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Summary

Several genetic improvement programmes are underway for turbot (Scophthalmus maximus),
a flatfish of great commercial value. Although the main objective in these programmes has
been to increase growth rate, the interest in improving other economically important traits
such as disease resistance is currently increasing. The development of genomic tools for this
species is central not only for improving these complex traits but also for controlling
inbreeding and the loss of genetic variability. In this study, a genotyping by sequencing
approach (2bRAD-seq) was used to identify 18,125 SNPs in a sample of 1,439 turbot fish
(from 36 families) coming from an innovative disease transmission experiment specifically
designed for disentangling the different components of the host response to infection by
Philaterides dicentrarchi. This parasite causes scuticulociliatosis, a disease that results in
severe economic losses in the aquaculture industry. The genomic information obtained
allowed a better integration of the genetic and physical maps and a more refined version of
the current turbot genome, improving the anchoring of the genome assembly from 80 to 97%.
The new maps were then used to address several issues in turbot for the first time. These
included to (i) obtain within-family and population-wide linkage disequilibrium (LD)
patterns; (ii) estimate effective population size from LD measures; (iii) estimate genomic
inbreeding; and (iv) investigate the genetic basis of different components (susceptibility,
tolerance, resilience) of the host response to P. dicentrarchi, through a genome-wide
association study. Effective population size declined from 221 fish 30 generations ago to 50
fish three generations ago although selection breeding programmes are unlikely to be the
responsible of this decrease. Recent inbreeding, estimated as the proportion of the genome in
runs of homozygosity, was low suggesting also that at least to some extent, inbreeding has
been controlled. Genomic information allowed the identification of a candidate QTL region
for resilience to scuticulociliatosis that explained 33% of the total genetic variance, and had
an effect of about five days of increased survival. This region may be a target for marker-
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assisted selection and for investigating the underlying causative gene. Finally, the potential
for cost-effective within-family genomic selection using low density markers is clear given
that within-family LD was high (at least 6-fold higher than population-wide LD). In
summary, this study entails an important advance in turbot genomics and its applications in
the selection programmes currently carried out in this species.

Introduction

Considerable efforts are currently being made to develop genomic tools for aquaculture
species. Turbot (Scophthalmus maximus) is a flatfish of great commercial value for which
selective breeding programmes are underway (Janssen et al., 2017). Although the main
objective in these programmes has been to increase growth rate, there is considerable and
increasing interest in improving other economically important traits such as disease
resistance.

The development of genomic tools for turbot is essential for improving the accuracy of
selection through genomic evaluation and for determining the genetic basis of these complex
traits. In particular, within-family genomic evaluation has been proposed for aquaculture
programmes as substantial levels of linkage disequilibrium (LD) within families can be
attained with a limited number of markers (Lillehammer et al., 2013). Genomic tools may
also contribute to the sustainability of breeding programmes through the management of
genomic inbreeding (F) and effective population size (Ne) for maintaining genetic variability.

In this study, we refined the turbot genetic and physical maps that have been recently
developed (Figueras et al., 2016) using genome-wide genetic marker data from a pedigreed
experimental population challenged with Philasterides dicentrarchi. This parasite produces
scuticulociliatosis, a disease that causes important economic losses in the aquaculture sector.
The new genomic information available was then used to address several issues in turbot for
the first time. These included to (i) obtain within-family and population-wide LD patterns; (ii)
estimate Ne from LD measures; (iii) estimate genomic inbreeding; and (iv) gain novel insights
into the host genetic contribution to the disease by investigating the genetic basis of different
components (susceptibility, tolerance, resilience) of the host response to P. dicentrarchi,
through a genome-wide association study (GWAS).

Material and methods

Data used in this study came from an innovative transmission experiment specifically
designed for disentangling the different components of the host response to infection,
including susceptibility and tolerance, defined below, and infectivity (for a full description of
traits and experimental design see companion paper by Anacleto et al., 2018). The challenge
test was performed by CETGA within the European project FISHBOOST
(www.fishboost.eu), using scuticulociliatosis in turbot as a model. A total of 1,800 fish from
44 full-sib families were challenged with the parasite. Unrelated parents came from different
selective breeding programmes that had the same wild origin. The traits analysed here were
susceptibility (measured as the time to the onset of symptoms) and tolerance (measured as the
time from infection to death). Disentangling both traits was possible because
scuticulociliatosis produces visual signs that provide an indication of time of infection.
Susceptibility and tolerance are part of the composite trait resilience that was also analysed.
Resilience is defined as the ability to survive after the exposure, and was measured as the time
until death.



Genotyping and mapping

Genome-wide SNP data were obtained for 1,393 offspring (from 36 families) and for their
parents (23 sires and 23 dams) through genotyping-by-sequencing using a 2bRAD-sequencing
approach (Wang et al., 2012). Resulting reads from libraries were filtered and processed
using the Stacks software (Catchen et al., 2013). All reads with uncalled bases and those with
nine consecutive bases and a mean quality score under 20 (99% base call accuracy) were
removed. Raw reads from each parent were mapped against the turbot genome and a parental
consensus catalog of RAD tags and SNPs were generated based on mapping positions. From
the initial set of SNPs, only those genotyped in at least 80% of the parents and a minimum
coverage of 10x were retained. The set of SNPs obtained was used as a reference for
genotyping the offspring. Markers showing inconsistences with the pedigree and those with
extreme departures of Hardy-Weinberg equilibrium were also removed, and only one SNP
was retained for tags containing multiple polymorphisms.

Linkage maps were constructed for each family using markers genotyped at least in
90% of the offspring. For each family with at least 36 offspring (31 families), the maximum
likelihood algorithm implemented in Join Map 4.1 (Stam, 1993) was used with the default
parameters, and markers were finally associated to linkage groups (LGs) with LOD > 6.0. A
consensus map from the ten most informative families was obtained using MergeMap (Wu et
al., 2011).

Genomic analyses

Estimates of Ne were computed on a per generation basis from LD measures as in Saura et al.
(2015), fixing  (the mutation parameter) to its theoretical value and correcting for sample
size. Pairwise LD was computed as the squared correlation between pairs of SNPs (r2). Given
that LD and recombination rate are highly dependent, the latter was obtained from a different
population in order to estimate Ne. In particular, we obtained the recombination rate (2.47
cM/Mb) using the genome length given by Bouza et al. (2007) and the physical length of
Figueras et al. (2016). The genomic F was estimated as the proportion of the genome that is
in runs of homozygosity (ROH). ROH were defined with a minimum length of 1 Mb, a
minimum number of SNPs of 40 and a minimum density of 50kb/SNP, and were obtained
using sliding windows with Plink v1.9 (Purcell et al., 2007).

Finally, GWAS were performed for the three disease traits analyzed (i.e., susceptibility,
tolerance and resilience) by regressing phenotypes on each SNP separately and using a linear
model that included the initial weight, the tank and the regression on the SNP as fixed effects
and the polygenic effect as a random effect. Significance was assessed using a false discovery
rate (FDR) multi-test correction threshold. The proportion of the total genetic variance
explained by candidate regions was estimated from a regional heritability analysis (RHA).
Both GWAS and RHA were performed using the software DISSECT (Canela-Xandri et al.,
2015).

Results

A total of 18,125 filtered SNPs were obtained from an initial set of 25,511 raw SNPs. The
average length of the genetic map across families was 3,091.9 cM (Table 1). The genetic
consensus map was used to refine the existing turbot genome assembly (Figueras et al.,



2016). In particular, a total of 556 contigs were ordered and oriented into 22 LGs (equal to
the number of chromosomes), and their total length accounted for 96.5% of the entire
genome. The newly obtained physical map had a total length of ~525 Mb, with an average
size of LGs of 24 Mb. The average distance between adjacent SNPs was 0.029 Mb and the
average SNP density was 34.9 SNPs/Mb. The Pearson correlation between physical and
genetic map positions (see Figure 1 for an example) was very high (0.95). Information on
both maps is summarised in Table 1.

Table 1. Average genetic length (cM) across families and number of SNPs (nsnp) in the
consensus genetic map, and physical length (Mb), number of SNPs and number of scaffolds
(nsca) anchored to each linkage group (LG) for the physical map.

Genetic map Physical map
LG cM (SD) nsnp Mb nsnp nsca
01 161.1 (52.6) 671 26.9 1,030 31
02 207.7 (69.1) 761 31.9 1,131 44
03 126.0 (35.3) 506 21.4 783 21
04 161.9 (55.8) 610 29.5 902 31
05 115.2 (25.3) 443 24.8 705 19
06 152.9 (55.6) 587 25.2 850 25
07 115.8 (36.0) 412 24.5 697 18
08 186.2 (65.3) 640 30.9 1,061 35
09 166.5 (45.3) 593 25.8 928 20
10 159.1 (59.6) 650 25.1 919 25
11 142.5 (73.2) 494 27.4 801 30
12 144.8 (47.7) 536 25.2 794 20
13 128.0 (42.3) 472 20.3 722 18
14 123.6 (34.5) 514 21.5 775 20
15 145.1 (41.6) 593 24.1 884 32
16 158.2 (42.5) 531 23.8 807 30
17 109.1 (37.5) 467 15.9 678 14
19 121.1 (37.5) 492 21.8 754 22
20 127.5 (29.9) 456 22.8 775 23
21 117.0 (35.0) 501 21.4 760 21
22 128.0 (35.8) 408 14.9 576 12
23 94.9 (45.8) 508 19.9 793 20

Total 3,091.9 11,845 525.0 18,125 531



The average r2 between SNPs at close distances (< 5 kb) was 0.1. Figure 2A shows the
decline in within-family and population-wide r2 between syntenic SNP pairs with increasing
distance. The average within-family r2 was more than 6-fold higher than the average
population-wide r2. The estimate of Ne 30 generations ago was 221.4 (SE = 4.4) fish (Figure
2B). This value decayed to 46.7 (SE = 0.1) three generations ago. The average observed
homozygosity was 0.78 (and ranged from 0.66 to 0.86) and the average F was 0.09 (and
ranged from 0.00 to 0.40).

GWAS revealed 19 significant SNPs for resilience (FDR < 0.05). Thirteen of them
were located on LG19 and the remaining three were located on LG07, LG16 and LG23 (see
Figure 3A). Twelve of the SNPs on LG19 were part of the same linkage block, and had an
average effect of 4.66 (SD = 0.42) days. The region delimited by the 13 SNPs spanned 9.3
Mb, included 98 SNPs, and explained 33% of the total genetic variance for the trait. The
heritability estimated for this trait was 0.1 when using the genomic relationship matrix. No
significant associations were found for susceptibility, although the pattern of associations was
very similar to that obtained for resilience. For tolerance, one significant association was
detected in LG02.

Figure 1. Correlation between genetic and physical maps for LG01.

Figure 2. Average within-family and population-wide r2 estimates and the 5th and 95th
percentiles (dashed lines) represented against distance between SNP pairs (A) and per
generation estimates of Ne from corresponding r2 measures (B).



Figure 3. GWAS for resilience (A) and corresponding plot of LD for the 13 significant SNPs
identified in the 9.3 Mb candidate QTL region. Intensity of diamonds is proportional to r2

values, which are given in percentage (B).



Discussion

The development of turbot genomic tools using genotyping-by-sequencing has allowed us a
better integration of the genetic and physical maps available to date (Figueras et al., 2016),
and an improvement of the anchoring of the genome assembly (from 80 to 97%). The average
genetic map length across families was slightly larger but in line with that obtained by Wang
et al. (2015) (3,091.9 versus 2,622.1 cM) who used the same genotyping approach but in a
single large family. However, our maps included a larger number of markers, which resulted
in a higher marker resolution. In addition, the possibility to generate a consensus map
combining information from different families also allowed ordering the markers with higher
accuracy.

Although the average level of observed homozygosity was high in the population
analysed, the estimated autozygosity was low. Given that it is assumed that ROH are the
result of a single ancestral haplotype being inherited from both parents, the length of a ROH
is determined partly by the number of generations since the common ancestor (Kirin et al.,
2010). Here, F was obtained using long ROH and thus represents mainly recent inbreeding.
This suggests that inbreeding has been controlled, to some extent, in the selection
programmes from which the fish analysed came from.

The physical distance between SNP pairs required to estimate the most recent Ne was
~20 Mb, and given that the average LG length is 23.9 Mb, accurate estimates could not been
obtained. Ne declined across time to ~50 fish three generations ago, when two generations of
artificial selection had already been performed. However, these estimates may be, to some
extent, biased downward for two reasons. Firstly, the number of cohorts represented in the
sample (two) is lower than the generation interval (about four years) and thus Ne is expected
to be underestimated in populations with overlapping generations such as those of turbot
(Waples et al., 2014). Secondly, the fact that the fish analysed came from different gene pools
can lead to LD by admixture and depress Ne estimates (Waples & England, 2011).

Genomic information also allowed us to identify a candidate QTL region for resilience
to scuticulociliatosis that explained about one third of the total genetic variance, although
heritability was relatively low. Other candidate QTLs were detected in LG07, LG16 and
LG23, in agreement with a previous study on turbot challenged with the same parasite
(Rodríguez-Ramilo et al., 2013). Validation of the candidate region in other populations is
required, but it may be an appropriate target for marker-assisted selection, and for functional
studies designed to investigate the underlying causative gene. However, arguably a more
efficient approach for applying genomic tools in selection decisions would be genomic
selection using low-density genotyping. Indeed, our results showed that although LD was low
at the population level, within-family LD was high. This indicates the potential of applying
within-family genomic selection (Lillehammer et al., 2013; Toro et al., 2017) in this species,
enabling lower density genotyping and thus reduced genotyping costs.

In summary, this study entails an important advance in turbot genomics and its
applications to enhance selection programmes currently carried out in this species.
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