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Abstract :
Viral Nervous Necrosis (VNN) disease is considered as one of the most serious threats for European
sea bass cultured in Mediterranean Sea, with no simple and effective procedures to treat this disease.
In this study, 1472 offspring resulting from artificial full factorial mating of western Mediterranean dams
with sires from four different wild populations of European sea bass (Northern Atlantic, NAT; Western
Mediterranean, WEM; Northern-East Mediterranean, NEM; and Southern-East Mediterranean, SEM)
were challenged by experimental infection to W80 betanodavirus strain in order to evaluate genetic
variations for VNN resistance among populations and genetic correlations between VNN resistance and
production traits. The results showed a large variation of VNN resistance between the four populations
tested as well as between sire families within strain. The survivals between pure wild populations SEM,
NEM, WEM and NAT were estimated at 99%, 94%, 62%, and 44%, respectively. A moderate intrapopulation heritability of VNN resistance, calculated based on liability scale with sire model, was
recorded for the first time in European sea bass (h2u = 0.26 ± 0.11). Finally, moderate negative genetic
correlations between VNN resistance and daily growth coefficient (DGC) and body weight (BW) were
also demonstrated (− 0.28 ± 0.20, − 0.35 ± 0.14, respectively) while the genetic correlation between
resistance to VNN and fillet adiposity (FA) was weakly negative and not significant (− 0.13 ± 0.19).
These results give good prospects of selective breeding of European sea bass for improved resistance
to VNN disease.
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Highlights
► VNN disease is a major disease for marine fishes, and especially sea bass. ► For the first time, we
show that different natural populations of European sea bass differ widely for their resistance to VNN
disease. ► We also provide the first estimates of heritability for VNN resistance in European sea bass.
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1. Introduction
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European sea bass (Dicentrarchus labrax) is a major aquaculture species in the Mediterranean
Sea and the Atlantic Ocean with 153,182 tons of annual aquaculture production (mostly from
the Mediterranean), compared to 9,000 tons from capture fisheries (FAO, 2014). One of the
most important issues of the sea bass aquaculture industry is the outbreak of diseases, and
especially viral nervous necrosis (VNN) disease (Haffray et al. 2006; Chavanne et al. 2008).
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VNN disease, also known as viral encephalopathy and retinopathy (VER), caused by nervous
necrosis virus (NNV), a RNA virus belonging to betanodavirus genus, has been considered

RI

one of the most serious viral threats for almost all of marine aquaculture fish species, causing

SC

serious economic losses in the marine aquaculture industry throughout the world (Doan et al.
2016). Historically, betanodaviruses were responsible for mass mortality in marine fish

NU

hatcheries, especially warm water fish such as European sea bass larvae and juveniles, in

MA

Martinique and French Mediterranean farms in 1985-1990 (Breuil et al. 1991). This disease,
then, has become the main threat for European sea bass aquaculture in the Southern
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Mediterranean (Haddad-Boubaker et al. 2013; Toffan et al. 2016). With global warming,
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VNN may become an even more serious issue for European sea bass culture, because the
mass mortality caused in sea bass by the RGNNV (Redspotted Grouper Nervous Necrosis
Virus) genotype, the most common NNV type in the Mediterranean, is usually reported when

CE

water temperature is in the 25 to 30°C range (Le Breton et al. 1997; Toffan et al. 2016).

AC

Despite numerous investigations, no simple and effective procedures are available to
treat this disease in fish (Doan et al. 2016). Applying vaccination may be an effective way to
prevent disease occurrence (Gomez-Casado et al. 2011). However, no commercialized
vaccines against VNN in European sea bass presently exist (Brudeseth et al. 2013; Doan et al.
2016). Selective breeding could be an alternative option, with a general potential to gain at
least 12.5% survival per generation for most diseases reported in aquaculture (Gjedrem 2015).
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Improving a trait by artificial selection basically requires sufficient genetic variation
for this trait in the population (Falconer & Mackay 1996). Significant genetic variation has
been demonstrated for resistance of farmed fish to most viral diseases studied, with moderate
to high heritability estimates (Ødegård et al. 2011). Especially, high to extremely high
heritability (up to 0.75) was recorded for resistance of Atlantic cod Gadus morhua against
another nodavirus genotype, the barfin flounder nervous necrosis virus (BFNNV), hitting cold
water species (Ødegård et al. 2010; Bangera et al. 2011; Bangera et al. 2013). Ødegård et al.
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(2010) also showed very large genetic variations among wild cod populations for VNN
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resistance (range 10-56% among coastal cod, Northeast Arctic cod and F1 cross between
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them). This led us to consider that genetic differences for NNV resistance among natural
populations of the European sea bass would be worth investigating. European sea bass is
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divided into three main populations by population genetics studies, namely Atlantic, Western
Mediterranean and Eastern Mediterranean, the latter including two subpopulations: North-
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Eastern Mediterranean and South-Eastern Mediterranean (Naciri et al. 1999; Bahri-Sfar et al.
2000; Castilho & Ciftci 2005). Selective breeding in this species has been carried out from the
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mid-1980s in France, Spain, Italy and Israel (Haffray et al. 2006). Although genetic

PT
E

parameters have been estimated to support selective breeding for production traits in many
studies, most of them were concentrated on the improvement of growth (Saillant et al. 2006;
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Dupont-Nivet et al. 2008), sex ratio (Vandeputte et al. 2007; Vandeputte et al. 2012; Saillant
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et al. 2002), and carcass quality (Saillant et al. 2009). Significant genetic variability for
growth traits has been demonstrated within population as well as between wild populations
(Vandeputte et al. 2009; Vandeputte et al. 2014; Dupont-Nivet et al. 2008).
The primary aim of this study was to estimate the amount of genetic variation between
and within wild populations for resistance against VNN, as well as to estimate genetic
correlations with growth-related traits.
2. Materials and methods
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2.1. The origin of broodstock

Four different wild populations were used to design the experiments, with broodstock
captured from the Northern Atlantic (NAT), the Western Mediterranean (WEM), the Northeastern Mediterranean (NEM) and the South-eastern Mediterranean (SEM). The precise origin
of the broodstock was detailed by Vandeputte et al. (2014). WEM dams were kept under
natural photoperiod and temperature conditions during maturation process at the IFREMER

PT

experimental facility of Palavas (at Palavas-les-Flots, France). The NAT and WEM sires were
reared at Palavas, their sperm being cryopreserved according to Fauvel et al. (1998), from
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2004 until present, while the SEM sires were stocked at IOLR (Eilat, Israel) and their sperm
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cryopreserved using the methodology in 2005 (Sansone et al. 2002). The sperm of NEM sires

Beymelek Lagoon (Turkey) during 2005.

MA

2.2. Production and rearing of the fish

NU

was similarly stripped and cryopreserved as described by Sansone et al. (2002) at the

A full factorial mating scheme was done by artificial fertilization, where 60 sires (15 per
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origin) were crossed with nine WEM dams at the IFREMER experimental facility of Palavas.
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Dams were selected following an estimation of their maturation status by biopsy. The 19
dams that had reached the appropriate maturation stage were hormonally injected (LHRHa,

CE

10µg/kg). The stripping of 9 dams was successful at 72h post-injection. Nine hundred ml of
high quality eggs (100 ml of eggs per dam) were pooled and gently mixed, and 600 ml of

AC

these eggs were divided into 60 tubes (10 ml/tube). Thawed sperm from each sire was used to
fertilize each tube separately (1 tube per sire). Ovules and sperm were gently mixed together
(ratio: 10 ml eggs: 62.5 µl sperm), then 5ml of seawater was added to provoke sperm
activation and fertilization. Finally, all fertilized eggs were pooled, and a subsample of 100 ml
of fertilized eggs was incubated in two different incubators (50ml per incubator) for 48h at
13.5–14oC and 37‰ salinity. At 48 h post-fertilization (hpf), sinking (unfertilized or dead)
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eggs were removed, and 72,000 ready-to-hatch eggs were dispatched into two tanks for
hatching and larval rearing (36,000 eggs per tank).
Offspring were reared in a common garden until NNV challenge. The larvae were
reared at 16.5°C and 25‰ salinity during 58 d post-hatching (dph). Then the temperature was
increased gradually from 16 to 20oC in seven days. The fish were reared at the mean of
temperature 21.5oC (18.1 – 22.4oC) and 30‰ salinity until 102 dph, where 5000 fish from one

PT

of the larval tanks were transferred to 5 juvenile tanks in the same zone. During juvenile
stage, the mean of the temperature of water environment was 22.1oC (ranging from 15.5 –
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27.9oC). Tagging, collection of fin samples for further genetic analysis as well as biometry of
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the fish (2100 individuals, 420 fish per pre-growing tank) were performed at 180 dph. At 202
dph, 1472 fish were transferred into three tanks for NNV injection (see below) while 628 fish

NU

were kept uninfected in a single tank to collect growth-related traits. Initial and further

database

MA

biometric measurements of the fish were done following the ATOL fish trait ontology
(http://www.atol-ontology.com/index.php/en/lesontologies-en/visualisation-en,
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Golik et al., 2012): the body weight measured to the nearest 0.1 g (BW, ATOL: 0000351); the
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fork body length measured to the nearest 0.1 mm (BL, ATOL: 0001658); and fillet adiposity
estimated as the mean of four measurements (two on each side) with a fish fat meter (FM692,
Distell, UK) (FA, ATOL: 0001663). In total, individual performance could be collected on

CE

545 uninfected fish at 431 dph because 37 fish were no covered pedigree and 46 fish died

AC

during growth period. The fish were fed ad libitum with a self-feeder and the sea water was
filtered, UV-treated and renewed through the bottom of the tank in a recirculated system.
2.3. NNV challenge

A total of 1472 individuals (whose sire’s population of origin was unknown at the time of
challenge) were randomly transferred into three tanks (493 fish, 486 fish and 486 fish,
respectively) after betanodavirus injection at 202 dph. All individuals had been tagged,
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measured and weighed three weeks before, at a mean BW of 16.3 g (4.9 – 44.6 g, CV= 37%)
and a mean BL of 111.2 mm (77.1 – 149.1 mm, CV = 11%).
The W80 betanodavirus strain (belonging to the RGNNV genotype - Thiéry et al.
2004), was used in the infection trial. Strain W80 was propagated in the SSN-1 cell line, and
the titer was determined as previously described by Castric et al. (2001). At the time of
challenge, all fish were anesthetized by benzocaine in two steps. Firstly, fish were

PT

anesthetized in the rearing tanks by 15ppm benzocaine (0.1 ml/L of stock solution of 150g/L
benzocaine in ethanol) for 30 m before fishing then they were fished is small batches and

RI

deeply anaesthetized with 37.5ppm benzocaine (0.25 ml/L of stock solution of 150g/L

SC

benzocaine in ethanol). The inoculation of the virus suspension was performed using
intraperitoneal injection of 0.2 ml of viral suspension (109virus/ml), diluted 100-fold in

NU

physiologic solution, thus with a virus dose of 2 .107 virus/fish. During the challenge test,

MA

filtered, oxygenated, UV-treated natural salinity seawater (34.3 – 37.1‰) was provided, and
the temperature was kept close to 25.5°C. Fish were fed ad libitum under continuous light

D

throughout the whole challenge. Fish behavior, clinical signs of disease, and mortality were
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recorded daily for 24 d post-injection. VNN detection relied on the observation of
characteristic clinical signs (erratic swimming pattern such as spiraling or whirling, lying
down at the bottom, rapid swimming, swim-bladder hyperinflation) associated with an

CE

impairment of the nervous system. The ELISA method described by Breuil et al. (2001), was
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used to analyze the brains of 24 fish with clinic signs of NNV disease and the dead fish
(jumped outside the tanks) to confirm that they were caused by betanodavirus. In addition, the
brains of 20 survivors at the end of the experiment were also analyzed by ELISA. The
mortality was considered stable after 24 d post-challenge, and the challenge was terminated.
All fish were euthanized with an overdose of benzocaine and considered as survivors in the
analysis.
2.4. Genotyping and parentage assignment
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Fin clips from the 2100 offspring and their 69 parents were sent to LABOGENA (Jouy-enJosas, France) for DNA extraction and genotyping of 12 microsatellite markers (DLA0003,
DLA0006, DLA0016, DLA0104, DLA0105, DLA0106, DLA0112, DLA0119, Labrax17,
Labrax29, Labrax3 and Labrax8).
VITASSIGN, an exclusion-based parentage assignment software, was run as described
by Vandeputte et al. (2006) with two allelic mismatches tolerated to recover pedigree.

PT

2.5. Daily growth coefficient
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Although 628 fish were kept for related growth traits, 37 fish had no correct pedigree and 46 fish

died during growth period. Therefore, 545 uninfected fish had data for related growth traits at 431
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dph (117 from ♀WEM x ♂NAT, 125 from ♀WEM x ♂WEM, 146 from ♀WEM x ♂NEM

NU

and 160 from ♀WEM x ♂SEM). They were derived from a total of 272 full-sib families (1-8 fish
per family), 58 sire half-sib families (2-25 fish per family) and 8 dam half-sib families (8-161 fish per

MA

family).

The daily growth coefficient (DGC, ATOL:0002174) of uninfected fish over the

D

growth period 180-431 dph was calculated as described by Cho (1992). The formula was as
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follows:

CE

DGC180-431 = 100*(BW4311/3 - BW1801/3)/D
Where DGC180-431 is daily growth coefficient from 180 dph to 431 dph; BW431 is final

AC

body weight (g) recorded at 431 dph; BW180 is initial body weight (g) collected at 180 dph;
and D is total number of days between BW431 and BW180 (251 days).
2.6. Statistical analysis
The effect of the sires’ genetic group (WEM , NAT, NEM, & SEM) was tested with a linear
mixed effect model for all traits fitted in lme4 R package implemented in R 3.2.5 (Bates et al.
2015):
yijklm = µ + Oi + Tj + Sk(i) + Dl + εijklm
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Where yijklm is the observed trait (VNN resistance as a binary trait - 1 for survivors, 0
for dead, body weight (BW180), daily growth coefficient (DGC180-431), or fillet adiposity
(FA431)) of individual m of sire k belonging origin i and dam l in tank j, µ is the overall mean,
Oi is the fixed genetic effect of sires’ origin i, Tj is the fixed effect of pregrowing tank j, Sk(i)is
the random additive genetic effect of sire k within the origin i, Daml is the random effect of
dam l, and εijklm is the random residual effect associated with individual m. The tank for VNN
challenge had no effect on VNN resistance, so it was omitted from the model. Multiple

PT

comparison of means was performed with the Kenward-Roger test in lmer Test R package

RI

(Kuznetsova et al. 2016).
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Variance components were estimated based on univariate (to estimate heritability) and
multivariate (to estimate phenotypic and genetic correlations between traits) linear mixed sire

NU

models fitted by restricted maximum likelihood (REML) in VCE 6.0 (Groeneveld, Kovac &

MA

Mielenz 2008):
yijklm = µ + Oi + Tj + Sk + Dl + εijklm

D

With the same notation as above, the only difference being that the sire effect is not

PT
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explicitly nested within origin in this case. Furthermore, inter-population heritability was also
estimated based on the same model without the origin effect.

CE

Heritability was calculated from the estimated variance components as follows:

AC

h2o = 4σ2sire / (σ2sire + σ2e)

Values of heritability (h2o) estimated on the observed scale for the binary trait VNN
resistance were transformed to the values on the liability scale according to Dempster &
Lerner (1950) using the following equation,
h2u = h2o*p(1-p)/z2 (Dempster & Lerner 1950; Lynch & Walsh 1998)
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Where h2u is the estimation of heritability on the liability scale, h2o is the heritability
estimate on the observed scale, p is the proportion of affected individuals and z is the value of
the normal distribution density at the threshold point.
2.7. Estimating the potential resistance to VNN in pure strains.
Based on the VNN resistance of pure WEM population and the other hybrid populations, the
survival in all pure strains was computed under the hypothesis of an equivalent additive effect

PT

of sire and dam origin. However, percentage scale variances vary with the mean. Therefore,
firstly, incidences of VNN resistance were converted to mean (normally distributed) liabilities

RI

as follows: mi=probit(si) with mi the mean liability, probit the inverse of the cumulative

SC

distribution function of the standard normal distribution and si the survival in origin i. Origin

NU

refers to the pure WEM population in the case of WEM, and to WEM x i hybrids for the other
origins. Then the difference in liability between the hybrids and the WEM population were

MA

calculated as yi = mi - mWEM. Under the hypothesis of an additive genetic effect, the liability of
the pure populations was calculated as m2i = mWEM + 2yi. This liability was back transformed

D

to a proportion of survivors in the pure populations p2i = Φ(m2i), where Φ is the cumulative

3. Results

CE

3.1. Pedigree recovery

PT
E

distribution function of the standard normal distribution.

AC

96% (2011 of 2100 individuals) were assigned to a unique parental pair and 4% (89
individuals) were not assigned. The number of fish per population cross combination at
tagging was rather balanced (447 individuals in the ♀WEM x ♂NAT, 457 individuals in
♀WEM x ♂WEM, 519 individuals in the ♀WEM x ♂NEM, and 588 individuals in the
♀WEM x ♂SEM).
The number of fish of each population, which were challenged for NNV, was also
determined a posteriori. It varied from 326 to 407 (average of 355).
3.2. ELISA results
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High levels of betanodavirus were detected in the brains of the dead fish by ELISA, with
optical density (OD) values of 2.00 in the brains from inoculated fish sampled at day 6during
the peak of mortality. At that period, the level of betanodavirus protein reached 867 ng/ml,
showing a high multiplication of the virus in the brain associated with fish mortality and
clinical signs of the disease. The betanodavirus load decreased rapidly at day 10 postchallenge (OD= 0.15) just before the end of the peak of mortality. A low but detectable
amount of virus was sill detected at day 20 (OD=0.07) on fish showing clinical signs of the

PT

disease, but no virus was detected by ELISA in brains from surviving fish at day 30 (OD=

RI

0.04, lower than the cut-off limit of the ELISA).
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3.3. Performance of populations
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The mortality of all populations started at fourth day post-challenge (dpc) and reached a peak
at 6 dpc. Then they decreased sharply from 7 dpc to 10 dpc. After that, they fluctuated until

MA

24 dpc, where no more mortality happened. General survival was 73% at the end of the test.
There were highly significant differences (P<0.001) in offspring survival between sire origins

D

(ranging from 53 to 90% - Figure 1). The survival of offspring from SEM sires was the
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highest (90%), whereas in contrast, the lowest survival (53%) was in the offspring of NAT
sires. The survival of the offspring belonging to NEM sires and WEM sires were 83% and

CE

62%, respectively. The survival proportion between the progenies of SEM sires and NEM
sires and between progenies of NAT sires and WEM sires were not statistically significant

AC

(table 1). There was a large variation of survival between sire families within population
(P<0.001). The ranges of sire family survival within origins NAT, NEM, SEM and WEM
were 23.8-73.3%, 42.1-88%, 65-100% and 81-100%, respectively (Figure 2).
Because of lacking of other dam populations, the results of this experiment only
showed the large variations in VNN resistance between three hybrid progeny populations with
WEM dams source (WEM x NAT, WEM x NEM, WEM x SEM) and pure WEM population.
However, based on the results of pure WEM population and the other hybrid populations, the
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survival probability in all pure strains were computed under the hypothesis of additive and
equivalent genetic of VNN resistance between sire and dam. There were still more large
variations between pure populations: 44% of NAT, 62% of WEM, 94% of NEM, and 99% of
SEM.
There were significant differences in other performance traits between the sire origins.
Offspring from NAT sires were larger and fatter than the other populations (P<0.01), and

PT

offspring from SEM sires were larger and fatter than and offspring from WEM sires (P<0.05).
There were no differences between SEM and NEM for these traits (Table 1). Meanwhile,

RI

significant differences in DGC was only experienced between populations belonging to NAT
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sires and WEM sires (P<0.05).
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3.4. Genetic parameters

3.4.1. Heritability of resistance to VNN and performance traits

MA

The heritability of all traits was significant in both univariate and multivariate linear mixed
sire models. The intra-population heritability of VNN resistance was moderate (0.26±0.11)

D

while inter-population heritability (i.e. omitting the origin effect in the model) was higher than
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1 (Table 2). The intra-population heritability of DGC and FA was moderate, whereas in
contrast, inter-population heritability was high (but lower than 1). The heritability of BW was

CE

high both intra and inter-population (Table 2). In addition, the heritability of VNN resistance
was also estimated separately in each population with a univariate linear mixed sire model.
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The heritability estimates for VNN resistance in the NAT, WEM and SEM populations were
0.20±0.21, 0.23 ±0.25 and 0.19±0.22, respectively, while that of the NEM population was
high (0.42±0.31). However, standard errors were high, so that they were not significant.
3.4.2. Genetic and phenotypic correlations among traits
The genetic correlations between VNN resistance and the growth-related traits were negative,
whereas in contrast, the genetic correlations between growth-related traits were positive
(Table 3). To be more specific, the genetic correlation between VNN resistance and BW (-
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0.35±0.14) and between VNN resistance and DGC (-0.28±0.20) were moderate while that
between VNN resistance and FA was not significant (-0.13±0.19). The genetic correlations
between DGC and FA (0.28±0.21) and between DGC and BW (0.42±0.13) were moderate.
Meanwhile, there was a strong genetic correlation between FA and BW (0.71±0.11) (Table 3).
4. Discussion
In this experiment, the first major result is the demonstration of substantial differences in

PT

resistance to VNN between four wild European sea bass populations. These results are
coherent with their genetic differentiation, as reported in population genetics studies (Naciri et

RI

al. 1999; Bahri-Sfar et al. 2000). There were significant and large differences in VNN
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resistance between all populations except between NEM and SEM and between NAT and
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WEM (Table 1). The absence of difference between NEM and SEM could be explained by
their limited genetic differences, as they are both subpopulations of the Eastern Mediterranean

MA

population (Castilho & Ciftci 2005). The strong level of differentiation between East and
West Mediterranean is seen in several species and would be linked to limited circulation

D

through the Siculo-Tunisian Strait (Bahri-Sfar et al. 2000), while the differentiation between

PT
E

Atlantic and Mediterranean population would be linked to the existence of two different
glacial refuges during Quaternary glaciations, as also proposed in meagre Argyrosomus regius

CE

(Haffray et al., 2010). Further to this divergence period, a secondary contact would be the
cause of the greater proximity between the WEM and ATL populations, when compared to
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Easter Mediterranean populations (Tine et al. 2014). In addition, it can be noted that VNN
resistance here is also proportional to the summer temperature, which is higher in the eastern
Mediterranean than in the Atlantic or in the West Mediterranean. It was previously shown that
the SEM population was better adapted than the others to grow at high temperature
(Vandeputte et al. 2014), and it could be that part of the resistance observed here is linked to a
better tolerance to high water temperatures (25°C) at which the NNV challenge was
performed.
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A second major result of this study is the first demonstration of within population
variability for resistance to VNN, and more specifically to the RGNNV genotype in a warm
water fish species, as demonstrated by a moderate heritability estimate (0.26±0.11). The interpopulation heritability was also estimated ignoring the origin effect, thus considering the sea
bass as a vast meta-population. However, this appeared irrelevant, as because of the
difference of mean survival in the different population, the value of inter-population
heritability was higher (1.09±0.22) than the theoretical maximum of 1. In addition, the

PT

heritability of VNN resistance in each separate population was estimated, and although
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estimates were moderate to high (0.19-0.42), they were not significant. It may be because the
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number of fish of separate populations were not enough to reliably estimate genetic
parameters (range 326-407 individuals per population). Heritability for resistance to RGNNV
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in European sea bass is much lower than the heritability reported for resistance to the BFNNV
genotype of NNV in Atlantic cod, which ranges from 0.68 to 0.75 (Ødegård et al. 2010;

MA

Bangera et al. 2011). However, similar to Atlantic cod, we evidenced large differences in the
resistance of different natural populations. The heritability of resistance to viral diseases have
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been shown to be moderate to high in few farmed fish, mainly in salmonids. For instance, the
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moderate to high heritability for ISAV and IPNV (0.24-0.55) have been also experienced
(Doan et al. 2016). To our knowledge, this was the first attempt to estimate heritability of

CE

resistance to any infectious disease in the European sea bass. Taken altogether, selective
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breeding for resistance to VNN in European sea bass is thus a good perspective as done for
other viral diseases in salmonids (Yáñez et al. 2014), and genetic gain in NNV resistance can
be expected both by selection between populations or between families within populations.
The phenotypic and genetic correlations between VNN resistance and growth-related
traits (including DGC, FA and BW) were not significant except the correlations between
VNN resistance and BW. Different correlations between viral disease resistance and growth
traits have been reported in previous studies. Even though positive genetic correlations have
been recorded between growth traits and most diseases (Gjedrem 2015), several negative
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genetic correlations between them have also been reported, such as between VHSV and BW
and BL (Henryon et al. 2002) in rainbow trout, between WSSV and TSV and growth in
whiteleg shrimp (Gitterle et al. 2005; Argue et al. 2002). Meanwhile, the correlation between
NNV and BW was not significant and close to zero in Atlantic cod (Bangera et al. 2011). In
our study, there were moderate and negative genetic correlations between VNN resistance and
growth traits, so that selection for fast growth may lead to an increased susceptibility to VNN.
This should be taken with appropriate caution as the standard errors of the correlations are

PT

rather large. However, this negative correlation was also true at the population level, as we
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showed that the mean BW of Northern Atlantic population was the highest, while their
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resistance to VNN was the lowest. However, their resistance could be improved using final
cross-breeding with wild Eastern Mediterranean. Resistance could also be improved by
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genetic introgression of SEM and NEM populations in the WEM or NAT stocks.

MA

Direct selection of survivors may be more efficient than family-based selection among
unchallenged sibs. However, because of the risk of vertical transmission of pathogens, it is not
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desirable (Gheyas et al. 2010). Recent advances in genomic tools and procedure, promise to
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overcome this limitation, enabling the evaluation of sibs within families, either using the
genotyping at specific QTLs (quantitative trait loci) linked to the resistance in Marker-assisted
selection (MAS), or using random massive genotype data to perform Genomic Selection (GS)

CE

(Ødegård et al. 2011, Vandeputte & Haffray 2014). QTLs for viral disease resistance have

AC

been identified in most viral diseases in salmonids. Several QTLs responsible for VNN
resistance were also reported in Atlantic cod (Baranski et al. 2010; Yu et al. 2014) and in Asia
sea bass (Liu et al. 2016). Identification of such QTLs VNN resistance in European sea bass
may help to perform Marker-Assisted introgression, and is therefore of particular relevance
for the future development of selection for VNN resistance in European sea bass.
5. Conclusion
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The results showed survivals between the pure wild populations (SEM, NEM, WEM, NAT)
were 99%, 94%, 62%, and 44%, respectively, as well as between sire families within strain of
NNV resistance. Furthermore, the within-population heritability of resistance to NNV was
recorded for the first time in European sea bass. The large and significant variations in
survival, the moderate heritability estimated on liability scale give good prospects of selective
breeding of European sea bass for improved resistance to VNN disease.

PT

Acknowledgments:
This work is part of the RE-SIST project “Improvement of disease resistance of farmed fish

RI

by selective breeding” selected at the 15th “Fonds Unique Interministériel”. This project was

SC

labelled by the competitiveness clusters AQUIMER, Agrimip Innovation, Mer Méditerranée

NU

and Mer Bretagne, and is funded by the French Government, BPI France; Bretagne,
Languedoc-Roussillon and Aquitaine regional authorities; Landes and Pyrénées Atlantiques

MA

regional councils. Authors are thankful to M. Enez (SYSAAF) for his support to define

AC

CE

PT
E

D

appropriate statistical models.

Tables and Figures
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Table 1: Differences in survival and production traits in the offspring of European sea bass
from four sire origins (NAT: WEM, NEM and SEM) mated to the same WEM dams. Origins
with different superscripts are statistically different (P<0.001). Estimated survival as pure
strains is based on an additive liability model.
Table 2: Heritability (intra- and inter-populations) of resistance to VNN and production traits.

PT

h2o is the heritability estimated on the observed scale, h2u is the heritability on the liability
scale. The heritability estimation of DGC based on the data calculated from 180 dph to 431

RI

dph while that of BW lied on the data at 180 dph. Meanwhile that of FA based on data

SC

recorded at 431 dph.

NU

Table 3: Genetic (above the diagonal) and phenotypic (below the diagonal) correlations
among traits. DGC180-431 was calculated from 180 dph to 431 dph while BW was collected at

MA

180 dph. FA data was recorded at 431 dph.

Figure 1: Evolution of cumulated survival in the offspring derived from 4 populations of

D

European sea bass sires (NAT: North Atlantic, NEM: North-East Mediterranean; SEM:

PT
E

South-East Mediterranean; WEM: West Mediterranean), mated with WEM dams, following
experimental infection by NNV.

CE

Figure 2: The variations of survival of sire families within and between populations during

AC

NNV test. North Atlantic in red, North-East Mediterranean in green, South-East
Mediterranean in blue and West Mediterranean in yellow.
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Table 1: Differences in survival and production traits in the offspring of European sea bass from four sire origins (NAT, WEM, NEM and SEM) mated to
the same WEM dams. Origins with different superscripts are statistically different (P<0.05). Estimated survival as pure strains is based on an additive
liability model.

Sire
origin

Total
number
of fish
at
tagging

ATOL

Mean
BW180 at
tagging
(SD)

Mean BL180
at tagging
(SD)

ATOL:0000
351

ATOL:000165
8

Total
number of
fish at
NNV
challenge

Mean
BW180 of
NNV
challenge
(SD)

Mean BL180
of NNV
challenge
(SD)

ATOL:000
0351

ATOL:000165
8

114.2(14.0)

NAT

447

17.7(7.0)a

113.3(13.9)a

326

18.2(7.3)

WEM

457

14.2(4.6)c

107.8(10.6)b

327

14.6(4.8)

NEM

519

15.6(5.3)bc

109.9(11.6)b

360

SEM

588

15.7(5.7)b

109.8(12.3)b

407

Total

2011

15.8(5.8)

110.1(12.3)

D
E

A

C
C

T
P
E
1420

Survival
ratio
(%)

Estimated
survival as
pure strain
(%)

I
R

C
S
U

N
A

T
P

Total
number of
unchallen
ged fish
with
parentage

Mean of
DGC180-431 of
unchallenged
fish (SD)

Mean of FA431
of
unchallenged
fish (SD)

ATOL:0002174

ATOL:0001663

53a

44

117

0.96(0.15)a

3.98(1.63)a

109.0(10.8)

62a

62

124

0.92(0.11)b

2.73(1.21)b

110.7(11.7)

83b

94

144

0.96(0.13)ab

2.89(1.45)bc

16.3(5.8)

110.7(12.4)

90b

99

160

0.92(0.14)ab

3.30(1.55)c

16.3(6.0)

111.2(12.4)

73

545

0.94(0.13)

3.21(1.54)

15.9(5.5)

M
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Table 2: Heritability (intra- and inter-populations) of resistance against VNN and growth
related traits. h2o is the heritability estimated on the observed scale, h2u is the heritability on
the liability scale. The heritability estimation of DGC was based on the data calculated from
180 dph to 431 dph while that of BW on the data at 180 dph. Meanwhile that of FA was
estimated based on data recorded at 431 dph.
Multivariate model
Intra-population

Inter-populations

h²o

h²u ± SE

h²o

h²u ± SE

VNN resistance

0.14

0.26 ± 0.10

0.61

1.09±0.20

0.47±0.12

FA431

0.44±0.13

BW180

0.54±0.10

Intra-population
h²o

h²u ± SE

VNN resistance

0.14

0.26 ± 0.11

NU

Trait

0.48±0.16

MA

DGC180-431
FA431

CE

PT
E

D

BW180

AC

SC

Univariate model

RI

DGC180-431

PT

Traits

0.55±0.10
0.78±0.15
0.76±0.12

Inter-populations
h²o

h²u ± SE

0.61

1.09±0.22
0.52±0.16

0.37±0.14

0.67±0.18

0.55±0.11

0.76±0.13
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Table 3: Genetic (above the diagonal) and phenotypic (below the diagonal) correlations
among traits. DGC180-431 was calculated from 180 dph to 431 dph while BW was collected at
180 dph. FA data was recorded at 431 dph.
Traits

VNN resistance

VNN resistance

DGC180-431

FA431

BW180

-0.28±0.20

-0.13±0.19

-0.35±0.14

0.28±0.21

0.42±0.13

-0.02

FA431

-0.01

0.16

BW180

-0.14

0.34

0.71±0.11
0.28
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MA

NU

SC

RI
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DGC180-431
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