EDTA (0.4 mg) as anticoagulant.
Each batch was subsequently placed in a new hotdimigwith each family ultimately split
into four holding tanks (50 fish per tank). Dudlte large number of fish to be tested, the
confinement stressor process was conducted overaalays. To avoid any modification of
the response to confinement due to prior disturbamtiolding tanks, each holding tank was
sampled only once each day (a single netting dis?) and was revisited at 2-3 day intervals.
The complete process for the ten holding tanksireddifteen days. The second round of
confinement stress challenges was carried out amremtater. The procedure followed was

exactly as for the first round with the exceptibattbody mass and length were not recorded,



and the fish were held now in four tanks of 50 fi&n family. When fish were sacrificed a
few months later, sex was recorded for the remgimdividuals (macroscopic examination

of the gonads).

Assays for cortisol analysis

Blood samples were immediately placed on ice actl batch of 25 samples was then
centrifuged at 4°C and the plasma transferred tottwwes that were immediately frozen at -

80°C before transfer to — 20°C until required fortisol measurements.

Individual plasma cortisol concentrations (ng:Mkwvere determined according to the
radioimmunoassay procedure described in PottinggiGarrick (2001). For every fish,
cortisol plasma concentrations after the two rouwfdsonfinement were referred to as Cortl

and Cort2 respectively.

Genotyping and linkage analysis

The genome scan was performed by genotyping grarehts, F1 parents and F2
progeny with 268 markers (184 microsatellite maskard 84 SNP or indel, details in
Supplementary material Table S1). There were bet\266 to 222 informative markers per
family. The overall mean polymorphism informaticontent (PIC) was 0.45, ranging from
0.33 to 0.56 per linkage group (Table S1). The gemensensus linkage map was rebuilt for
the QTL families with CathaGéne software (de Gistrgl., 2005;

http://www.inra.fr/mia/T/CartaGeng/Map total length was 2592 cM, with a mean overal

spacing for genome coverage less than 10 cM. Limkggups were named according to
Danzmanret al. (2008) with RT04 and RT25 artificially merged twrh a metacentric

linkage group as described in Guyometrdl. (2012). Correspondence with physical



chromosomes (Phillipgt al. 2006) is indicated. In the rebuilt linkage map rkeas from

linkage group RT2 remained split into two indepearidaib-groups (hamed RT2a and RT2b).

Statistical analyses and QTL detection

Prior to QTL mapping analyses, traits were chedkediormality. All were normally
or approximately normally distributed. Trait valugere adjusted for fixed effects and
covariables using the SAS GLM procedure. Plasmtisobiconcentrations (Corl, Cor2) were
adjusted for sex, date of confinement and holdami tas fixed effects and for body mass
(BM) and fork length (k) as covariables. Due to the short time span betweetwo
confinement challenges, and in order to minimigertfanipulations of fish, size traits
measured at the first confinement test were used\ariates for both challenges. Relative
growth of the lines was inferred at 11 months dohg body mass (BM and fork length
(L1). Size data at the time of challenge were not usedder to avoid any environmental
differences induced by the stress confinement padt@mong fish of the same family. To
analyse body conformation at 11 months old, weckeal for an indicator independent of
absolute body size. The Fulton coefficient of ctindidid not meet this condition (correlated
to body mass and to length, data not shown). Théoamation index (Cf) measured as the
residual of the linear regression of {ptyansformed body mass on lggansformed fork
length was preferred, though it was still slighttyrelated to body mass (Table 2). Prior to
QTL analysis raw data (BML; and Cf) were adjusted for sex and for rearing tank asdfix

effects.

QTL detection was performed with QTLMap softwardgifgi et al. 2010). An
interval mapping method described by Elseal. (1999) was applied considering a set of

non-related full-sib families and making no assuopaibout allele numbers or allele



frequencies at QTL within the two grand-parentagd. For every cM along a linkage group,
the hypothesis of the presence of one QTL (¥$I)o QTL (HO) was tested with an
approximate likelihood ratio test (LRT, Le Relyal., 1998). Significance thresholds for HO
rejection were estimated according to Harrel & 3g1i982) from the empirical distribution
of LRT obtained by simulation from under the nulpbthesis, with a trait heritability fixed to
0.5. At the chromosome-wide level, a QTL was cosrgd as significant for P-value < 0.05
(1000 simulations). Significance at the genome-viesel (P<0.05) was tested using the
Bonferroni correction (Knottt al. 1998) using 10,000 simulations. The 95%-configenc
intervals of QTL positions were calculated accogdim the method by Li H-G (2011) which
is based on a distribution of QTL position approaied from likelihood. Under H1, QTL
effects were estimated for each sire and dam aalllez substitution effects and were tested
using a Student’s t-test to determine the statesoh parent (heterozygoushomozygous at

QTL, P<0.05). The origin of alternative alleles (lRLR) was determined from the pedigree.

Univariate (trait by trait) analyses were firstroad out. Multitrait (two traits) analyses
were performed in a second step, applying a multitemodel with a multinomial

penetrance distribution (Gilbert & Le Roy, 2003).

RESULTS
Mean performances and correlations

Summary statistics of recorded traits are summaiiizd able 1. The plasma cortisol
response was higher overall at the second confineamallenge than at the first one (+40%
mean increase, P<0.001) though families responitiedenhtly (+28 to +73% increase,
family-challenge interaction significant at P<0.0@Xwo-way ANOVA). The Pearson

coefficients of phenotypic correlation (SAS CORRgadure) among the different traits are



shown in Table 2. Correlation between individuagoha cortisol concentrations at the two
successive confinement exposures was moderate3R¥9<0.0001). A negative correlation
between post-stressor plasma cortisol concentsaiod conformation index at time of

challenge (Gf) was detected, especially at the first challenge.

QTL associated to plasma cortisol concentrations &dr confinement stress

Results of QTL detection are summarized in TaBlaad S3 and illustrated in
Figure S1. For Corl, unitrait analyses detectebteaimgnificant QTL (RT03, RT06, RTO0S,
RT10, RT22, RT23, RT27 and RT30). For Cor2, figndicant QTL (RTO1, RTO05, RT21,
RT30 and RT31) were identified. One linkage groalydRT30) was shared between Corl
and Cor2, QTL locating at overlapping positionsttker testing the two-QTL hypothesis
the one-QTL hypothesis (Gilbert & Le Roy, 2007)tbis linkage group did not support the
two-QTL hypothesis for any of the traits. Averaggects of individual QTL explained up to
8.3% of phenotypic variance (up to 13% in some fehenies). An increasing effect of the

HR alleles at QTL was the general rule (Table 3 the exception of RTO1 and RTO6.

Multitrait analyses (Corl-Cor2) confirmed the egiste and approximate position of
five out of the twelve QTL detected by unitrait bys&s, namely QTL on RT03, RT06, RT08,
RT30 and RT31. They also supported the existentleeoR TL detected on RT21 and RT22,
with likelihood ratios just below the suggestiveetthold (P~0.05, data not shown).
Additionally, two-traits analyses detected a nawgigestive QTL on RT02a, leading to a
total of thirteen significant cortisol responsivea&TL. Some of those QTL consistently

affected plasma cortisol values across challendmele wthers seemed challenge-specific.

QTL associated to body size and body conformation



Unitrait analyses detected fifteen significant QoL size on fourteen linkage groups,
among which six influenced body mass, and nineigrfted body length (Table 4). Five QTL
were length specific, two were body mass speciiit faur affected both BMand Ly
(RTO2a, RT06, RT25, RT30) with very close positifmsthe two traits except on RT06
where, despite overlapping confidence intervalstjrtit QTL positions suggested that several

QTL may locate on the linkage group.

Two-traits analyses with length and body weightfcmed existence and position of
QTL for body size on RT02b, RT06, RT12, RT21 andBRTThey also supported the
suggestive QTL on RT19 and RT25 (likelihood ratiase just below the 5% significance
threshold). On RTO06, the two-traits analysis conéd the QTL for length previously
identified at 87 cM. The differing positions of QTar BM; after unitrait and multitrait
analyses suggested the existence of several QTiofty size on this linkage group. Further
testing of multi-QTL hypotheses (2 or 3 QTL) indea that RTO6 likely harbours up to three
size-QTL (data not shown). Multitrait analyses alseealed four novel QTL significantly
affecting both BM and L; (on RT08, RT11, RT26 and RT31). Taking togetherfitieen
QTL detected for body size, LR alleles tended teehe positive effect on body mass or

length (about two out of three cases of significdtgle substitution effects at QTL).

Results of QTL detection for body conformation smenmarized in Table 5. Twelve
significant QTL were found by unitrait analysestiwmo obvious directional effect of HR
versus LR alleles. Many of those QTL were found at simitacations to the body size QTL,
suggesting pleiotropic effects of the QTL. Two-sanalyses further supported the
hypothesis on many linkage groups (details in sappehtary material Table S2). Finally,
three QTL only (RT11, RT18, RT20) were found tospecific of body conformation. At
QTL that influenced both body size and conformatibere was no evidence for common

directional effects (increasing or reducing) of Qdlleles on the two traits (Table S2).



Comparison of QTL associated to body traits and plama cortisol responsiveness

Seven linkage groups were identified after unitaaidlyses for QTL detection for size traits
(BW; and/or L) and for QTL detection for plasma cortisol concatibns (RT02a, RTO03,
RTO06, RT08, RT21, RT30 and RT31). In order to fartimvestigate whether the same QTL
may govern the two types of traits, we performed-trits analyses combining size traits (L
or BW;) and cortisol traits (Corl or Cor2 respectiveRgsults are detailed in Table S3. They
confirmed the location of several QTL initially éeted in cortisol analyses (on RTO1,
RT02a, RT03, RT06, RT08, RT21, RT22 and RT30). éhes of cortisol-QTL on RT31 was
also confirmed, though locations depended on tlaéysis. Most of the linkage groups

initially identified in size analyses were also ftoned. Two-traits analysis identified a new
cortisol-QTL on RTO7, and suggested the existef¢te® cortisol -QTL with differing
positions on RTO3. However, the test of the two-Qijpothesis/s the one-QTL hypothesis
was not significant. Altogether, those resultsrsgitg support the hypothesis that a number of
QTL control both juvenile size and stress-induckdma cortisol in our families. However,
according to the distribution of allelic effectsaile S3), there was no clear evidence of
overall directional effect of those common QTL b, two types of traits. Finally,

comparison of the different analyses revealed s¢(@FL that seemed to be size specific

(RT11, RT14, RT19, RT25) or cortisol specific (RTGI'10, RT22, RT23, RT27).

DISCUSSION

Fish are subject to a broad variety of stressoagjiraculture production environments
including crowding, handling and fluctuations intefaquality. Deciphering the genetic

architecture of an animal’s response to stressams important factor in implementing



sustainable management of aquaculture broodstGdktisol is the cornerstone of the non-
specific endocrine response to acute stressotssohature. In this study, using acute
confinement as a model stressor and a moderatéylgaaome scan, we identified ten
significant or highly significant and ten suggest®TL contributing to individual variability
in post-stressor plasma cortisol concentration (8amy in Table S4). Altogether, individual
QTL explained no more than 10% of phenotypic varga number of QTL with moderate
effects were also detected in other studies (Rebebal., 2012, 2013) suggesting a
multigenic control of the trait. However, some Q&xplaining a large proportion of the
phenotypic variance were also identified in thaselies and in Drevet al. (2001) which is in
line with the conclusion by Vallejet al. (2009) that a few major genes control the cartiso
response in some populations. Several factorgydimgd) differences among populations,
differences in the experimental stressor or in @€kign and analytical methods may have
contributed to the differing results among studidtogether, those results support the

hypothesis of a complex genetic control of cortigsiponse.

Chromosomal locations of the QTL detected in thesent study were compared to
those of QTL detected after testing cortisol reseaio similar stressors in other populations
of rainbow trout (Drewet al., 2007; Rexroraét al., 2012; 2013). Because of differences in
linkage maps among studies and moderate preci§iQi b positions, comparison was
performed at the level of the chromosome. Our tesuipport several of the previously
identified QTL and also detected novel ones (T&#e Overall, QTL were detected on many
different chromosomes, which reinforces the hypsiththat the trait is under a complex
genetic control. Notably, several QTL were shanedrg populations, and should be the
focus of further studies aiming to dissect morecisedy the genes involved in the regulation
of this trait. However, many other QTL were popuatspecific. This may be due to

differences among the experimental designs asquslyi suggested, but may also correspond



to differences in the genetic polymorphisms detamg the control of cortisolemia in

different populations.

The comparison of results for the first and seccmallenges in the present study
highlighted the complexity of cortisol responsives@nd of its significance. As commonly
observed in similar tests, the phenotypic correta{R=0.34) between cortisol responses to
the first and second challenge was moderate. Btange, it ranged from 0.18 to 0.48 after
submitting rainbow trout to four successive episooiecrowding stress (Rexroatal. 2012)
and it was 0.18 after two low water confinemengssors in Atlantic cod (Kettunen 2008).
Nevertheless, in both studies, the estimated geoetrelations between challenges were high
(0.8#0.5 in Atlantic cod, >0.84 in trout between respm® the second exposure to stressor
and the subsequent ones), indicating that the sseetraits do share common genetic bases.
The exception was the response to the first chgdlem trout experiment by Rexroad and co-
authors that appeared genetically distinct fronpoases to subsequent exposures (lower
heritability and genetic correlations). Our resuldentifying a core array of QTL consistently
affecting cortisol across the first and secondlehgke together with challenge specific QTL
are similar. One cannot exclude the possibility tha limited power of the design prevents
consistent detection of QTL across the two suceesgiallenges in our experiment.
Differences in attributing QTL for the two testsyraso have been induced by an
unaccounted-for environmental perturbation, sucthasges in mean water temperatures,
that were higher during the second challenge (T).Ange 8.5 — 13.6°C) than in the first one
(6.8°C, range 6.05 —7.6). Temperature is knownadutate the stress response in fish, with
higher cortisol levels occurring in response toghme stressor at higher temperatures
(Sumpteret al.1985; Pottingeet al. 1999). However, the consistency of our observataml
those by Rexroad and co-authors suggests thagsttih rainbow trout, responses to the first

and to subsequent exposures to stressor are tlistiits sharing only part of their genetic



control. In this perspective, it is noteworthy th&b of the Corl-specific QTL we detected
(RT23/0Omy8 and RT27/0my2) were also identified bgWet al. (2007) after a single
exposure to stressor. No QTL was found on thos&adja groups in the study by Rexratd
al. (2012) using cortisol values at the second ex@oand successive ones only, and a
suggestive one was found on Omy8 in related famib&ing values of the first exposure
together with those of the three subsequent expsguRexroadt al., 2013. Investigating
those QTL in a separate analysis of response thrth@xposure in those two studies would

be interesting.

The response of each individual to a stressor dipen genetic factors and on
individual life history. In wild animals like birdgr amphibians, differences in glucocorticoid
responses are commonly observed between the dipttire and the subsequent occasions
(Cockremet al. 2009; Narayamt al. 2012), suggesting that the appraisal of the stisul
contributes to the variability of the responsehFsssess sophisticated cognitive capabilities,
including memory and learning (see Ebbesson anidhBraite, 2012) and this, together with
the relatively short interval between successive@inement episodes, may account for the
differing responses to the second challenge impthsent study. Such habituation to repeated
acute stressors has previously been observednmosdlSchreclet al. 1995). Furthermore,
the appraisal of the subsequent exposures likglgrt#s on individual genotype, as suggested
by the significant interaction observed at the tgr@vel between cortisol response after the
first and the second challenges. For instancs,rgasonable to suggest that differences
between higlversus low responsive individuals for traits like timer@sumption of feeding
after an environmental change (dvetlal. 2005), learning flexibility (Ruiz-Gomest al.

2011) or memory retention (Moreiehal. 2004) influence the way individuals will appraise
the subsequent exposure to a repeated stresdbis bontext, the results observed in the

present study, a cortisol response to a first astmessor which appears to be controlled



differently than the response to a second challenggest some possible specific
neuroendocrine mechanisms which still need to &efield. Obviously, there is a need for
further understanding of the origin and plastictyhe individual cortisol response to

repeated exposure to acute stressor and its signde.

The hypothalamic-pituitary-interrenal (HPI) axisaipivotal element in the initiation
and regulation of the neuroendocrine responsedsssirs in fish. Hypothalamic
neurohormones (vasopressin and corticotrophingglgehormoneCRH) control the release
of adrenocorticotrophin hormon&CTH) by the anterior pituitary gland. In its tukCTH
stimulates the biosynthesis of cortisol within thierrenal and its release into the circulation.
Further steps determine the ultimate effects dfisaron its targets, including the activity of
converting and binding enzymes, the presence dmityabf receptors and post-receptor
mechanisms (Mormedst al. 2012; Johanseat al. 2011b; Kiilerich & Prunet 2011). In order
to assess whether the QTL we detected could harbtawant candidate genes involved in the
up-stream regulation of cortisol, we checked fara@ation of Sigenae EST contigs
(SIGENAE [http://www.sigenae.org/]) associated withrkers used for the genome scan or
that were mapped close to the QTL positions oriNif®A reference linkage map (Guyomard
et al. 2012). Interestingly, one potentially significaraindidate gene was identified, tB&R
protein that locates in the centromeric region dLB/Omy6 (at marke®myS00583INRA
betweerOMM5013 andOMM1294 that flank the suggestive cortisol-QTL identified this
chromosome). Th&AR protein (steroidogenic acute regulatory proteiedrates a key rate-
limiting step of cortisol synthesis, by transpogticholesterol, the precursor of cortisol,
between the outer and inner mitochondrial membbefere it can be further converted.
Expression of the gene encoding for that protesideen shown to be highly correlated to

plasma cortisol levels after acute stress (Geslfugerin 2004). Hence, tH&AR protein



appears as a relevant functional and positionalidate mediator of variability of post-

stressor plasma cortisol concentrations in our lfesi

The SGK1 gene (serine/threonine-protein kinase Sgkl, ater® name
serum/glucocorticoid-regulated kinase 1, UniPraapwlso found at the QTL position on
RT03/0Omy14 (marke®myS00560INRA). SGK1 is under the regulation of glucocorticoid and
mineralocorticoid hormones and the protein is uiaysly expressed in all tissues in
mammalsSGK1 is a potent regulator of metabolism, transpoarndcription and enzyme
activity and thus participates in the regulatiordiverse functions such as epithelial transport,
excitability, cell proliferation and apoptosis (lgpet al. 2006). In fishSGK1 is implicated in
adaptation to seawater (Notetal. 2011), a process in which cortisol also playsla.r
Interestingly, in a recent study aiming at analgzjenetic variations that influence
glucocorticoid-mediated regulation of transcriptenmd protein secretion, cis-regulatory
polymorphisms upstream of ti8&SK1 gene were suggested to play an important rolegkuc
al. 2009; Maranvilleet al. 2011). Hence, the hypothesis that clusters inolydenes
influencing the regulation of plasma cortisol lesvsahd regulation factors of the downstream

effects of cortisol would deserve further studies.

Detrimental effects of exposure to stress on produadraits like growth, reproduction
and disease resistance have been reported @att2006) and possible trade-offs between
the response to stressors and production tragis issue in implementing breeding strategies
in domestic fish broodstock. Moreover, cortisol bagn shown to inhibit somatic growth by
stimulating energy consumption, gluconeogenesidipotysis (Wendelaar Bonga 1997). The
joint analysis of cortisol responsiveness and pcada traits QTL aimed at improving

knowledge on the genetic relationships betweemvibeypes of traits.

The detection of numerous QTL for size and bodyf@wnation in the present study is

consistent with previous studies (Wringel. 2010). In rainbow trout, rotund body shape,



not a preferred character, has been associatedasgih body mass (Kauseal. 2003) which
may be an issue for production purposes. Howekierestimated genetic correlation was
moderate suggesting that body shape partly refies distinct genetic control. The QTL
detected in the present study underpin this piatfitee genetic links between the two traits.
These results open up new prospects for an efficmtrol of the undesired correlation

between growth and body shape if necessary.

At the phenotypic level, we observed no adverseetaiion between cortisol
responsiveness and juvenile size (R=0.07, witht lsignificance at P<0.05), whilst low
cortisol responsiveness was associated to a hggimdormation index (more rotund fish),
especially at the first challenge. At the genedieel, the detection of numerous QTL for size
and body conformation in the present study is cest with previous studies (Wringeal.
2010). QTL with possible pleiotropic effects on bgrowth-associated traits and cortisol
response were identified, but there were no cardigtffects of QTL alleles on the two types
of traits. Hence our results do not support eviddoc negative genetic relationships between
early growth traits and cortisol responsivenessil&rly, Drewet al. (2001) observed a
positive relationship between cortisol levels anolhgh on very young fish. However, in the
present study, rearing operations and disturbarmre as reduced as possible during the
period of growth survey (no anaesthesia and hagylifhus, the relative sizes recorded here
may not be representative of growth potential umlere adverse conditions and further

confirmation of the results in a range of rearingionments and larger sized fish is needed.

In summary, significant QTL for plasma cortisolpessiveness after a standardized
confinement stress were found on eighteen diffecerdmosomes in rainbow trout genome.
The comparison of two successive exposures tomamint challenge underlined the
complexity of the cortisol response to stressoiteims of individual life history. Further

investigations are needed to fine-tune the traitatget to get a sensible assessment of fish



adaptation to farming situations. The identificataff functionally relevant QTL will create a
foundation for better understanding of the phygjalal and genetic control of the response to
stressors in finfish. The present study allowetbusharacterize several significant QTL
regions, some of which offer particular promiseyihg already been observed in similar QTL
analysis using a different experimental design {Deeal. 2007; Rexroadt al. 2012; 2013).
Finally, the steroidogenic acute regulatory pro{&8AR), a mediator of a key rate-limiting
step of cortisol biosynthesis was identified aslawant candidate gene for one of the QTL.
Hopefully, the ongoing development of rainbow trmarkers and the generation of a
reference genome assembly will help confirm thslifig and facilitate further investigation
of significant genes within the other QTL regioRmally, these results did not support the
hypothesis of major negative genetic links betwgrenwth traits (size) and cortisol
responsiveness in the tested population. Howewnghdr confirmation of this result in a
range of situations (such as rearing conditions, afjains) is needed. Indeed, relationship
between cortisol response and other economic tsditbe one of the critical points to take
into account in the design of future breeding dlbyjes and management practices aiming at

improving welfare and robustness together with pobidn traits in aquaculture stocks.
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TABLES

Table 1. Summary statistics of the traits measureth the five F2 crosses of the QTL
design.

Family means
X3 X4 X8 X14 X17

Traits Jointmean n

BM; 61+16 5%14 6%*22 5210 7217 62+18 1005
Ly 17+ 2 16+ 2 172 171 18t 2 17+2 1004
BM, 131+31 12%#33 13438 11320 13@26 126+31 983
L, 23t 2 22 2 22 2 22+ 1 22t 2 22+2 970
Corl 150+42 110+4ZF 109+39 134+39% 89+3d 118+44 981
Cor2 192+ 48 153+ 49 162+51° 166+ 57 154+5% 166+53 928

BM3, Li: body mass (g) and fork length (mm) at 11 montdsBM,, L, : body mass and
fork length at the first confinement challenge (ard 15 months old). Cortl, Cort2: plasma
cortisol concentrations (ng.rif). after the first and second confinement stregsesvely; n :
total number of observations. Values are measndard deviations; different letters
indicate different values within each challenge@m®S).

Table 2. Pairwise coefficients of phenotypic corrakions between the measured and
calculated traits

Corl Cor2 BM L, Cfy BM> Lo Cf2
Corl R X 0.34 0.07 0.07 0.04 -0.02 0.05 -0.19
P <0.0001 0.05 0.04 0.26 0.56 0.21 <0.0001
Cor2 R X 0.07 0.07 0.05 0.02 0.04 -0.06
P 0.05 0.05 0.18 0.68 0.23 0.09
BM;: R X 0.96 0.24 0.81 0.79 0.12
P <0.0001 <0.0001 <0.0001 <0.0001 0.001
L, R X -0.01 0.76 0.81 -0.03
P 0.89 <0.0001 <0.0001 0.44
Clh R X 0.23 0.05 0.56
P <0.0001 0.23 <0.0001
BM, R X 0.85 0.38
P <0.0001 <0.0001
L, R X -0.01
P 0.96

Pearson’s coefficients of correlation (R) and asded P-valuesR); correlations are
calculated between individual records correctedikad effects (722 to 820 pairs, according
to traits). BM, L, Cf;: body mass (g), fork length (mm) and conformatimfex at 11

months old; BM, L,, Ch: body mass, fork length and conformation indethatfirst
confinement challenge. Cortl, Cort2: plasma cdrtisacentrations (ng.nit) at the first and
second confinement challenge respectively.



Table 3. Results of QTL analyses for plasma cortisaoncentrations after a standardized
confinement stress (two successive challenges)

cl Corl Cor2
LG Chr Analysis LR  Position Ny Ny
(cM) TR LR effect rangeiHR R effect range
Cor2 25.2* 0 0- - - - - 1 5 041 0.21-
RTO1 Sex 106 0.68
two- 37.3* 24 12- 4 0O 038 0.21- 4 1 033 0.21-
RTO02a  Omyl13  oits 32 0.70 0.49
Corl 30.1* 100 91- 3 2 038 0.24- - - - -
107 0.72
RTO3  Omyl4—r 209~ 99 0- 3 1 043 027- 2 1 028 0.20-
traits 116 0.79 0.39
Cor2 25.1* 78 57- - - - - 5 4 0.34 0.23-
RT05 Omy22 78 043
Corl 44 ¢ 42 31- 1 4 0.47 0.31- - - - -
g 58 0.67
RT06 Omyl two- 48.8* 39 32- 1 6 0.40 0.20- 1 3 0.29 0.23-
traits 48 0.72 0.39
Corl 26.8* 98 55- 7 1 0.46 0.27- - - - -
115 0.61
RTO8 Omy5 two- 45.7* 101 85- 7 1 0.48 0.25- 5 1 0.40 0.21-
traits 115 0.74 0.78
Corl 22.2* 22 13- 1 3 0.40 0.23- - - - -
RT10 Oomy6 37 0.60
RT21 omy9 Cor2 29.9* 28 0-39 - - - - 2 2 045 O((3)i25-
Corl 25.9* 122 106- 3 2 044 0.25 - - - -
RT22 Omyl6é 128 065
RT23 omy8 Corl 24 .4* 17 0-53 3 3 044 02622- - - - -
RT27 omy2 Corl 25.6* 43 0-78 6 0 043 03.723- - - - -
Corl 30.8* 15 0-23 5 0 040 0.21-- - - -
0.56
RT30 Omy23 Cor2 21.2* 1 0-9 - - - - 2 1 048 O8629—
two- 48.7* 0 0-8 4 0 055 0.27- 2 1 0.46 0.29-
traits 0.77 0.57
Cor2 28.5* 30 1-48 - - - - 4 1 0.40 0.21-
0.77
RT31 Omy3 two- 40.3* 29 2-39 2 1 0.31 0.22- 3 2 0.42 0.22-
traits 0.47 0.77

Unitrait (Corl or Cor2 respectively) and two-traatsalyses were performed for every linkage
group; only those having detected one QTL are tegotG: linkage group labelled
according to Guyomaret al. (2012) with corresponding chromosome (Chr); LRelihood
ratio; * = significant at the chromosome-wide leaeP<0.05%= significant at the genome-
wide level at P<0.05; CI: 95% confidence intervthe QTL position; p: number of F1
parents segregating at the QTL (P<0.05) with HRAbR origin of the grand-parental allele
with an increasing effect on the trait; effect séimated as the average allele substitution
effect for segregating F1 parents (in phenoty@moadard deviation).



Table 4. Results of QTL analyses for growth (BM, body mass and L, fork length) at 11
months.

LG Chr Anzlysi LR Position (cM) ——H B(Z:flect range——1—— I<_ell°fect range
HR LR ¥R IR 9
BM, 231* 20 430 1 3 046 030- - - - -
0.71
RT02a L, 25.4* 20 530 - - ; -1 3 047 029
Omyl 0.76
3 L, 275+ 44 26- - - - T 2 5 047 029
RTO2 68 0.76
b two- 43.0 44 28- 1 3 046 022- 2 5 040 0.21-
traits ~ * 68 0.96 1.05
omyl L, 27.0+ 117  28- - - - - 5 1 037 024
RTO3 4 117 0.62
BM; 267+ 17 491 2 3 035 025 - - - -
0.51
L, 252¢ 87 291 - - - -1 3 042 031
RTO6  Omyl 0
two- 395« 90 291 2 3 037 024-2 3 038 0.27-
traits 0.68 0.67
two- 50.0+ 49 3- 0 3 026 023 0 4 030 025
RTO8  Omy5  oits 115 0.31 0.38
omyl L, 23.8* 78 - - - - - 3 2 034 022
RT09 133 0.49
RT1y OmMy2  two- 28.0% 2 017 0 2 033 0240 2 031 0.30-
7 traits 0.43 0.32
BM, 25.0+ 107 0- 2 3 038 021- - - - -
125 0.59
RT12 - Omy7 4 o- 502+ 110 80- 2 3 036 020- 3 2 034 021
traits 123 0.55 0.51
omyl L, 25.1% 17 - - - - - 2 4 044 028
RT14 4 110 0.59
omyl L, 246 82 099 - - - - 2 3 035 026
RT19 0.43
BM; 249+ 28 075 0 4 037 021-- - - :
0.57
RT21 Omyd 0. 381* 65 376 0 3 041 024-0 3 034 0.25-
traits 0.58 0.45
BM, 206 20 020 2 2 034 026 - - - -
Omy2 0.40
RT2S 4 L, 215+ 20 020 - - - -3 2 030 020
0.45
R1og  OMy2 two- 483* 31 539 1 4 036 021-0 4 041 032-
4 traits 0.45 0.48
BM, 365 21 023 5 2 035 020 - - - -
g 0.51
omy2 L, 324 20 023 - - - -4 2 037 024
RT30 4 g 0.46
two- 533 6 022 4 2 040 033-4 2 039 027
traits g 0.60 0.54
RT3L o . tWo- 512> 68 60- 1 3 030 025 4 1 031 021
Yo traits 9 88 0.42 0.45

Unitrait (BM; or Ly respectively) and two-traits analyses were peréatiior every linkage
group; only those having detected QTL are repoit&l.linkage group according to
Guyomardet al. (2012) with corresponding chromosome (Chr); Likellhood ratio; * =



significant at the chromosome-wide level at P<(?65significant at the genome-wide level
at P<0.05 CI: 95%-confidence interval of the QTL position; mumber of F1 parents
segregating at the QTL (P<0.05), with HR/LR thigjiorof the grand-parental allele with an
increasing effect on the trait; effect is estimadsdhe average allele substitution effect for
segregating F1 parents (in phenotypic standarcateni).

Table 5. Results of QTL analyses for body conformain (Cf;) at 11 months.

NH

LG Chr LR Position CI (cM) AR LR effect range

RTO5 Omy22 29.8* 78 18-78 0 4 049 0.20-1.00

RTO8 Omy5 27.9* 46 27-59 4 1 040 0.23-0.54

RT11 Omy27 15.6* 2 0-28 1 2 039 0.32-0.48

RT12 Omy7 33.4* 97 62-121 1 5 040 0.21-0.53

RT13 Omy28 33.0*° 58 21-79 3 1 0.88 0.39-2.23
RT17 Omy20 38.8*° 0 0-9 7 1 0.33 0.20-0.60
RT18 Omy26 22.8* 32 0-36 1 3 0.34 0.20-0.62
RT20 Omyl0 23.7* 69 0-120 3 5 045 0.22-0.87
RT21 Omy9 24.6* 67 0-90 1 6 031 0.20-0.54
RT26 Omy24 39.4*° 3 0-34 3 1 0.59 0.39-0.86
RT30 Omy23 22.5* 16 0-21 4 3 0.28 0.20-0.47

RT31 Omy3 32.6* 68 59-96 3 2 043 0.22-0.67

LG: linkage group according to Guyomastcal. (2012) with corresponding chromosome;
LR: likelihood ratio; * = significant at the chrorsome-wide level at P<0.0%:= significant
at the genome-wide level at P<0.05; Cl: 95% comfageinterval of the QTL positionyn
number of F1 parents segregating at the QTL (P40v@8 HR/LR the origin of the grand-
parental allele with an increasing effect on tlagt;teffect is estimated as the average allele
substitution effect for segregating F1 parentgfienotypic standard deviation).



Supporting information

Additional information may be found in the onlinersion of this article.

Table S1.List of markers used for the genome scan.

Table S2.QTL detection after multitrait analyses for grovetiid conformation traits.
Table S3.QTL detection after multitrait analyses for grovetid cortisol traits.

Table S4.Summary of QTL detection for plasma cortisol imt@w trout.

Figure S1 Results of unitrait (Corl) and multitrait (Corbi2) detection of QTL for plasma
cortisol concentrations on RT06 (Omy1l) and RTO8 y6n

Representative plots of the likelihood ratios (WRJues (Y-axis) according to chromosome
location (X-axis, cM). Thresholds for the null hypesis rejection at relevant thresholds are

shown.



Table S2. QTL detected after multitrait analyses fogrowth and conformation traits.

N Growth N4 conformation N4 Both
LG Chr LR Position  CI (cM) - .
HR LR HR LR Same allelic Opposne
effect allelic effect

RTO02a omy13 34.0* 19 2-29 1 3 2 0 - -
RTO2b 39.0* 44 27-68 2 2 8 0 2 2
RTO05 Omy22 37.8* 78 59-78 0 2 0 3 - -
RTO08 Omy5 41.6* 48 31-115 1 3 3 2 1 1
RT12 Omy7 56.49 97 78-120 3 3 1 5 1 1
RT13 Omy28 39.7* 58 19-62 3 1 3 2 0 4
RT17 Omy20 43.1* 0 0-10 1 1 7 1 1 0
RT21 Omy9 42.1* 65 0-77 0 3 1 4 2 0
RT25 Omy29 41.4* 20 4-20 2 2 0 5 1 1
RT26 Omy24 5459 29 9-40 3 1 4 0 1 1
RT30 Omy23 52.6°¢ 19 0-22 3 3 4 3 3 1
RT31 Omy3 53.4~9 69 60-94 2 3 3 2 2 2

Two-trait analyses (BMCf;) were performed separately for every linkage graumby those
having detected QTL are reported. LG: linkage gracgording to Guyomaret al. (2012)
with corresponding chromosome (Chr); LR: likelihaadio; * = significant at the
chromosome-wide level at P<0.05; significant at the genome-wide level at P<( 95%
Cl: confidence interval of the QTL position (one DQrop off’ method); B rowth, NH
conformation, NUMber of F1 parents segregating at the QTL (®Gor BWyand Cfl

respectively. HR-LR indicate the lineage origirtloé grand-parental allele with an increasing

effect on the trait. mgoh : NUMber of F1 parents segregating at the QTltHertwo traits,
according to the effect of each QTL allele on tvaiues (same effect: a given QTL allele
increases or decreases both traits).
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Table S3. QTL detected after multitrait analyses fogrowth and cortisol traits.

Ny Both
nH Growth nH Cortisol .
LG Chr Analysis LR Position  ClI (cM) ;?er;?ce OzEIIF:eCI)fcIte
HR LR HR LR effect effect
RTOI  Sex L-Cor2 39.6* 0 011 5 3 3 3 4 0
L,-Corl 39.4* 22 1032 1 3 3 0 0 0
2
RT02a  Omyl3— =05 36.7% 23 1232 1 3 4 1 0 2
L,-Corl 48.4* 100 92112 3 2 5 1 0 2
RT3 Omyld—F =0 43.8° 59 3870 4 1 5 2 2 1
RT06 Omyl L, Corl 61.0°% 46 3150 2 2 2 4 1 1
RTO7 Omyls LCor2 37.0% 42 561 3 1 3 3 2 0
[,-Corl 51.1°* 94 80110 0 6 3 6 5 1
RTO8  OmyS =~ =02 41.0° 95 81-113 0 4 4 0 0 0
RTO9 Omyl? LCor2 42.8 0 0133 4 1 3 2 1 2
RT12 Omy7 LlCorl 37.0% 87 76125 5 2 2 3 2 1
RT21 Omy9 LCor2 49.7% 28 439 0 4 2 2 0 1
RT26 Omy24 L,-Corl 359 22 844 3 2 3 3 2 0
RT29 Omyl7 LCor2 383" 0 09 1 3 5 2 1 2
L,-Corl 596+9 19 023 4 2 5 0 2 0
RT30  Omy23— = o 5100 1 0-9 2 2 2 1 1 0
L,-Corl 353* 77 0122 2 3 1 3 1 0
RT3L  Omy3 = o2 395° 0 085 5 3 3 3 4 0

For every linkage group, multitrait analysis {bined with Corl or Cor2 and BMoined

with Corl or Cor2) were performed separatelyot BM; used as growth traits provided very
similar results. Hence, only joined analyses penft with Ly as growth trait and having
detected QTL are reported. LG: linkage group adogrtb Guyomardkt al. (2012) with
corresponding chromosome (Chr); LR: likelihoodaati = significant at the chromosome-
wide level at P<0.05}= significant at the genome-wide level at P<0.03:;95% confidence
interval of the QTL position; ferowth, NH cortisol,: NUMber of F1 parents segregating at the QTL
(P<0.05) for each type of traits;(@r BW; as growth traits, and Corl or Cor2 as cortisaldra
according to the analysis). HR/LR indicate thedige origin of the grand-parental allele with
an increasing effect on the trait, g : number of F1 parents segregating at the QTltHer
two traits, according to the effect of each QTleklon trait values (same effect: a given QTL
allele increases or decreases both traits).
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Table S4. Comparison of chromosomal locations of QTfor post-stressor plasma
cortisol detected in the rainbow trout genome in far different studies.

Present study
LG Chr SL1 521 S3IGTC@N ][ Corl | Cor2 | Corl-Cor2
RTO1 Sex X X *
RTO2 Omy13 X *
RTO3 Omyl14 X X *
RT04-25| Omy25 X
RTOS Omy22 X X *
RTO6 Omyl X *
RTO7 Omy15 X *
RTO8 Omy5 X *
RTO09 Omy12 X X X *
RT10 Omy6 X X *
RT12 Omy7 X *
RT14 Omy19 X
RT20 Omy10 X
RT21 Omy9 X X *
RT22 Omy16 X X *
RT23 Omy8 X X *
RT26 Omy24 X *
RT27 Omy2 X X *
RT29 Omyl7 X *
RT30 Omy23 X *
RT31 Omy3 X *

x: QTL retained as significant in the different sasl(P<0.05 at the chromosome-wide level
in the present study)

S1: Drewet al., 2007. Genome-scan of DH offspring from of assrbetween two clonal lines
with differing level of domestication.

S2: Rexroadtt al., 2012. Genome-scan of 7 full-sib families. Faesilare F1 crosses from
high and low responding parents selected on phpastiyn the NCCCWA broodstock under
selection for growth

S3: Rexroadtt al., 2013. Genome-scan of 2 full-sib families. Faesilare F2 generation from

the F1 individuals obtained after crossing high Envdresponsive grand-parents selected on
phenotype in the NCCCWA broodstock

35



Table S1. Markers and genetic map used for the

genome scan

Linkage group cM Name type genebank ref PIC Mean for
PIC by LG
(sd)
RTO1 0 OmyS00371INRA indel rs162764430 0.3353 0,4371
(0,168)
Sex 41 Omy1200INRA psat BV681488 0.5538
435 OMM1118 psat BV212292 0.5538
43.6 OMM1665 psat BV212292 0.5720
47 OmyS00603INRA SNP ss#538786295 0.3318
63 OmyDO0405INRA indel rs162764429 0.2225
104 Ots516NWSC psat AY042706 0.2591
106 OMM1026 psat AF346683 0.6681
RT02a 0 OMM3006 psat G73806 0.3810 0,4558
(0,066)
Omy 13 12 Omy1126/1INRA psat BV681391 0.4824
32 OMM1064/1 psat AF352744 0.5039
RTO2b 0 Omy1297/1INRA psat BV681402 0.5511 0,4403
(0,115)
Omy 13 4 Omy1513INRA psat BV681449 0.5270
31 OmyDO00029INRA indel rs162764431 0.3515
68 Omy1192/1 psat CA376300 0.3318
RTO3 0 OmyDO00353INRA indel rs162764440 0.3515 0,3986
(0,128)
Omy 14 10 OmyS00551INRA SNP rs162764439 0.1638
48 OmyS00550INRA SNP rs162764432 0.3318
56 Omy1137INRA psat BV681523 0.6746
75 OmyS00238INRA SNP rs162764433 0.3515
76 Ogol psat AF007827 0.4064
77 OmyS00569INRA SNP rs162764434 0.3318
80 Omy1263INRA psat BV681572 0.4064
85 OMM1230 psat AF470010 0.6324
92 OmyS00037INRA SNP rs162764437 0.3648
95 OmyS00401INRA SNP rs162764438 0.3047
100 OmyS00560INRA SNP rs162764436 0.3318
105 OMM1346 psat G73577 0.3750
115 Omy1347INRA psat BX306955 0.5009
117 Omy1333/1INRA psat BV681575 0.4523
RTO4 0 Omy1351/INRA psat BV681610 0.6428 0,4499
(0,169)
Omy 25 28 OmyS00555INRA SNP rs162764279 0.3318
35 OmyDO00553INRA indel rs162764277 0.3750
RTO5 0 OmyS00398INRA SNP rs162764269 0.3047 0,4126
(0,131)
Omy 22 4 Omy1296INRA psat BV212208 0.3047
30 OMM1728 psat BV212208 0.4918
36 Ots249b psat BV725417 0.4757
39 OmyS00558INRA SNP rs162764282 0.3318
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53 OMM1032 psat AF352737 0.5870

64 Oki29 psat AF055453 0.3470

65 Omy1096INRA psat BV681429 0.6116

78 Omy1270INRA psat BV681540 0.2591
RTO6 0 OmyS_00273INRA SNP ss#749616234 0.3750 0,5588
(0,209)

Omy1 17 OMM1081 psat AF352752 0.9555

21 Omy1143INRA psat BV681517 0.3810

25.6 Omy1185INRA psat BV681622 0.6804

34.8 OMM1780 psat BV212247 0.6515

37.7 OMM1454 psat BV079598 0.6324

48.9 Omy1276INRA psat BV681512 0.5781

65.2 OmyS00044INRA SNP rs162764435 0.2688

75.9 OMM1776 psat BV212244 0.7002

90.9 OmyS00572INRA SNP ss#538786286 0.3648
RTO7 0 Omy1105INRA psat BV686450 0.4102 0,4377
(0,142)

Omy 15 30 Omy3DIAS psat AF113668 0.5720

31 OmyRGT17TUF psat AB087594 0.6035

42 OMM1351 psat G73581 0.3047

47 Omy7INRA psat Pr009689137 0.3047

52 OMM1764 psat BV212233 0.5478

66 OMM1112 psat AF375024 0.5870

77 Omy1474INRA psat BV681632 0.2688

83 OmyD00567INRA indel rs162764290 0.3047
RTO8 0 OMM1075 psat AF352746 0.8469 0,4302
(0,177)

Omy 5 6 Oki26 psat AF055450 0.2225

17 OmyS00020INRA SNP rs162764255 0.3047

24 OmyS00135INRA SNP rs162764261 0.3648

25 OMM5205 psat CA348745 0.4359

45 OmyUW1198 psat AY505310 0.3725

51 OmyFGT12TUF psat Pr009689164 0.3515

63 Omy1169INRA psat BV681435 0.4415

72 Omy1435INRA psat BV681439 0.5129

111 OMM1009 psat AF346671 0.4415

114 Omy1236INRA psat BV681468 0.6454

115 OmyS00424INRA SNP rs162764272 0.2225
RT09 0 OMM1128 psat AF375030 0.7224 0,4669
(0,172)

Omy 12 30 Omy1192/2INRA psat CA376300 0.1638

41 OMM1161 psat AY039643 0.4102

51 Omy1297/2INRA psat BV681402 0.5511

56 OMM1711 psat BV212192 0.4918

60 Omy1287/2INRA psat C0805129 0.3680

63 OmyS00370INRA SNP rs162764268 0.3318

67 OMM1450 psat BV079594 0.6609

74 Ots215 psat AJ534364 0.6609

80 OmyS00309INRA SNP rs162764267 0.3047
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81 OMM1130 psat AF375031 0.6950

86 OmyS00464INRA SNP rs162764273 0.3725

132 Omy1133INRA psat BV681528 0.4992

133 OmySO0006INRA SNP rs162764253 0.3047
RT10 0 OMM1179 psat AF469966 0.5870 0,4524
(0,097)

Omy 6 10 OMM5004 psat C0805110 0.3470

12 OmyS00564INRA SNP rs162764287 0.3725

13 Omy1332INRA psat BV681574 0.5870

20 Omy1288INRA psat BV681472 0.4244

21 OMM5013 psat CA348663 0.4244

33 OMM1294 psat AF470054 0.4244
RT11 0 OmyS00582INRA SNP rs162764441 0.1638 0,3279
(0,101)

Omy 27 2 Omy1017INRA psat BX313739 0.2469

17 Omy1179INRA psat BV681537 0.4401

23 OmyS00011INRA SNP rs162764442 0.3047

24 OmyS00254INRA SNP rs162764443 0.3318

25 Omy7Dias psat AF239043 0.4401

28 OMM1172 psat AF469960 0.3680
RT12 0 OmyDO00574INRA indel rs162764487 0.3318 0,4237
(0,114)

Omy 7 46 OMM1468 psat BV079609 0.6276

50 OmySO00081INRA SNP rs162764447 0.3648

76 OmyS00049INRA SNP rs162764446 0.3047

78 Omy1440INRA psat BV681551 0.3750

80 OmyS00574INRA SNP rs162764448 0.3750

91 OMM1381 psat BV212278 0.5720

93 OmyS00013INRA SNP rs162764444 0.3318

101 OmyS00016/INRA SNP rs162764445 0.3725

113 OMM5098 psat BV722093 0.5870

117 OMM1006 psat AF346668 0.4910

125 OmyS00517 SNP rs162764532 0.3515
RT13 0 Omy1013UW psat AY518336 0.3515 0,4495
(0,118)

Omy 28 42 OMM1020 psat AF346679 0.5862

46 Omy1479INRA psat BV686475 0.4244

64 OmyRGT46TUF psat AB087612 0.3515

78 OmyS00397INRA SNP rs162764451 0.3318

89 OmyS00225INRA SNP en cours 0.3750

99 Omy1039INRA psat BV681337 0.5720

136 OMM1216 psat AF469998 0.6035
RT14 0 OMM1241 psat AF470021 0.7009 0,5063
(0,192)

Omy 19 22 OmyDO00554INRA indel rs162764278 0.2688

24 OmyDO0415INRA indel rs162764271 0.1103

27 OMM1279 psat AF470043 0.5039

34 Omy1214INRA psat BV681478 0.6113

35 OMM1086 psat AF352755 0.5270
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37 OmyDO0021INRA indel rs162764256 0.3725

44 Omy1182INRA psat BV681504 0.4415

60 Omy1374INRA psat BV681404 0.4425

68 Omy1242/2INRA psat BV681390 0.7649

70 Oomm1174/2 psat AF469962 0.6856

110 Omy1407INRA psat BV681637 0.6463
RT15 0 Omy1383INRA psat BvV681442 0.5261 0,5016
(0,193)

Omy21 22 Omy1248INRA psat BV681382 0.6197

31 OmySOOO008INRA SNP rs162764254 0.1638

38 Ots1BML psat AF107029 0.5711

51 OMM1036 psat AF346686 0.6272
RT16 0 OMM1352 psat BV005145 0.2469 0,3755
(0,206)

Omy 18 31 Omy1038INRA psat BV681522 0.6035

52 Omy1216INRA psat BV681613 0.4359

59 Omy77DU usat Probe|9689151 0.5009

78 Omy1499INRA psat BV681360 0.0905
RT17 0 OtsG85 psat AF393190 0.7457 0,4644
(0,258)

Omy 20 13 OmyS00476INRA SNP rs162764454 0.2225

18 OmyDO0565INRA indel rs162764453 0.1638

34 Omy1376INRA psat BV681462 0.6454

40 Omy1108INRA psat BV681362 0.5444
RT18 0 Omy1427/1INRA psat BV686471 0.3750 0,6003
(0,178)

Omy 26 15 OMM1159 psat AY039641 0.5339

24 OMM1384 psat BV078070 0.7083

25 Omy1001UW psat AY518324 0.7112

35 Omi187TUF psat AB105857 0.4415

38 Omy1163/2INRA psat BX888425 0.8316
RT19 0 OmySOO090INRA SNP ss#538786287 0.3725 0,5042
(0,129)

Omy 11 38 Ocl8UW psat AF028697 0.5597

60 Omil74TUF psat AB105854 0.6454

61 OMM1375 psat BV078061 0.5270

74 Ots209 psat AJ534367 0.6116

76 Omy1542INRA psat KC906187 0.6278

78 Omy1279INRA psat BV681437 0.5444

80 OMM1313 psat G73553 0.5594

82 OmyD00259INRA indel rs162764475 0.3725

85 Omy1363INRA psat BV681324 0.3318

87 OMM1008 psat AF346670 0.6575

114 OmyUW1052 psat AY505331 0.4757

119 OmyS00268INRA SNP rs162764265 0.2688
RT20 0 Omy1348INRA psat CR372971 0.6896 0,4950
(0,173)

Omy 10 27 OMM1050 psat AF346694 0.6191

55 SsaN82LEE psat u86706 0.5632
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58 OmyS00604INRA SNP ss#538786296 0.3047

67 OMM1544 psat BV212073 0.7622

69 OmyDO00576INRA indel rs162764457 0.3648

99 OMM1174/1 psat AF469962 0.4956

104 OmyS00160INRA SNP rs162764456 0.3515

120 Omy1242/1INRA psat BV681390 0.3047
RT21 0 OMM5132 psat BX076842 0.6116 0,5301
(0,151)

Omy9 22 Omy1359INRA psat BV681626 0.6569

28 OmyFGT2TUF psat Pr009689160 0.5511

46 OMM1145 psat AF375040 0.4064

49 OMM1736 psat BV212213 0.6272

57 OmyDOO306INRA indel rs162764266 0.3047

65 OmyUW1090 psat AY505318 0.5441

72 OMM5197 psat BX086448 0.5781

78 OmyD00173INRA SNP rs162764263 0.3047

88 OMM5126 psat C0805128 0.4523

90 Omy1252INRA psat BV686463 0.7943
RT22 4 OmyS00387INRA SNP rs162764459 0.2688 0,4467
(0,173)

Omyl6 43 OmyS00038INRA SNP rs162764462 0.3318

55 OMM1362 psat BV005154 0.7002

63 OmyS00168INRA SNP rs162764464 0.3318

73 OmyS00581INRA SNP rs162764458 0.3648

80 Omi20TUF psat AB105829 0.4918

85 Str58CNRS psat U60223 0.5840

90 OmyS00379INRA SNP rs162764465 0.3648

94 OmyS00078INRA SNP rs162764461 0.3725

112 OMM5133 psat BV211864 0.7680

119 Ssa420U0S psat AJ402737 0.5594

128 OmyDO0499INRA indel rs162764460 0.2225
RT23 0 Omy1125INRA psat BV681399 0.3810 0,4013
(0,144)

Omy 8 8 OMM1459 psat BV079603 0.6675

38 Omy1475INRA psat BV681589 0.4401

44 OmyS00051INRA SNP rs162764257 0.1638

48 Omy1358INRA psat BX871675 0.4916

62 OMM1354 psat BV005150 0.4757

63 Ots212 psat AJ534362 0.4757

100 Omy1361INRA psat BV681353 0.2591

130 OMM5010 psat C0805116 0.3894

140 OmyRGTITUF psat AB087590 0.2688
RT24 0 Omy1393INRA psat BV681550 0.4502 0,3804
(0,137)

Omy 4 25 Omy1287/1INRA psat BV681583 0.5094

59 OmyS00442INRA SNP rs162764471 0.3318

60 OmyS00274INRA SNP rs162764469 0.3318

64 Omy1233INRA psat BV681466 0.5009

70 OmyRGT36TUF psat AB087605 0.5261

40




72 OmyS00426INRA SNP rs162764473 0.0905

79 OmyS00252INRA SNP rs162764468 0.3318

80 OmyS00361INRA SNP rs162764470 0.3515
RT25 0 OMM1389 psat BV078075 0.5720 0,5504
(0,135)

Omy 29 12 OMM1797 psat BV212257 0.5781

16 OmyS00559INRA SNP rs162764283 0.3648

20 OMM1054 psat AF352739 0.6869
RT26 0 Omy1321INRA psat BV681520 0.7700 0,4606
(0,235)

Omy 24 20 OmyRGT39TUF psat AB087607 0.3788

31 OmyS00570INRA SNP rs162764520 0.3725

20 OmyFGT24TUF psat Pr009689169 0.5511

54 Omy1350INRA psat BX085137 0.6005

55 OmyD00563INRA indel rs162764286 0.0905
RT27 0 OmyS00557INRA SNP rs162764281 0.2688 0,3463
(0,125)

Omy 2 6 Omy25INRA psat Pr009689147 0.3525

12 OmyS00498INRA SNP rs162764276 0.3047

20 Omy1264INRA psat BV681587 0.3470

25 OmyS00562INRA SNP rs162764285 0.2688

28 OmyS00266INRA SNP rs162764455 0.3047

46 OMM1039 psat AF346689 0.4796

63 OMM1070 psat AF375019 0.4102

76 Omy1300/1INRA psat BV681381 0.5261

104 Oke04 psat AF330221 0.2469

111 OMM5000/1 psat C0805106 0.0905

112 Oke12 psat AF330228 0.3470

129 OMM5270 psat BX082395 0.5547
RT29 0 OmyS00568INRA SNP rs162764289 0.3047 0,4765
(0,155)

Omy 17 16 OmyS00477INRA SNP rs162764275 0.3648

20 OmyRGT19TUF psat AB087595 0.5339

22 OmyS00099 SNP rs162764260 0.3725

31 Omy1271INRA psat BV681378 0.6030

40 Omy1040INRA psat BX866010 0.3515

46 OtsG43 psat AF393186 0.6077

48 OMM5043 psat CA349167 0.4205

53 OmyDOO096INRA indel rs162764259 0.3725

54 Omy21INRA psat Pr009689145 0.7188

58 OmyS00556 SNP rs162764280 0.3318

69 OMM1064/2INRA psat AF352744 0.7358
RT30 0 Omy1380INRA psat BV686469 0.3648 0,4234
(0,183)

Omy 23 13 Omy005DIAS psat AF239041 0.3725

16 OMM1019 psat AF346678 0.6876

23 OmyDOO082INRA indel rs162764472 0.2688
RT31 0 OMM5000/2 psat C0805106 0.3515 0,4506
(0,133)
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Omy 3 4 OmyS00561INRA SNP rs162764284 0.3515
25 Omy1300/2INRA psat BV681381 0.3725
37 Omy1027INRA psat BV681350 0.6953
48 OMM1058 psat AF352741 0.6569
72 OmyS00399INRA SNP rs162764270 0.3750
77 OMM1053 psat AF352738 0.5511
105 Omy1241INRA psat BV681482 0.5307
112 OmyS00566INRA SNP rs162764288 0.3750
119 OmyS00172INRA SNP rs162764262 0.3318
122 Omy1392INRA psat BX861189 0.3648
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Figure S1.
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