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Genetic breeding is one of the most powerful tool for fish production

Animal domestication and selective breeding was in parallel with the development of human societies

Artificial selection: man intervenes to produce desired traits in offspring

The most important examples due to the numbers of selected generations is cattle

Behaviour

Improved milk production

Increased muscle mass



RISK
Inbreeding: NEED FOR CONTROL OF PEDIGREE AND INBREEDING COEFFICIENTS 
Especially under BLUP (Best Linear Unbiased Prediction) selection models

What about fish?

Selective breeding in aquaculture
-Avoid dependence of wild stocks
-Disease control
-Better adaptation to farming models: cages, ponds, RAS

- Prediction of performance and uniformity in the final product

Characteristics of fish populations
- It fits to an animal model
- Advantage: A high number of offspring to evaluate: Selection intensity much higher.
-Meaurement of genotype-environment interaction:

-Several production models in intensive aquaculture:
-Lines specifically adapted to ponds, RAS, cages 
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breeders. For the quality of the breeding pro-
gramme per se this is not necessary. The multi-
plier stations could for example be provided 
with smolt from the same breeding population 
two subsequent years, either by use of 0+, 1+, 2 
or 2+ smolt produced from breeders four (alter-
natively three and five) years old. This strategy 
would require keeping only two parallel breed-
ing populations and could also involve the use 
of cryopreserved milt from the breeding nucle-
us populations. One breeding company in Nor-
way is implementing the use of cryopreserved 
milt into its breeding scheme, in combination 
with merging of the four breeding populations 
into one and reduction of the generation interval 
to three years.

The optimum number of breeding populations 
is a function of effective population size, risk 
and company strategy. If each population is pro-
duced based on a low number of breeders (i.e. 
few families), a larger breeding population can 
be obtained by keeping two or more parallel 
sub-populations and systematically exchanging 
genetic material between them to obtain in-
creased selection intensity and thus increased 
genetic gain at a predefined rate of inbreeding. 
Access to more than one breeding population 
would also facilitate larger product differentia-
tion for serving different market segments, and 
production of crossbred animals for on-grow-
ing, which would provide better protection of 
the genetic material against unauthorised repro-
duction. An alternative strategy could be a long-
term and strategic cooperation between breed-
ing companies with similar breeding objectives 
and markets.

Breeding goal
Efficient and sustainable genetic improvement 
work involves: balanced selection for traits that 
primarily reduce production cost (growth rate, 

feed conversion efficiency, survival); traits re-
lated to health and functionality (disease resis-
tance and reproduction); and traits related to 
product quality (pigmentation and fat deposi-
tion).

Table 1 lists the traits selected for by the main 
breeding companies in Norway. The choice of 
traits and their relative weights in the pro-
grammes reflect the judgment and strategic as-
sessment made by the individual company. In 
its strategic research programme “Future ani-
mal breeding goals” (1), AKVAFORSK is cur-
rently developing objective economic weights 
for key traits recorded in various phases of the 
production cycle.

Accurate information about heritabilities and 
genetic correlations among traits under selec-
tion is critical for correct ranking of breeding 
candidates. In Atlantic salmon as for most 
aquaculture species, few reliable estimates of 

Table 1. The traits presently selected for in the four 
breeding programmes for Atlantic salmon in 
Norway.

Trait Breeding programme

A B C D

Growth in freshwater X X X X

Body weight at slaughter X X X X

Early sexual maturity X X

Furunculosis X X

ISA X X

IPN X X X

Dressing percentage X X

Fillet yield X X

Fillet colour X X X X

Fillet fat X X

Deformity X X

Body shape X

G
ro

w
th

Examples of selection programmes in Atlantic salmon

Gjerde et al., 2007 
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HOW A GENETIC BREEDING PROGRAM IS STRUCTURED?

NUCLEOUS

MULTIPLIER

GROW-OUT

COMMERCIALIZATION

Nucleous
Genetic evaluation and data collection of economically important traits using BLUP (Best Linear Unbiased 
Prediction)

-High sanitary status and strict rules for biosecurity 
-Specific facilities for selection and multiplication (testing, and brooders)
- A high dependence on individual monitoring of fish and high management of data 

Multipliers (hatcheries)
Propagation of genetic improvement to the farms
Propagation of hybrids
Traits evaluation

Growth-out and commercialization
Data collection and evaluation of traits
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The main objective of research in selective 
breeding and genetics is to produce knowledge 
that can be used to develop more cost-effective 
and sustainable selective breeding programmes. 
In Norway, breeding programmes for Atlantic 
salmon provide farmers with genetic material 
that for each generation has a higher genetic po-
tential for efficient biological production. Since 
the mid-1970s this has contributed significantly 
to reduced production costs, giving Norwegian 
farmers a competitive advantage. For the last 
10–15 years selection has also been done for 
carcass quality and disease-resistant traits for 
increased product quality and improved animal 
health and welfare.

For several years, Norwegian breeding work 
targeted national production, but this has now 
changed. Applied genetic improvement work 
and trade of genetic material has become an 
international business, and currently more than 
ten competing companies and organisations are 
working with Atlantic salmon. Hence both sci-
entists and breeding companies are facing new 
challenges and increased competition, leading 
to more secrecy about the individual improve-
ment programmes. Paradoxically this trend 
appears at a time when demand is dramatically 
increasing for documentation of the various ma-
terials available. Due to stiff competition and 
possibly to “cultural” reasons as well, breeding 
companies are facing significant difficulties in 
securing operating margins which enable them 
to invest in further R&D for development of 
their breeding programmes.

Nucleus breeding design
A typical Atlantic salmon breeding programme 
consists of: full-sib and paternal half-sib family 
groups; a sea-unit location for rearing of the 
breeding candidates; a few sea-unit locations 
for performance testing of full- and half sibs of 

the breeding candidates for growth, age at sex-
ual maturity and carcass quality traits; a dedi-
cated facility for challenge testing of additional 
full- and half sibs for specific disease resis-
tance; and finally, a few multiplier stations for 
commercial production of eyed eggs for sale to 
smolt producers (Figure 1). Currently, full-sib 
families are reared separately until individuals 
are large enough to be tagged by physical 
methods (~10 gram).

The generation interval is generally four years, 
resulting in four parallel breeding populations. 
In the breeding nucleus, selection of parents for 
a new generation is mainly based on data re-
corded on full- and half sibs of the breeding 
candidates. Phenotypic records on the breeding 
candidates themselves are only obtained for 
growth and sexual maturity. Normally parents 
are not reused across generations, which neces-
sitates the use of cryopreserved milt. The gener-
ations are therefore discrete.

A breeding company will maximise the short-
term annual genetic gain in order to maintain or 
increase its market share. At the same time, 
however, the rate of inbreeding in the breeding 
nucleus must be kept at an acceptable level to 
attain a high annual genetic gain in the long 
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Figure 1. Outline of a typical breeding programme for 
Atlantic salmon (13).
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HOW SELECTION CAN BE DONE?

The main factor is heritability

VP = VG + VE

VG = Va + Vd + Ve

Narrow heritability = h2 = Va/Vp, i.e the fraction of phenotypic variation due to additive 
genetic effects, i.e. those which can be passed from parent to offspring

Heritability is the proportion of variance in a population that can be attributed to genotypic differences  

The genotype of an organism refers to its genes
The phenotype of an organism the way it appears

The phenotype for an organism is resulting from environment and genotype

h2 = VG/VP where VP = VG + VE



The phenotypes may be:
discrete: such as disease status (alive or dead)
Categorical: such as number of fin radius
Continuous: such as height or a biochemical measure. 

1.  Heritability is not a statement about individuals.  
2.  Heritability is only a statement about a single population.  Heritability estimates 
alone cannot measure genetic divergence between groups.
3 Very low heritability does not imply very little genetic contribution.  Many 
important genes, including drug targets, are not polymorphic
4. Heritability does not provide information about the genes involved in the trait

How is the h2 in 
aquaculture traits?



-Simplest method: Selection solely based on the individual's 
phenotype. 

-Used on traits measured in the candidate animal itself, i.e. 
weight gain

-It is does not require individual identification or the 
maintenance of pedigree records, hence, it may be considered 
the least costly method. 

-It its the cheapest and fastest way if h2 is high but prone to 
inbreeding due to lack of pedigree information.

-Best approach for growth rate and morphological traits 
selection

-Not possible in traits that requires slaughter (carcass and flesh 
quality traits) or mortality (selection for salinity tolerance or 
disease resistance)

1. Individual or mass selection 

1. Individual or mass selection 2. Family selec6on 3. Within-family selection 
How selection is made?

4. Combined selection 
The PROSPER method for selecting fish 655

Figure 3. Selection response (in percent of the control mean) for length and weight at
one year in brown trout, over four generations of PROSPER selection.

– the effect of line on K was significant (P < 0.05), with least squares means
of K (±S.E.) of 1.23 ± 0.01 for selected fish and 1.36 ± 0.01 for control fish.
The same model without log-weight as a covariate gave no significant effect of
line on K (P > 0.6), with least squares means of 1.28 ± 0.01 for selected fish
and 1.31 ± 0.01 for the control.

Variation over the life cycle of the correlated response on weight

The growth of the selected and control line as well as the selection response
are plotted in Figure 4. The selection response starts from 4% at 89 days, then
grows until 386 days, when it stabilises around 130%, before decreasing to
94% at 588 days.

4. DISCUSSION

This experiment yielded a large response to selection. As a reference, figures
obtained in other salmonid breeding programmes are usually lower: 13% and
14.4% per generation on weight in rainbow trout and salmon (respectively)
in Norway [16] using combined selection, 12.5% per generation on weight
of Atlantic salmon in Canada [29] with the same procedure, and 10.1% per
generation on coho salmon in Canada [19] with family selection.

However, since we did not experimentally compare it to any other method, it
cannot be stated that these good results are specific to the method rather than to

656 B. Chevassus et al.

Figure 4. Establishment of the selection response for weight in the first two years in
the 4th generation of selection offspring in brown trout. ! selected line, ⃝ control line,
" selection response (%).

the stock. Moreover, family and combined selection also often include inbreed-
ing control and selection on traits other than growth, limiting the potential gain
on this last trait, which was not the case in our experiment.

Since our response is estimated as a contrast between the offspring of a
random bred control and the offspring of the selected line, one possible reason
for the large response would be a negative trend on the genetic value of the
control, caused by inbreeding or random drift. This could be partly supported
by the values of the control at each generation (Tab. II), which may however
also be due to between years variation which may be very high in fish, due
to their sensitivity to the environment. The variations observed may also be
partly explained by the age at which the fish are measured, which varied among
experiments.

The two response experiments (generations 2 and 3) that use the synthetic
line as a tester tend to show higher relative responses than the experiments us-
ing pure selected and control lines. As noted before, heterosis may exist but
should be the same for both CON*SY and SEL*SY crosses, since CON and
SEL are derived from the same base population. However, this type of cross
should also give a higher relative value to an inbred line, compared with its
value as a pure line. It is well known that selection tends to increase inbreed-
ing, and that inbreeding depression on growth exists in fish [5, 30, 36]. If this
was the case here, this would tend to increase the contrast between SEL and

Chevassus et al. 2004



-Family groups are ranked according to the mean performance of each family and whole families are saved or 
discarded.

-This approach is useful when h2 is low. In this model, environmental deviations of the individuals tend to cancel each 
other out in the mean value of the family and hence, the phenotypic mean of the family comes close to the genotypic 
mean.

-This approach useful traits that cannot be currently measure on live individuals, like product quality traits or 
survival. 

-Family selection is also far more effective than individual selection for threshold traits such as age at sexual 
maturity, particularly at low frequencies or incidence of the trait. 

-High demand of facilities to keep the rate of inbreeding low and the intensity of selection high. The number of family 
groups bred and measured should not be smaller than 50-100.

-The family groups have to be kept separately until tagging and it is necessary to know the parentage of each 
individual and hence important to maintain good pedigree records. 

2. Family selection 

1. Individual or mass selection 2. Family selec6on 3. Within-family selection 
How selection is made?

4. Combined selection 



The selection is based on the deviation of each animal from the average of your family. This type of selection is 
the reverse of family selection

If the choice of animals of all families, then the method requires identification of the families. 

Under such circumstances selection between families would be misleading from a genetic viewpoint because of the 
confounding between genetic merit and common environmental effects

- This approach is useful when there is a large component of environmental variance common to members of a 
family. 

-Not all the additive genetic variance is available for selection, but only a fraction equal to the coefficient of 
relationship, but only a fraction equal to the coefficient of relationship among the family relatives in question will be 
available (0.50 and 0.25 for full-sibs and half-sibs, respectively). 

-The lower within-family heritability can be compensated by the high within-family selection intensity that can be 
applied without increasing the rate of inbreeding. 

3. Within-family selec2on 

1. Individual or mass selection 2. Family selection 3. Within-family selec2on 
How selection is made?

4. Combined selection 



-Combined selection is therefore in principle always the best method

-Selection is based on individual information as well as on information coming from relatives (BLUP)

-This approach  uses all of the additive genetic variance available for selection and the use of information from 
relatives increases the accuracy of the estimation of breeding values (EBV). 

-Relatives’ records can be used to estimate breeding values for traits that require slaughter or death (disease 
resistance, tolerance to some environmental component). 

-EBV estimated by Best Linear Unbiased Prediction (BLUP) that uses mixed model methodology for the 
estimation of individuals’ genetic merit. In the case of aquaculture, all systematic effects (batch, sex, production 
environment, age variation) associated with traits of interest can be accounted for in the model fitted to the data. 

-The costs to apply this methodology are higher due to the need to mark the evaluated animals with the cultivation 
of families in separate structures up to a minimum weight for identification. 

4. Combined selection 

1. Individual or mass selec6on 2. Family selection 3. Within-family selection 
How selection is made?

4. Combined selection 
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3.2 Brief Theoretical Background

Consider the following equation for a mixed linear model:

y = Xb + Za + e (3.1)

where:
y = n  × 1 vector of observations; n  = number of records
b = p  × 1 vector of fixed effects; p  = number of levels for fixed effects
a = q  × 1 vector of random animal effects; q  = number of levels for random effects
e = n  × 1 vector of random residual effects
X = design matrix of order n  × p , which relates records to fixed effects
Z = design matrix of order n  × q , which relates records to random animal effects

Both X and Z are termed incidence matrices.
It is assumed that the expectations (E) of the variables are:

E(y) = Xb; E(a) = E(e) = 0

and it is assumed that residual effects, which include random environmental and non-
additive genetic effects, are independently distributed with variance s 2

e; therefore, 
var(e) = Is 2

e = R; var(a) = As 2
a = G and cov(a, e) = cov(e, a) = 0, where A is the 

numerator relationship matrix.
Then:

var(y) = V = var(Za + e)
= Zvar(a)Z′ + var(e) + cov(Za, e) + cov(e, Za)
= ZGZ′ + R + Zcov(a, e) + cov(e, a)Z′

Since cov(a, e) = cov(e, a) = 0, then:

V = ZGZ′ + R (3.2)
cov(y, a) = cov(Za + e, a)

= cov(Za, a) + cov(e, a)
= Zcov(a, a)
= ZG

and:

cov(y, e) = cov(Za + e, e)
= cov(Za, e) + cov(e, e)
= Zcov(a, e) + cov(e, e)
= R

The general problem with respect to Eqn 3.1 is to predict a linear function of 
b and a, that is, k ′b + a (predictand), using a linear function of y, say L′y (predictor), 
given that k ′b is estimable. The predictor L′y is chosen such that it is unbiased (i.e. its 
expected value is equal to the expected value of the predictand) and PEV is minimized. 
This minimization leads to the BLUP of a (Henderson, 1973) as:

a ̂ = BLUP(a) = GZ′V−1(y – Xb̂) (3.3)

and:

L′y = k ′ b̂ + GZ′V−1(y − Xb̂)



How to use the genotype ?
-Genetic improvement in the commercial aquaculture sector relied on phenotypes and pedigree information
-Genome technologies have provide new tools for genetic breeding

Genome drafts are a source of insertions/deletions, single nucleotide polymorphisms (SNPs), copy number 
variations, and differentially methylated regions. However, this information is only useful when used to predict 
phenotypes that have a positive impact on production or product quality.

Table 2. In general, sequence assemblies of fish species
are of higher quality than those for shellfish species. This
is in part because the genomes of the shellfish species
are highly heterozygous and contain a high level of
repetitive elements. For instance, the oysters are among
the most polymorphic animals; SNP density was esti-
mated at 1.22 SNPs per 100 bp for the Pacific oyster [9]
and either 1.85 SNPs [12] or 4.2 SNPs per 100 bp [10] at
population levels for the eastern oyster. Moreover,
repetitive elements account for over 80% of the shrimp
genome (Xiang, personal communications).
For species under the NRSP-8 program, reference gen-

ome sequence assemblies for catfish, tilapia, Atlantic
salmon, and rainbow trout are of good quality. For
catfish, 50% of the genome sequence is included in only
31 of the largest scaffolds; 90, 95, and 98% of the genome
is included in 185, 314, and 594 scaffolds, respectively.
The catfish reference genome sequence was assessed to be
nearly complete as 99.7% of re-sequencing reads were
mapped to the reference genome sequence. In addition,
the number of complete genes included in the reference
genome sequence is larger than that of any of the
sequenced diploid fish species, including zebrafish [5].
The catfish reference genome sequence assembly was vali-
dated by genetic mapping. The positions of 253,744 genet-
ically mapped SNPs were fully concordant with those on
the reference genome sequence with four exceptions [13].
The vast majority of the reference genome sequence
(99.1%) has been anchored to chromosomes [13].
The reference genome assembly of Atlantic salmon is

also of high quality [6]. The genome was sequenced with
Sanger and Illumina technologies. It is complete as 2.97
Gb reference genome sequences were assembled, with
the unassembled sequences being just repetitive ele-
ments. The largest 9447 scaffolds accounted for 2.24 Gb
of the 2.97 Gb genome sequence. This is a remarkable
achievement considering the very complex nature of the
genome. The Atlantic salmon genome is largely tetra-
ploid due to a recent genome duplication. It also has a
high repeat content (58–60%); the dispersed Tc1 trans-
posons represented 12.89% of the genome [6]. Similarly,
the assembly of the rainbow trout genome is of good
quality [7]. Since the publication of the genome paper,
the reference genome sequence of rainbow trout has

Table 1 Some examples of whole genome sequencing of aquatic
and aquaculture species
Species References

Ictalurus punctatus
(Channel catfish)

Liu et al. 2016 [5]

Ictalurus furcatus
(Blue catfish)

Waldbieser and Liu,
unpublished data

Oncorhynchus mykiss
(Rainbow trout)

Berthelot et al. 2014 [7]

Salmo salar (Atlantic salmon) Lien et al. 2016 [6]

Oreochromis niloticus
(Nile tilapia)

Brawand et al. 2014 [8]

Crassostrea virginica
(Eastern oyster)

Gomez-Chiarri et al. 2015 [15]
& personal communication

Crassostrea gigas
(Pacific oyster)

Zhang et al. 2012 [9]

Penaeus/Litopenaeus vannamei
(Pacific white shrimp)

Xiang, 2016, personal
communication

Penaeus monodon
(Giant tiger prawn)

Warren, personal
communication

Atlantic Cod Star et al. 2011 [142]

Bluegill sunfish Wang, personal communication

California yellowtail Severin, Purcell, Hyde, personal
communication

Cavefish McGaugh et al. 2014 [143]

Coelacanth Amemiya et al. 2013 [144]

Common carp Xu et al. 2014b [145]

Indian catfish Das, personal communication

Japanse flounder Chen, Yellow Sea Fisheries Institute,
China, personal communication

Grass carp Wang et al. 2015 [146]

Lamprey Smith et al. 2013 [147]

Medaka Kasahara et al. 2007 [148]

Pacific abalone Severin, Purcell, Hyde, personal
communication

Pearl oyster Du, personal communication

Platyfish Schartl et al. 2013 [149]

Rohu carp Das, personal communication

Sea bass Tine et al. 2014 [150]

Scallops Bao, Ocean University of China,
personal communication

Sea cucumber Xiang, Chinese Academy of
Sciences, China, personal
communication

Shark Venkatesh et al. 2014 [151]

Sole Chen et al. 2014 [152]

Stickleback Jones et al. 2012 [153]

Striped bass Reading, 2016, personal
communication

Tetraodon Jaillon et al. 2004 [154]

Turbot Figueras et al. 2016 [155]

Table 1 Some examples of whole genome sequencing of aquatic
and aquaculture species (Continued)

White bass Reading, 2016, personal
communication

Yellow croaker Wu et al. 2014 [156]

Yellow perch Wang, personal communication

Zebrafish Howe et al. 2013 [157]

Bold data are the species initially included in the NRSP-8 Project (Alcivar-Warren
et al. 1997)

Abdelrahman et al. BMC Genomics  (2017) 18:191 Page 4 of 23
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been further improved. The contig N50 has increased
from 7.7 Kb to 13.9 Kb, and the scaffold N50 has in-
creased from 380 Kb to 1.72 Mb. More importantly, over
82% of the genome sequence has been mapped to chro-
mosomes (Palti, personal communication).
The published tilapia genome sequence [8] was already

of good quality, but the recent use of PacBio long
sequencing technology allowed a new high quality
assembly (Matthew Conte, personal communication).
The contig L50 length reached 3.09 Mb, and 50% of the
genome is included in the largest 93 contigs. Import-
antly, over 86.9% of the reference genome sequence is
anchored to chromosomes, enhancing the utility of the
reference genome sequence for genetic analyses. The
whole genome sequences of striped bass, white bass,
yellow perch, and bluegill sunfish are at the stage of
draft assemblies.
A published genome sequence exists for the Pacific

oyster, but the assembly is highly fragmented [9]. Efforts
are ongoing to improve the genome assembly and con-
tiguity, completeness, and accuracy are significantly
better now (Zhang, personal communication). Linkage
analyses were conducted to validate the genome se-
quence assembly [14]. The whole genome assembly of

eastern oysters is at the draft sequence stage. Several
strategies were employed to address challenges encoun-
tered in the assembly of the Pacific oyster genome. A
single, highly inbred individual, produced through mul-
tiple generations of inbreeding and one generation of
meiotic gynogenesis (Guo, personal communication) was
used as a template. PacBio sequencing was used to pro-
vide 50x genome coverage in addition to Illumina sequen-
cing ([15]; Gomez-Chiarri, personal communication).
Initial statistics suggest this assembly is of much higher
quality than that of the Pacific oyster. The draft assembly
(Table 2) is now being validated using high-density linkage
maps generated by the Guo laboratory.
The Pacific shrimp genome has been sequenced and

assembled, but is not yet published. As shown in Table 2,
the genome assembly is of high quality, with a contig
N50 of 57.1 kb. The whole genome is included in 6007
scaffolds. Importantly, 71.6% of the genome sequence is
anchored to chromosomes through linkage mapping
(Xiang, personal communications). Of all the aquacul-
ture genomes, the shrimp genome is perhaps the hardest
to deal with because of the difficulty in isolating high
molecular weight DNA due to enhanced DNase activity,
the large chromosome number, and high levels of

Table 2 Status of whole genome sequencing and assembly of major aquaculture species in the United States, listed in the order of
scaffold N50 sizes
Species Contig

N50 [141]
Scaffold
N50 (Mb)

Scaffolds % on
chromosome

Sequencing
platform

Total size
(Mb)

References

Catfish 77.2 7.73 9974 97.2 Illumina, PacBio 783 Liu et al. 2016 [5]

99.1 Zeng et al. 2017 [13]

Atlantic Salmon 57.6 2.97 843,055 75.4 Sanger, Illumina, PacBio 2970 Lien et al. 2016 [6]

Tilapia 29.3 2.80 - 70.9 Illumina, PacBio 928 Brawand et al. 2014 [8]

3090 - 86.9 1010 Conte et al. 2016, PC

Eastern oyster 1.59 2.50 849 In progress PacBio, Illumina 819 Wes Warren, PC

Rainbow trout 7.7 0.38 54.0 Illumina 1900 Brawand et al. 2014 [8]
Palti and Gao, PC

13.9 1.72 82.0 2178

Zebrafish 25.0 1.55 96.5 Sanger, Illumina 1410 Howe et al. 2013 [157]

California yellowtail 139.3 1.49 4439 - Illumina 685 Andrew Severin, PC

PacBio

Pacific white shrimp
(Litopenaeus vannamei)

57.1 0.66 6007 71.6 Illumina 1779 Jianhai Xiang, 2016, PC

PacBio

Pacific oyster 19.4 0.4 11,969 - Illumina 559 Zhang et al. 2012b [9]

Striped bass 20.9 0.03 35,010 - Illumina 585 Benjamin Reading,
2016, PC

PacBio

White bass
(male/female)

In process In process 56,818/57,533 - Illumina 644/643 Benjamin Reading,
2016, PC

Pacific abalone In process In process - - Illumina 2000 Severin, Purcell, Hyde,
PC

Yellow perch
(male/female)

In process In process - - Illumina 1380/1240 Haping Wang, PC

Zebrafish is included as a reference. PC: personal communications
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conserved with Tetraodon sequences do not overlap any ‘known’
features (genes or pseudogenes) in the human genome. Using these
as anchors for local gene identification using the GAZE program, we
identified 904 novel human gene predictions. Of these, 63% are also
supported by expressed sequence tag (EST) data (from human or
other species) and 50% contain predicted InterPro protein domains
(Supplementary Table SI9). Themost convincing evidence support-
ing these gene predictions is that they are strongly enriched on
chromosomes that have not yet been annotated by human experts
(Supplementary Table SI10). The novel gene predictions have
relatively small size (average coding sequence (CDS) of 469 bp),
which may have caused them to be eliminated by systematic
annotation procedures. They provide a rich resource to help
complete the human gene catalogue.

Tetraodon gene evolution

We measured rates of sequence divergence between fish and
mammals to estimate the relative speed with which functional
and non-functional sequences evolve in these lineages. We used
fourfold degenerate (4D) site substitutions in orthologous proteins
as a proxy for neutral nucleotide mutations, an approach that has
been shown to be robust across entire genomes2. To optimize
further the selection of sites used for comparison, we only con-
sidered the 5,802 proteins that are identified as orthologues in all
pairwise comparisons between human, mouse, Tetraodon and
Takifugu. The average neutral nucleotide substitution rate, inferred
using the REV model22,23, shows that the divergence between
Tetraodon and Takifugu is about twice as fast per year as between
human and mouse (Table 5), or between mouse and rat3.
Wewere interested to see whether this highermutation rate is also

seen in protein sequences. Pairwise comparison of all possible
combinations of the 5,802 four-way orthologous proteins clearly
indicates that proteins between the two puffer fish are more
divergent than between the two mammals, despite the shorter
evolutionary time that has elapsed (Fig. 3). This is confirmed by

the fact that the average frequency of non-synonymous mutations
(leading to an amino acid change, Ka) between C. intestinalis and
human proteins is lower than between Ciona and Tetraodon (see
Methods).

Independent of the overall rate of change, the ratio of non-
synonymous to synonymous changes (Ka/K s ratio) is much higher
between the two puffer fish than between human and mouse
(Supplementary Table SI11 and Supplementary Information),
suggesting that protein evolution is proceeding more rapidly
along the puffer fish lineage. The reasons for this faster tempo of
protein change are unknown, although it is likely to be positively
correlated with the higher rate of neutral mutation.

Genome evolution
Genome-wide sequence provides a rare opportunity to address key
evolutionary questions in a global fashion, circumventing biases
due to small sequence and gene samples. In this respect, the
combination of long-range linkage in the Tetraodon sequence and
its evolutionary divergence from themammalian lineage at 450Myr
ago makes it possible to explore overall genome evolution in the
vertebrate clade.

Evidence for whole-genome duplication

The occurrence of WGD in the ray-finned fish lineage is a hotly
debated question due both to the cataclysmic nature of such an event
and to the difficulty in establishing that it actually occurred24–26.

Figure 3 Distribution of the per cent identity between pairs of orthologous protein sets.
Comparisons were performed with 2,289 proteins that are orthologous between the

chordate C. intestinalis and all four vertebrates—Tetraodon, Takifugu, human and mouse

(asterisks)—and with 5,802 proteins orthologous between all four vertebrates only,

between fish and mammals (triangles) or between the two fish (circles), and between the

two mammals (squares). As expected, all vertebrates show the same distribution profile

compared to Ciona and both fish show the same distribution profile compared to

mammals. Surprisingly, the distribution profile of the comparison between the two fish

and between the two mammals is also very similar, despite the much shorter evolutionary

time since the tetraodontiform radiation.

Figure 4 Genome duplication. a, Distribution of K s values of duplicated genes in

Tetraodon (left) and Takifugu (right) genomes. Duplicated genes broadly belong to two

categories, depending on their K s value being below or higher than 0.35 substitutions per

site since the divergence between the two puffer fish (arrows). b, Global distribution of
ancient duplicated genes (K s . 0.35) in the Tetraodon genome. The 21 Tetraodon

chromosomes are represented in a circle in numerical order and each line joins duplicated

genes at their respective position on a given pair of chromosomes.
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The presence of supernumerary HOX clusters in zebrafish7,
Tetraodon (Fig. S8) and many other percomorphs29 but not in the
bichir Polypterus senegalus30 indicates that the event has affected
most teleosts but not all actinopterygians. This timing early in the
teleost lineage is in agreement with recent evolutionary analyses in
Takifugu that estimated the divergence time for most duplicated
gene pairs at ,320–350Myr ago31,32.
The analyses above also shed light on the rate of intra- and

interchromosomal exchange. The synteny analysis shows extensive
syntenic segments in which gene content has been well preserved

but gene order has been extensively scrambled (striking examples
include conserved synteny of Tni20 with human chromosome 4q
(Hsa4q) and Tni1 with HsaXq); this is consistent with observations
in zebrafish33. The duplication analysis within Tetraodon also shows
that the chromosomal correspondence of duplicated gene pairs has
been extensively preserved, whereas local gene order has been
largely scrambled. Both analyses thus indicate that a relatively
high degree of intrachromosomal rearrangement and a relatively
low degree of interchromosomal exchange have taken place in the
Tetraodon lineage.

Figure 10 Proposed model for the distribution of ancestral chromosome segments in the
human and the Tetraodon genomes. The composition of Tetraodon chromosomes is

based on their duplication pattern (Fig. 9), whereas the composition of human

chromosomes is based on the distribution of orthologues of Tetraodon genes (Fig. 6). A

vertical line in Tetraodon chromosomes denotes regions where sequence has not yet been

assigned. With 90 blocks in human compared with 44 in Tetraodon, the complexity of the

mosaic of ancestral segments in human chromosomes underlines the higher frequency of

rearrangements to which they were submitted during the same evolutionary period.

Figure 9 Model for the reconstruction of an ancestral bony vertebrate karyotype
comprising 12 chromosomes, based on the pairing information provided by duplicated

Tetraodon chromosomes showing interleaved patterns on human chromosomes. The ten

major rearrangements (two ancient fusions, three recent fusions, one ancient and one

recent fission, and three ancient translocations) are deduced by fitting the distribution of

orthologues to the four simple theoretical models of chromosome evolution. The order

between events is arbitrary although the approximate timeline differentiates between

ancient and recent events respectively before and after the dashed line. Arrowheads point

to the direction of three ancient translocations.
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ancestral chromosome, both Sarcopterygii and Actinopterygii
have gained lineage-specific insertions (blocks 4M and 4F)
between blocks 1 and 2 (Fig. 3), which appear to have driven
claudin expansion both in mammals and teleosts. After the TGD,
the teleost-specific duplicate, block 4F on LG14, was translocated
between blocks 2 and 3. The LG13 duplicate, block 4F, was
eliminated, while block 3 was translocated to a distant part of the
chromosome, blocks 1 and 2 being maintained together.

The sea bass and zebrafish genomes contain 18 members
of the aquaporin family (Supplementary Fig. 4), representing the
largest repertoire of functional aquaporins in vertebrates20. Both
sea bass and zebrafish share duplications of AQP0a-b, AQP1a-b,
AQP10a-b and the putative loss of one of the two AQP4, AQP7

and AQP12 paralogs. However, the AQP5/1 and one of the AQP9
paralogs present in D. rerio are not found in the sea bass.
Conversely, sea bass is the only teleost that retains four AQP8
copies as a result of TGD28.

Teleost genomes contain a large diversity of AVT receptors21,
with up to six in G. aculeatus, O. niloticus and O. latipes
and seven in the sea bass. The latter included duplicated V1A and
expansion of V2 from four to five copies, including a novel
V2B-like receptor (Supplementary Fig. 5).

While the majority of teleosts have maintained single copies of
PRL and PRL-like genes, sea bass and Takifugu rubripes29

retained two PRL-like genes and Oryzias latipes retained two
PRL genes (Supplementary Fig. 6). The PRL receptor gene (PRLR)
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Figure 1 | Collinear blocks showing the overall degree of synteny between the European sea bass (D. labrax) genome and seven other publicly
available teleost genomes represented outside the sea bass chromosomal ring. From the inner to the outer layer: G. aculeatus, O. latipes, T. nigroviridis,
D. rerio, O. niloticus, T. rubripes and G. morhua. Sea bass chromosomes (LGn) show conserved synteny with the assemblies of G. aculeatus, O. latipes,
T. nigroviridis and D. rerio, while O. niloticus, T. rubripes and G. morhua are still scattered into many ungrouped scaffolds as reflected by tracks of different
colours along the chromosomes. The colour code is species-specific. Blocks of collinearity between sea bass chromosomes are represented by grey
inner links. Red inner links represent blocks of collinearity containing claudin genes.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6770 ARTICLE

NATURE COMMUNICATIONS | 5:5770 | DOI: 10.1038/ncomms6770 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.

Synteny is highly conserved

G. aculeatus
O. latipes
T. nigroviridis
D. rerio, 

O. niloticus
T. rubripes
G. morhua

D. labrax

Tine et al., 2014



-QTL: Iden(fy por(ons of the genome that have a large influence on the traits.
QTL strictly applies to genes of any effect, in prac(ce it refers only to major genes, as only these 
will be large enough to be detected and mapped on the genome

Marker assisted selec(on (MAS) refers to the use of QTLs that are (ghtly-linked to target loci as a subs(tute 
for or to assist phenotypic screening
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Genomic variations. 

Genotype–phenotype relationships can be mapped to identify the genomic regions controlling phenotypic 
traits to locate the causal genes or nucleotide mutations controlling a specific trait

The general principle of these mapping methods is that they try to account for phenotypic trait varia(on by 
measuring its correla-on with markers that segregate in a Mendelian way PREDICTION!
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approximately 800 microsatellite markers has
been constructed and more markers are cur-
rently being added to the map.

We tried to identify the LD-resistance
locus (LD-R) by linkage analysis because it
may facilitate the establishment of LD-resis-
tance strains by MAS. We used 50 microsatel-
lite markers to search for a locus associated
with resistance to LD in Japanese flounder.
Linkage analysis of LD resistance was con-
ducted in a backcross progeny (n = 136) pro-
duced by crossing a susceptible male with a
(susceptible x resistant) hybrid female. Fish
were reared with UV-treated water (4 x 10,000
µW/cm2, UV125, Hanovia) until the infectivity
trials because ordinary rearing water is conta-

minated with LDV. The UV treatment com-
pletely protected the fish against LD. The LD-
resistance test (phenotypic measurements)
was carried out from February to May, 2001,
during which time the backcross progeny
were exposed to LDV-contaminated water.
Fish were kept in a 5-ton tank with running
water. Water temperature was 14-20°C during
the experiment. The phenotypes were scored
as either LD+ (fish that developed lymphocys-
tis cells on skin, fins, and/or mouth) or LD-
(fish without lymphocystis cells on skin, fins,
or mouth). The backcross family was scored
in May 2001.

One major locus (Poli9-8TUF) for LD
resistance was detected on linkage group 15
of the Japanese flounder genetic linkage map
(Fuji et al., 2006). When 136 fish were tested,
the resistant allele (showing a 147 bp band for
Poli9-8TUF) was inherited by 88.5% (54/61)
of the healthy LD- progeny and by 17.3%
(13/75) of the LD+ progeny (Fig. 2.). This
locus explained 50% of the total phenotypic
variation in the 136 screened individuals. Our
results imply that LD resistance is inherited as
a dominant trait that follows Mendelian inheri-
tance. In the F1 experiment, the number of
LD+ and LD- fish were 51.1% and 48.9%,
respectively. The mechanism underlying
resistance is often explained by the presence
or absence of certain molecules in the host
that are critical for infection, recognition, or
elimination of the pathogen.

BARD Workshop: Aquaculture Genetics – Status and Prospects

Fig. 2. Autoradiograph of one marker (Poli9-8TUF) associated with lymphocystis disease (LD) resistance
on LG15. The upper band (147 bp) from B (a resistant strain) was confirmed to be responsible for LD resis-
tance.

Fig. 1. Japanese flounder affected by lympho-
cystis disease, with tumor-like nodules of accumu-
lated lymphocystis cells.

functional genes contributing to the quantitative trait
(Collins, 1992). Marker-assisted selection (MAS) and/or
marker-assisted gene introgression (MAI) using DNA
markers can improve breeding programs for domestic
animals and food crops. A number of studies have
contributed to breeding programs by identifying loci
influencing quantitative traits in domesticated animals
(e.g., pig and cattle) and food crops (e.g., wheat and
rice) (Andersson et al., 1994; Georges et al., 1995;
Elouafi et al., 2001; Kwon et al., 2001).

To identify individual loci controlling traits of
economic significance to fisheries, it is presently
necessary to construct a genetic linkage map based on
molecular markers at a large number of sites in the
genome. The first microsatellite linkage map of rainbow
trout was constructed by Sakamoto et al. (2000) and a
more detailed map was produced by Nichols et al.
(2003a). It is the most comprehensive map for
aquaculture species, consisting of a total of 1359
markers, mainly of AFLP and microsatellites markers
with some variable number of tandem repeats (VNTR)
and structure genes. Atlantic salmon map has been made
recently available (Moen et al., 2004a; Gilbey et al.,
2004). High quality microsatellite linkage maps of
channel catfish, tilapia and Japanese flounder are also
constructed (Kocher et al., 1998; McConnell et al.,
2000; Waldbieser et al., 2001; Liu et al., 2003; Coimbra
et al., 2003; Lee et al., 2005). The linkage maps of
shrimps are characteristically created with AFLP
markers as high frequency and extended length of
simple sequence repeats make the isolation of micro-
satellite markers difficult in this species (Moore et al.,
1999; Wilson et al., 2002; Li et al., 2003). The map of
common carp has been constructed with microsatellites
and random amplification of polymorphic DNA
(RAPD) markers by Sun and Liang (2004). One
publication shows two types of genetic linkage maps,
one male and one female, for two species of yellowtail
constructed using F1 population of an intercross
between Seriola quinqueradiata and S. lalandi (Ohara
et al., 2005). This approach shows interesting results
with a wide variation of DNA polymorphisms.

These linkage maps have facilitated the analysis of
quantitative trait locus (QTL) that control complex
traits such as disease resistance, growth, fecundity, etc.
In rainbow trout, quantitative trait regions associated
with resistance to two viral diseases, infectious
pancreatic necrosis (IPN) and infectious hematopoietic
necrosis (IHN), and one parasitic disease, myxosporea,
were mapped (Ozaki et al., 2001; Nichols et al.,
2003b; Khoo et al., 2004). In addition, regions related
to upper temperature tolerance, spawning time, early

development of embryos as well as dominant albino
were reported (Jackson et al., 1998; Danzmann et al.,
1999; Sakamoto et al., 1999; Fishback et al., 2000;
Perry et al., 2001; Robison et al., 2001; Nakamura et
al., 2001; Somorjai et al., 2003). QTL for upper
temperature tolerance in Arctic char, lower tempera-
ture tolerance in tilapia and cold tolerance in common
carp were also mapped (Somorjai et al., 2003; Cnaani
et al., 2003; Moen et al., 2004b; Sun and Liang,
2004).

Japanese flounder is an economically important fish
as a food and recently culture of Japanese flounder has
become popular in Asian countries such as Japan,
Korea and China. However, in these countries, the
Japanese flounder aquaculture industry has many
problems such as disease (Muroga and Egusa, 1996)
and color abnormalities (Venizelos and Benetti, 1999).
In this study, we investigated lymphocystis disease
(LD) because this disease is widely distributed over
many countries and causes serious damage to fish
farms. LD is a viral infection due to lymphocystis
disease virus (LDV) belonging to the Iridovirus
family. It has spread worldwide, and has been
identified in at least 96 species of teleosts belonging
to 32 families and 6 orders (Nigrelli and Ruggieri,
1965; Lawler et al., 1977). Japanese flounder affected
with LD develop characteristically hypertrophied cells
called lymphocystis cells, on skin, fins and/or mouth.
Affected fish lose commercial value due to tumor-like
nodules that have accumulated lymphocystis cells.
Lymphocystis cells on the mouth interfere with
feeding, and sometimes lead to starvation. The disease
is thus costly to farmers. There are presently no
medicines for LD or commercially available vaccines.
The purpose of this study was to identify LD-resistant
locus that could aid in marker-assisted breeding of
LD-resistant Japanese flounder.

Fig. 1. Affected fish showing tumor-like nodules that have
accumulated lymphocystis cells.
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electrophoresis, gels were dried on a standard gel drier
for 80 min and exposed to photo-imaging plates
overnight. The imaging plates were scanned with a
Bio-image Analyzer (BAS1000, Fuji Photo Films,
Japan).

2.4. Genetic linkage analysis

First, we analyzed 42 individuals from the KP-BAA
progeny (21 fish of LD(+)/21 fish of LD(−)) using 50
microsatellite markers. Those markers were selected
from each linkage group of the genetic linkage map of
Japanese flounder (Coimbra et al., 2003). The linkage
map distances between the genotypes of KP-BAA
progeny at each marker locus and phenotypic values for
LD(+) and LD(−) were calculated using Map Manager
QT (Manly and Olson, 1999). In the second step, the

suggestive markers (Pb0.001) detected in the first step
were typed in the KP-BAA population (n=136; 75 fish
of LD(+) and 61 fish of LD(−)).

3. Results

3.1. Phenotypic variation of LD resistance in Japanese
flounder

In May 1999 and in May 2001, we confirmed that
LD was present not only in the tanks holding the F1
and Backcross progeny but also other tanks (data not
shown). In the KP-BA F1 hybrid family, 24 fish
(51.1%) were LD(+) and 23 fish (48.9%) were LD(−).
In the KP-BAA backcross family, 75 fish (55.2%)
were LD(+) and 61 fish (44.9%) were LD(−). The
phenotypic variance in both F1 and Backcross was
approximately 1:1.

3.2. Genetic linkage locus for LD resistance

Initially, 42 individuals of the KP-BAA family were
analyzed at 44 loci spaced throughout the Japanese
flounder genomes. The results are shown in Table 1.
Among 50 microsatellite markers used, six markers
were non-polymorphic regarding the maternal (KP-B)
specific bands. As a result, one highly significant locus
associated with LD resistance was detected (Fig. 2). The
locus peak, designated as the lymphocystis disease
resistant locus (LD-R), was located close to the markers
Poli.9-8TUF, Poli.9-35TUF, and Poli.121TUF on LG
15. This QTL explained 31% of the total phenotypic
variation in the 42 individuals screened (Table 1).

The linkage-group location of these loci was
confirmed by screening 136 individuals from the KP-
BAA family. The locus peak, designated LD-R, was
identified by significant LOD scores for three markers:
Poli.9-8TUF, Poli.9-35TUF and Poli.121TUF (Table 2).
The distance between Poli.9-8TUF and the LD-R locus
was 14.7 cM as estimated from the KP-BAA backcross

LD-resistant LocusLD-resistant Locus

14.7 cM

0.73 cM

2.94 cM

Poli.9-8TUF

Poli.15-35TUF

Poli.121TUF

Fig. 3. Linkage map on LG15 in the KP-BAA backcross progeny.

Table 3
Phenotypes and genotypes of the KP-BAA progeny at putative locus for LD

Number of progeny Marker locus (LG15) Phenotypes/genotypes

LD−, 147 bp-inherited:147 bp
not inherited

LD+, 147 bp-inherited:147 bp
not inherited

42 (20 LD+/22 LD−) Poli.9-8TUF 19:3 6:14
Poli.15-35TUF 19:3 6:14
Poli.121TUF 19:3 6:14

136 (75 LD+/61 LD−) Poli.9-8TUF 54:7 13:62
Poli.15-35TUF 53:8 13:62
Poli.121TUF 52:9 16:59
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Se ha identificado un locus principal de Resistencia que explica
per  sé el 50% de la variación fenotípica

Tres marcadores LG15.

Fuji et al., 2006

Gen putativoTLR2
Hwang et al., 2011
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Figure 1 | Step-by-step illustration of five 
RADseq library preparation protocols. All 
protocols begin by digesting high- molecular-
weight genomic DNA with one or more 
restriction enzymes. For most protocols, the 
sequencing adaptors (oligonucleotides) are 
added in two stages, with one set of 
oligonucleotides added during a ligation step 
early in the protocol, and a second set of 
oligonucleotides incorporated during a final 
PCR step. The second set of oligonucleotides 
extends the length of the total fragment to 
produce the entire Illumina adaptor 
sequences. By contrast, the original RADseq 
adds adaptors in three stages. For Illumina 
sequencing, the adaptors on either end of 
each DNA fragment must differ, and therefore 
some protocols (for example, original RADseq, 
double digest RAD (ddRAD) and ezRAD) use 
Y-adaptors that are structured to ensure that 
only fragments with different adaptors at 
either end are PCR-amplified (illustrated here 
as Y-shaped adaptors). Other protocols (for 
example, genotyping by sequencing (GBS)) 
simply rely on the fact that fragments without 
the correct adaptors will not be sequenced.  
To generate fragments of an ideal length  
for sequencing, most methods use 
common-cutter enzymes (for example, 4–6 bp 
cutters) to generate a wide range of fragment 
sizes, followed by a direct size selection 
(gel-cutting or magnetic beads, for example, 
ezRAD and ddRAD) or an indirect size 
selection (as a consequence of PCR 
amplification or sequencing efficiency, for 
example, GBS).
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oligonucleotides incorporated during a final 
PCR step. The second set of oligonucleotides 
extends the length of the total fragment to 
produce the entire Illumina adaptor 
sequences. By contrast, the original RADseq 
adds adaptors in three stages. For Illumina 
sequencing, the adaptors on either end of 
each DNA fragment must differ, and therefore 
some protocols (for example, original RADseq, 
double digest RAD (ddRAD) and ezRAD) use 
Y-adaptors that are structured to ensure that 
only fragments with different adaptors at 
either end are PCR-amplified (illustrated here 
as Y-shaped adaptors). Other protocols (for 
example, genotyping by sequencing (GBS)) 
simply rely on the fact that fragments without 
the correct adaptors will not be sequenced.  
To generate fragments of an ideal length  
for sequencing, most methods use 
common-cutter enzymes (for example, 4–6 bp 
cutters) to generate a wide range of fragment 
sizes, followed by a direct size selection 
(gel-cutting or magnetic beads, for example, 
ezRAD and ddRAD) or an indirect size 
selection (as a consequence of PCR 
amplification or sequencing efficiency, for 
example, GBS).
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and an increase in false positives and false negatives in 
FST outlier tests35,36. However, there is evidence that the 
impact of these biases may be limited unless effective 
population sizes are large (Ne>105)35. FST biases can be 
largely compensated by removing the loci with null alleles 
from the data set. In theory, loci with null alleles should 
be identifiable by the high variance in depth of coverage 
across individual samples, as some individuals will lack 
one or both copies at the locus. However, many other fac-
tors also cause variance in depth of coverage (see below), 
so this is not always a reliable indicator of null alleles. 
Nevertheless, loci with a high prevalence of null alleles 
will be removed by many standard filtering practices that 
retain only loci that are successfully genotyped across a 
minimum percentage of individual samples. Although 
the removal of loci with null alleles should mostly com-
pensate for biased FST estimates, it may do little to com-
pensate for biased diversity estimates. Loci with null 
alleles are expected to occur more frequently in genomic 
regions with higher mutation rates and/or levels of 
standing genetic diversity, and thus the absence of these 
loci from the data set will tend to lead to the  systematic 
underestimation of overall genomic diversity36.

PCR duplicates and genotyping errors. Most next- 
generation sequencing library preparation protocols 
have a PCR step during which clonal DNA fragments 
(known as PCR duplicates) are generated from the 
original genomic DNA fragments (known as the parent 
fragments)37,38. During PCR, stochastic processes can 
cause one allele to amplify more than the other allele 
at a given locus in an individual sample. This potential 
skew can lead to downstream genotyping errors because 
hetero zygotes can appear as homozygotes (FIG. 2a), or 
alleles that contain PCR errors can appear as true alleles 
(FIG. 2b). Studies report that PCR duplicates can occur 
at high frequencies in RADseq data (for example, in 
20–60% of reads18,37,38). In theory, PCR should not sys-
tematically favour one allele over another at a given 
locus, and therefore parameters estimated from a large 
number of loci are unlikely to be substantially biased. 
However, analyses that require high genotyping accu-
racy at individual loci, such as outlier tests or parentage 
assignments, could produce  erroneous results if PCR 
duplicates are present.

For sequence data generated using most next- 
generation sequencing protocols, PCR duplicates can 
be identified and removed bioinformatically to improve 
genotyping accuracy. This is possible in protocols with a 
mechanical or random enzymatic fragmentation step, as 
PCR duplicates can be identified as fragments that start 
and end at identical positions in the genome. Because of 
the mechanical shearing step, this method can also be 
used to identify PCR duplicates in sequence data gen-
erated using original RADseq with paired-end sequen-
cing (FIG. 2b). In some circumstances (when the distance 
between forward and reverse reads is very short or local 
coverage is very high), this filter will remove fragments 
that are not duplicates but that, by chance, have the 
same start and end points. However, this should occur 
only rarely and should be conservative with respect to 

Figure 2 | Sources of error and bias in RADseq data. a | l o ll l o o o
a restriction site-associated DNA sequencing (RADseq) protocol that uses size selection 
to reduce the number of loci to be sequenced. Grey lines represent chromosomes within 
one individual, red squares represent restriction cut sites, coloured squares represent 
heterozygous SNPs, and square brackets represent genomic regions that are sequenced. 
Mutation in cut site B for haplotype 1 makes the post-digestion fragment containing  
the SNP too long to be retained during size selection for haplotype 1, eliminating the 
possibility of sequencing of any loci on that fragment, and causing the individual to 
appear homozygous at the heterozygous SNP. b | l o g o
PCR for one heterozygous locus for different RADseq protocols, and the reads retained 
after bioinformatic analyses. PCR duplicates are shown with the same symbol (circle, 
square, asterisk or triangle) as the parent fragment from the original template DNA.  
By chance, some alleles will amplify more than others during PCR. For all protocols, PCR 
duplicates will be identical in sequence composition and length to the original template 
molecule. For the original RADseq, this feature (that is, identical length) can be used to 
identify and remove PCR duplicates bioinformatically, because original template 
molecules for a given locus will not be identical in length. For alternative RADseq 
methods, this feature cannot be used to identify PCR duplicates, because all original 
template molecules for a given locus are identical in length. High frequencies of PCR 
duplicates can cause heterozygotes to appear as homozygotes or can cause PCR errors  
to appear as true diversity. Part b is adapted with permission from REF. 37, Wiley.
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and an increase in false positives and false negatives in 
FST outlier tests35,36. However, there is evidence that the 
impact of these biases may be limited unless effective 
population sizes are large (Ne>105)35. FST biases can be 
largely compensated by removing the loci with null alleles 
from the data set. In theory, loci with null alleles should 
be identifiable by the high variance in depth of coverage 
across individual samples, as some individuals will lack 
one or both copies at the locus. However, many other fac-
tors also cause variance in depth of coverage (see below), 
so this is not always a reliable indicator of null alleles. 
Nevertheless, loci with a high prevalence of null alleles 
will be removed by many standard filtering practices that 
retain only loci that are successfully genotyped across a 
minimum percentage of individual samples. Although 
the removal of loci with null alleles should mostly com-
pensate for biased FST estimates, it may do little to com-
pensate for biased diversity estimates. Loci with null 
alleles are expected to occur more frequently in genomic 
regions with higher mutation rates and/or levels of 
standing genetic diversity, and thus the absence of these 
loci from the data set will tend to lead to the  systematic 
underestimation of overall genomic diversity36.

PCR duplicates and genotyping errors. Most next- 
generation sequencing library preparation protocols 
have a PCR step during which clonal DNA fragments 
(known as PCR duplicates) are generated from the 
original genomic DNA fragments (known as the parent 
fragments)37,38. During PCR, stochastic processes can 
cause one allele to amplify more than the other allele 
at a given locus in an individual sample. This potential 
skew can lead to downstream genotyping errors because 
hetero zygotes can appear as homozygotes (FIG. 2a), or 
alleles that contain PCR errors can appear as true alleles 
(FIG. 2b). Studies report that PCR duplicates can occur 
at high frequencies in RADseq data (for example, in 
20–60% of reads18,37,38). In theory, PCR should not sys-
tematically favour one allele over another at a given 
locus, and therefore parameters estimated from a large 
number of loci are unlikely to be substantially biased. 
However, analyses that require high genotyping accu-
racy at individual loci, such as outlier tests or parentage 
assignments, could produce  erroneous results if PCR 
duplicates are present.

For sequence data generated using most next- 
generation sequencing protocols, PCR duplicates can 
be identified and removed bioinformatically to improve 
genotyping accuracy. This is possible in protocols with a 
mechanical or random enzymatic fragmentation step, as 
PCR duplicates can be identified as fragments that start 
and end at identical positions in the genome. Because of 
the mechanical shearing step, this method can also be 
used to identify PCR duplicates in sequence data gen-
erated using original RADseq with paired-end sequen-
cing (FIG. 2b). In some circumstances (when the distance 
between forward and reverse reads is very short or local 
coverage is very high), this filter will remove fragments 
that are not duplicates but that, by chance, have the 
same start and end points. However, this should occur 
only rarely and should be conservative with respect to 

Figure 2 | Sources of error and bias in RADseq data. a | l o ll l o o o
a restriction site-associated DNA sequencing (RADseq) protocol that uses size selection 
to reduce the number of loci to be sequenced. Grey lines represent chromosomes within 
one individual, red squares represent restriction cut sites, coloured squares represent 
heterozygous SNPs, and square brackets represent genomic regions that are sequenced. 
Mutation in cut site B for haplotype 1 makes the post-digestion fragment containing  
the SNP too long to be retained during size selection for haplotype 1, eliminating the 
possibility of sequencing of any loci on that fragment, and causing the individual to 
appear homozygous at the heterozygous SNP. b | l o g o
PCR for one heterozygous locus for different RADseq protocols, and the reads retained 
after bioinformatic analyses. PCR duplicates are shown with the same symbol (circle, 
square, asterisk or triangle) as the parent fragment from the original template DNA.  
By chance, some alleles will amplify more than others during PCR. For all protocols, PCR 
duplicates will be identical in sequence composition and length to the original template 
molecule. For the original RADseq, this feature (that is, identical length) can be used to 
identify and remove PCR duplicates bioinformatically, because original template 
molecules for a given locus will not be identical in length. For alternative RADseq 
methods, this feature cannot be used to identify PCR duplicates, because all original 
template molecules for a given locus are identical in length. High frequencies of PCR 
duplicates can cause heterozygotes to appear as homozygotes or can cause PCR errors  
to appear as true diversity. Part b is adapted with permission from REF. 37, Wiley.
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Genetic merit of animals can be accurately estimated, without using information about their phenotype or that of close relatives, but using 
only genotypes on dense markers covering all the chromosomes

Selection decisions are made on genomic breeding values (GBVs) predicted from high-density markers, typically single-nucleotide 
polymorphisms (SNPs). 
Most QTLs will be in high linkage disequilibrium (LD) with at least one marker and hence estimates of marker effects, when combined 
across the genome, will provide accurate predictions of genetic merit for a trait. 

genomic selection (GS) or whole genome selection
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❦
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Figure 21.1 Overview of GS (adapted from Goddard & Hayes, 2009). (See color plate section for the
color representation of this figure.)

trait loci will be in high linkage disequilibrium (LD) with at least one marker. Estimates
of marker effects, when combined across the genome, will provide accurate predictions
of genetic merit for a trait.

The implementation of GS is simple. It uses a “training population” of individuals,
which has been both genotyped and phenotyped, to develop a prediction equation. This
equation is then applied to the genotypes of the “test population/selection candidate” to
compute molecular or genomic breeding values (GBVs). The GBV is then used to rank
and select animals as parents for the next generation (Figure 21.1). GBVs can be further
combined, if required, with traditional estimated breeding values (EBVs) to generate
genomic estimated breeding values (GEBV).

GS can increase the rate of genetic gain compared to traditional breeding schemes
due to a substantial reduction in generation intervals and increased selection intensities
(Schaeffer, 2006). For example, in sheep and dairy cattle, the rates of genetic improve-
ment could increase 25% and 100%, respectively. GS is particularly attractive for traits
that are costly and difficult to phenotype, measured only by destruction or expressed
late in life (Pryce et al., 2010). For instance, GS is likely to increase genetic gain for traits
that are difficult to record, such as disease resistance in aquaculture and poultry species,
meat quality in pigs, and lifetime wool production and parasite resistance in sheep.

GS technology has been regarded as a huge milestone in animal and plant breed-
ing programs. In domestic animals, SNP chips became first available in bovine species
(Khatkar et al., 2007), which led to the first successful application of GS in dairy cattle
(Moser et al., 2009); (VanRaden et al., 2009). GS has replaced progeny testing in many
countries, or is being used for the pre-selection of young bulls for progeny testing. GS
is now being applied in a number of other animal and plant species (Goddard & Hayes,
2009), albeit with varied success. The principles of genomic prediction have even been
applied in human studies, particularly for the identification of high-risk individuals for
optimal interventions and personalized medicine. For instance, a genomic prediction
method was used to predict the possibility of skin cancer in humans with promising
results (Vazquez et al., 2012). However, a distinction in the use of the terms “genomic
selection” and “genomic prediction” should be noted. “Genomic selection” has been
used in animal breeding programs, and this includes the identification of genetically

Implementation

A) “training population”: individuals, which has been both 
genotyped and phenotyped, to develop a prediction equation. 

B) Validation in control population: Equation is then applied to 
the genotypes of the “test population/selection candidate” to 
compute molecular or genomic breeding values (GBVs). 

C) Selection: The GBV is then used to rank and select animals 
as parents for the next generation

Khatkar et al., 2017
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to such a complicated trait is not unexpected. Several genes related to
V. anguillarum disease resistance were identified from the higher dens-
ity map based on the Japanese flounder genome assembly. As shown
in Supplementary Table S4, 218 genes were identified from the QTL
regions, 12 of which were immune-related genes (tap1, rftn1, satb1,
cd40, cd69, aicda, mtss1, ccr4, azi2, mrc1, nod1, and tgfbr2) func-
tioning as key factors in different immune-gene signalling pathways
or as antigen receptors. Interestingly, tap1 and satb1 act as molecular
organizers for the major histocompatibility complex (MHC) class I,33

while cd40 and cd69 are accessory molecules of MHC class II34

directly involved in V. anguillarum disease resistance in Japanese
flounder.

3.5. Genome assembly and synteny
The high-resolution genetic map was used in the present study for
genome scaffold assembly. Among the 12,712 SNPs on the high-
resolutionmap, 12,463were successfully used to anchor 246 scaffolds
representing 522.995 Mb to create a genome map of Japanese floun-
der. In total, we constructed 24 pseudo-chromosomes based on the

LGs; each chromosome comprised an average of 21.79 Mb (10
scaffolds), corresponding to a mean linkage distance of 145.72 cM
and suggesting a physical/genetic distance ratio of 149.53 Kb/cM.
Among the LGs, LG7 holding 13 scaffolds corresponded to the largest
chromosome (29.554 Mb) and represented 95.78% of the entire as-
sembly, whereas the smallest LGs contained 8 scaffolds representing
67.85% of the assembly (16.36 Mb) (Table 1). In addition, 219 scaf-
folds covering 520.445 Mb were oriented by assigning multiple genet-
ically separated markers located on each scaffold. The orientation of
27 scaffolds covering 2.55 Mb could not be determined, because only
single markers were present on those scaffolds.

Following genome map construction, we compared the chromo-
somal orders of protein-coding genes of Japanese flounder on each
scaffold with their counterparts in medaka and zebrafish. A total of
6,768 1:1 best orthologues between Japanese flounder and zebrafish
were identified. As shown in Supplementary Table S5 and Fig. 3, 7
of the 24 chromosomes of flounder (Po. 4, 6, 10, 11, 12, 15, 18, 21,
and 22) were in relatively conserved synteny with zebrafish chromo-
somes Dr. 12, 16, 3, 2, 14, 9, 24, 15, and 19 respectively. Many of
the flounder chromosomes were found to have syntenic blocks with

Figure 2. Genetic location of QTLs for Vibrio anguillarum disease resistance along the Japanese flounder genome. The blue horizontal line represents a linkage
group-wise logarithm of odds (LOD) significance threshold of 3.0.

Figure 3. Circos diagram representing syntenic relationships between flounder and (a) zebrafish and (b) medaka, respectively. Each colored arc represents an
orthologous match between two species. Pol, Paralichthys olivaceus; Dre, Danio rerio; Ola, Oryzias latipes.

6 A high-resolution genetic map of Japanese flounder
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QTL against V. anguillarum

Shao et al., 2015

Markers separately 
explained between  5.1% 
and 8.38%, reflecting the 
complexity of this 
polygenically controlled 
disease trait in Japanese 
flounder.
Taken together, 
explained 58.06% of 
the total disease 
resistance variation 

an average density of 0.42 cM, whereas LG8 had the least number of
effective loci (only 59). On average, each LG contained 310 effective
loci spanning 145.72 cM (Table 1 and Fig. 1). Locus names and SNP
positions on the 24 LGs of the integrated genetic map are listed in Sup-
plementary Table S3.

3.4. Vibrio anguillarum disease resistance-associated
QTLs and related genes
In total, 10 significant QTLs forV. anguillarum disease resistancewere
distributed on LG6, LG19, and LG21 of Japanese flounder (Table 2
and Fig. 2). Most of these QTLs were clustered together on their
respective LGs. One major cluster containing six QTLs (qVA-1,
qVA-2, qVA-3, qVA-4, qVA-5, and qVA-6) was detected between the
narrow positions of 89.8–108.7 cM on LG6. Among them, qVA-2

located at 95.9–99.3 cM had the highest LOD value, 5, and corres-
pondingly had the highest contribution to phenotypic variation,
8.38%. The other QTLs on LG6 were detected at positions
89.8–90.8, 100.7–102.5, 104.1–105.0, 105.0–105.4, and 107.8–
108.7 cM, with LOD values of 3.0–3.6 and contributions to pheno-
typic variation of 5.1–7.59% (Supplementary Fig. S3). On LG21, an-
other cluster situated within a short region (98.7–101.3 cM) consisted
of three QTLs (qVA-8, qVA-9, and qVA-10) with a LOD value of 3.3–
3.7 and was able to explain 6.06–6.56% of the phenotypic variation
(Supplementary Fig. S3). Finally, qVA-7 containing a single SNP was
centred around 115.6 cM on LG 19; it had a LOD value of 15.8 and
explained 1.19% of the phenotypic variation. Although these 10
QTLs explained >59.25% of the total phenotypic variation, no
major loci (explaining >20% of the total variation) were detected.
The fact that these loci do not independently have higher contributions

Figure 1. Linkage group lengths and marker distribution of the high-resolution restriction site-associated DNA sequencing-based SNP genetic map of Japanese
flounder. Within each linkage group, red, blue, and yellow lines, respectively, represent maternal heterozygous SNPs, paternal heterozygous SNPs, and SNPs
heterozygous in both parents. Genetic map details are given in Supplementary Table S3.

Table 2. Characteristics of Vibrio anguillarum disease resistance QTLs

QTL Linkage group Genetic position Associated marker LOD aExp% Additive effect

qVA-1 LG6 89.8–90.8 record_231777.7 3 5.10 0.210012
qVA-2 LG6 95.9–99.3 record_245752.29 5 8.38 0.309202
qVA-3 LG6 100.7–102.5 record_247030.22 3.6 7.59 0.287123
qVA-4 LG6 104.1–105 record_246301.16 3.3 5.87 0.256509
qVA-5 LG6 105–105.4 record_254077.24 3.5 6.19 0.25732
qVA-6 LG6 107.8–108.7 record_254548.37 3.4 5.95 0.263431
qVA-7 LG19 115.6–115.8 record_255627.24 15.8 1.19 −0.116882
qVA-8 LG21 98.7–99.6 record_245734.7 3.7 6.06 −0.25436
qVA-9 LG21 100.6–100.9 record_255692.21 3.7 6.56 −0.273719
qVA-10 LG21 100.9–101.3 record_245651.14 3.3 6.36 −0.261304

aExp, percentage of explained phenotypic variation.

C. Shao et al. 5
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