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1. HISTORY OF CULTURE AND BREEDING IN COMMON CARP

Common carp is a highly important freshwater fi sh species for world aquaculture, with an 
annual production exceeding 4,000,000 tons (4th place on the world fi sh production; FAO, 
2016), and farmed in a wide variety of environments and production systems (Horváth 
et al., 1992; Balon, 1995). Carp culture started in China in approximately 2000 B.C., but 
domestication itself began much later (probably between the 13th and 16th centuries). Th e 
fi rst mentions of carp culture suggest that wild carp fry was caught in rivers and subsequently 
cultured in artifi cial lagoons/ponds on rice fi elds until market size, of which a portion of the 
matured fi sh were kept further for natural spawning (Janssen et al., 2015). In Europe the fi rst 
articles about carp reproduction appeared in the 13th century. However, the culture of carp 
may have already occurred in Roman times, also practised within monasteries from the early 
Middle Ages onwards (Balon, 1995, 2006). Controlled spawning techniques in separate ponds 
were developed and became more sophisticated during the 19th century, resulting also in the 
development of many diff erent, often highly inbred European carp strains (Kohlmann and 
Kersten, 1999; Kohlmann et al., 2003, 2005). 

Common carp has, according to current taxonomy, two genetically distinct branches that 
are recognized as separate species; European carp Cyprinus carpio and Asian carp Cyprinus 
rubrofuscus (Kottelat, 2001, 2013; Huckstorf, 2012; Dyldin and Orlov, 2016; Froese and Pauly, 
2018). However, other authors who have conducted genetically orientated studies on common 
carp rather distinguish common carp, Cyprinus carpio, as having two or three subspecies as 
follows: Cyprinus c. carpio, Cyprinus c. haematopterus and Cyprinus c. rubrofuscus (Zhou 
et al., 2004; Th ai et al., 2005; Chistiakov and Voronova, 2009; Xu et al., 2014a). Th e European 
carp strains are mostly derived from wild carp from the River Danube (Flajšhans and Hulata 
2007; Bogeruk, 2008). Nevertheless, a few intercross breeds between European and Asian 
carp exist e.g. Ropsha scaly carp and Amur mirror carp (Bogeruk, 2008; Flajšhans et al., 2015).

Th e breeds diff er in qualitative traits such as general appearance, scaliness, morphology, and 
in quantitative traits related to growth, survival, disease resistance, or fat content implying the 
possibility of carp breeding focused on specifi c production traits (Gorda et al., 1995; Vandeputte, 
2003). Breeding is the most important tool used in genetic improvement of a given trait of 
interest (Vandeputte, 2003; Gjedrem, 2005). In other words, genetic improvement is focused 
on a genetic component of phenotype. However, breeding should be understood as a complex 
strategy of which environmental conditions (environmental component of phenotype) play an 
important role that might limit the potential from genetic breeding. Th e main breeding goal 
is to shift the average value of traits with continuous variability (e.g. growth, slaughter yields, 
fat content) or increase frequency of required classes in the population within the traits of 
clearly defi ned classes (e.g. survival, fl esh colour) (Gjedrem, 2005). Recently, great attention 
has been paid to the study of the potential of breeding methods in the genetic improvement 
of common carp, especially of genome manipulations, crossbreeding and selective breeding.

1.1. Genome manipulations

Genome manipulations have been focused on induced polyploidy, especially triploidy (3n) 
and tetraploidy (4n), and the production of monosex (all-female) carp stocks. Th e results of 
triploid (Cherfas et al., 1993; Basavaraju et al., 2002) and tetraploid carp (Recoubratsky et al., 
1989; Linhart et al., 1991; Cherfas et al., 1993) showed that those fi sh achieved lower growth 
and survival than normal diploid carp stock. Th e low eff ectivity of artifi cial polyploidization 
might have been caused due to the fact that common carp itself is considered as an 
evolutionary allotetraploid species (Larhammar and Risinger, 1994; Xu et al., 2014a). Th erefore, 
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induced polyploidy has not been used in commercial carp breeding until now. Conversely, a 
suitable method seems to be the production of all-female stocks. An all-female population 
may be achieved by crossing neomales, produced by combination of meiotic gynogenesis 
and sex reverse of XX gynogenetic females to males, and normal females (Cherfas et al,. 
1996; Gomelsky et al., 1994, 2003). All-female stock released to commercial farms resulted 
in 10–15% yield improvement over existing commercial stocks (Cherfas et al., 1996). Better 
performance of all-female carp stock compare to the mixed-sex stock was also observed 
by Kocour et al. (2005b). On the other hand, the economic benefi ts of all-female stock 
are reduced due to higher initial costs for their establishment. Additionally, under Central 
European conditions the females grow better and have better slaughtering value only during 
the fi rst three years. Th erefore, the diff erences in performance in older market size fi sh (4-year 
old) might be negligible as both sexes are mature (Kocour et al., 2005b; Flajšhans and Hulata, 
2007). Hence, unlike other European fi sh species, all-female carp have not found such broad 
application in the production of commercial stocks. 

1.2. Crossbreeding

Nowadays, genetic improvement in common carp is largely based on intra / interspecifi c 
crossbreeding of various breeds / strains / populations (Vandeputte, 2003; Nielsen et al., 
2010). Crossbreeding uses a non–additive component of genetic variance that may lead 
to a heterosis eff ect or so-called hybrid vigour. Heterosis is a superiority observed in the 
performance of the crossbred when compared to the mean of the purebreds that typically 
results in increased growth, survival, slaughter yields, fertility, resistance to adverse 
environmental conditions, and resistance to diseases (Gjedrem, 2005). Hybrids arisen from 
crossbreeding are usually tested before their commercial utilization compared to purebreds 
and mutually (Wohlfarth, 1993; Bakos and Gorda, 1995; Hulata, 1995; Gela and Linhart, 2000; 
Gela et al., 2003; Vandeputte, 2003; Kocour et al., 2005a; Nielsen et al., 2010; Piačková et 
al., 2013). Previous studies have shown that on average some performance traits (especially 
growth and survival) increased up to 35% due to heterosis. However, heterosis is a common 
but not universal phenomenon and it is limited especially to the fi rst fi lial generations (F

1
) 

(Wohlfarth, 1993; Hulata, 1995). Th us, F1 crossbreds are used only as commercial stocks and 
not for further breeding. Additionally, observed heterosis is most likely caused by the fact that 
the parental strains used are inbred (Kohlmann and Kersten, 1999, Kohlmann et al., 2003, 
2005). Th erefore, crossbreeding is not a suitable method for long term genetic improvement, 
where genetic gain is cumulated over multiple generations (Nielsen et al., 2010). 

Likewise, interspecifi c hybridization has been performed in the past between common carp 
and the Indian major carp rohu; Labeo rohita, mrigal; Cirrhinus mrigala, and catla; Gibelion 
catla (Khan et al., 1990). Such hybrids are functional triploids – sterile fi sh (Reddy et al., 
1990). All hybrids exhibited a faster growth rate than the maternal parent under monoculture, 
although the juveniles had lower survival caused by the occurrence of a relatively large number 
of malformations (Khan et al., 1990). 

1.3. Selective breeding

Selective breeding holds high potential for the genetic improvement of fi sh and shellfi sh. In 
contrast to crossbreeding, additive genetic variation is utilized in genetic improvement. Th e 
main benefi t of selective breeding is that the genetic gain of improved traits is cumulative 
and permanent over multiple generations, and thus suitable for a long-term breeding program 
(Gjedrem and Baranski, 2009; Gjedrem et al., 2012; Gjedrem and Rye, 2016). However, 
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unlike other important European fi sh species, selective breeding in common carp is still at 
the beginning and plays only a minor role in carp breeding (Vandeputte, 2003; Wang, 2009; 
Chavanne et al., 2016; Janssen et al., 2015, 2017a). However, several recent studies have 
confi rmed that the additive genetic variation in several performance traits and resistance to 
Koi herpesvirus (KHV) is considerable and reasonable for additional research (Vandeputte et 
al., 2004, 2008; Kocour et al., 2007; Nielsen et al., 2010; Ødegård et al., 2010; Ninh et al., 2011; 
Dong et al., 2015; Nguyen, 2016;  Hu et al., 2017; Tadmor-Levi et al., 2017). More recently, 
new genomic approaches might contribute towards genetic improvement through genomic 
selection (GS) using genome-wide based genetic markers, or in marker-assisted selection 
(MAS) using enough informative quantitative traits locis (QTLs) or candidate genes (Yáñez et 
al., 2015; Lv et al., 2016; Peng et al., 2016; Zheng et al. 2016; Lu et al., 2017; Robledo et al., 
2017; Wang et al., 2018). Nonetheless, there is still much space for studying key problems 
that could contribute to anchor selective breeding as a common breeding method in common 
carp production. As a result, the topic of the present thesis is focused on unexplored fi elds 
in order to spread the knowledge about the potential of selective breeding for the genetic 
improvement of common carp under pond management conditions. 

2. SELECTIVE BREEDING IN AQUACULTURE

Unlike terrestrial livestock, the potential benefi ts of selective breeding in aquaculture 
species have not been implemented until recently. Th e fi rst selection program started on 
Atlantic salmon (Salmo salar) in the 1970s and has played a deciding role in the success of 
selective breeding for other aquaculture species (Gjedrem, 1979; Gjedrem, 2010; Gjedrem, 
2012). Since that time, selective breeding has become one of the most useful breeding 
methods in several European aquaculture species (Gjedrem and Baranski, 2009; Gjedrem 
and Rye, 2016). Of the total European aquaculture production 80–83% originates from the 
37 diff erent selective breeding programs. Th e majority of them concern Atlantic salmon and 
are based on family selection (Gjedrem et al., 2012; Janssen et al., 2017a). On the other 
hand, only 8.2% of the world’s total aquaculture production is based on material achieved in 
selective breeding programs. Th us, implementation of selective breeding in fi sh without any 
program gives a strong potential for increase in fi sh production (Gjedrem and Rye, 2016). 
Moreover, selective breeding in aquatic species provides even higher genetic gain compared 
to terrestrial livestock. Th e reason might be given due to the higher fecundity of fi sh enabling 
higher selection intensities and larger phenotypic and genetic variation of quantitative traits, 
suggesting a strong potential for positive response to selection (Gjedrem, 2005; Gjedrem and 
Baranski, 2009). Recent reviews of the topic have reported that the average genetic gain per 
generation for harvest weight in fi sh and shellfi sh is around 12% (Gjedrem and Rye, 2016; 
Janssen et al., 2017a). Taking into account an average generation interval of four years, this 
would lead to an increase of 3% per year (Janssen et al., 2017a), in comparison with terrestrial 
livestock where annual genetic gain of body weight is around 1% in cows (Hill, 2010) and up 
to 2% in poultry (Hill and Bünger, 2004).

Despite signifi cant assumptions for successful selective breeding in aquaculture species, 
several selection experiments have failed in the past. Th ese were caused most likely by 
inbreeding and loss of genetic variation (Hulata, 2001; Vandeputte, 2003; Gjedrem and 
Baranski, 2009). Th e hypothetical scenario was likely thus: “Because of high fi sh fecundity, 
only small broodstock sizes had been used in the past and the practice after generations 
led to close relationships (inbreeding) and rapid loss of genetic variation (Allendorf, 1986; 
Hedrick, 2005; Vandeputte and Haff ray, 2014). Th is resulted in slowing growth and higher 
mortality with no response to selection and selective breeding of some fi sh species, including 
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common carp, seemed to be ineff ective”. Th us, control of the level of inbreeding (suffi  cient 
eff ective population size) is an essential part of the unbiased estimation of genetic potential 
in aquaculture species (Falconer and Mackey, 1996; Vandeputte, 2003; Gjedrem, 2005). 
Additionally, recent investigation of genetic markers and pedigree data have clearly confi rmed 
that the control mating design used in the selection for better growth in European seabass 
(Dicentrarchus labrax) over three generations would not lead to any signifi cant reduction 
of genetic variation. However, due to the selection of specifi c (better performed) genotypes, 
a decreasing trend in allelic richness (loss of low frequency alleles) was observed (Hillen et 
al., 2017). Similarly, fi ve generations of selection for growth performance traits in rainbow 
trout resulted in only modest inbreeding accumulation of 0.86% per generation (Leeds et 
al., 2016). Th us, suffi  cient eff ective population size and a suitable mating design are the 
main assumptions for a successful estimation and exploitation of genetic variation in long-
term selective breeding. Th e most frequent mating designs used are partial and full-factorial 
schemes. Such matings provide an appropriate number of full sib as well as half sib families for 
each sire and dam and this enables a solid estimation of genetic parameters and separation 
of non-genetic (maternal, common environment) and genetic (additive, dominance) eff ects 
(Gjedrem, 2005).

Both partial and full factorial mating designs were used for establishment of experimental 
stock related to studies concerning the topic of this thesis. 

2.1. Heritability and genetic correlations

Another important point for potentially successful selective breeding is that the given trait 
of interest needs to have a medium to high coeffi  cient of heritability – h2 (Gjedrem, 1983). 
Th us, the total phenotypic variation of a trait must be explained with a signifi cant share of 
genetic variation that predicts the rate of genetic gain (Falconer and Mackay, 1996). Likewise, 
genetic correlation (r

g
) between the traits of interest is also a key genetic predictor for a 

selection program. Genetic correlation is explained as the proportion of variance that two 
traits share due to genetic causes (Falconer and Mackay, 1996). Th erefore, it is necessary to 
know the genetic correlations between the potentially selected traits before the selection as 
existing correlations might often complicate any selection program. For instance, selection 
on increased desired trait can indirectly lead to an increase in undesired trait. Oppositely, 
selection on one trait might benefi cially infl uence another trait under interest. Th is is very 
important in multitrait selection when several selection indices are included in a selection 
program. Th erefore, complex knowledge of genetic parameters in traits of interest should be 
always taken into account before the selection itself (Falconer and Mackay, 1996; Dunham, 
2011).

2.2. Estimation of genetic parameters

Th e genetic parameters are statistically estimated using various software (e.g. VCE – 
Groeneveld et al., 2008; ASReml – Gilmour et al., 2009; DMU – Madsen and Jensen, 2013) that 
uses multivariate genetic mixed models. However, such estimates may vary over studies and 
may diff er due to diff erences within populations and environment. However, there are some 
options to make the estimates more unbiased e.g. making the environment more uniform, 
using communal rearing of families to eliminate a common environmental eff ect, or measuring 
the traits more accurately (Bourdon, 2000). Th e present research of genetic parameters in 
quantitative traits may be divided into two main experimental approaches. 
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Th e fi rst approach is based on the separate rearing of families until the fi sh are big enough 
to be physically tagged and consequently mixed into a communal stock. Although this is an 
eff ective design in family-based selective breeding programs of major aquaculture species such 
as salmonids, tilapia, oysters, or shrimps (reviewed by Vandeputte and Haff ray, 2014), main 
limitations can be seen in: i) the families are reared separately and therefore, environmental 
eff ects common to full sibs may infl ate heritability estimates ii) the evaluation of genetic 
variation with separate rearing of families requires the existence of a high number of family 
rearing units iii) the number of families is limited to the number of family rearing units that, in 
some cases, result in a low number of families established by single mating or nested design 
which do not allow separating non-genetic and genetic eff ects (Gjedrem, 2005).

Th e second approach, when all families are kept in communal stocks post hatching (or 
even post fertilization) and then, at an appropriate size, physically tagged for solid pedigree 
evidence, might overcome all the previous constraints. However, in this case the pedigree 
must be constructed using molecular markers, making the approach more costly. On the other 
hand, generally higher genetic gains have been achieved using communal family rearing in 
comparison to separate family rearing (Vandeputte et al., 2009; Ninh et al., 2013). Effi  cient 
parentage assignment in fi sh started in the 1990s with the availability of microsatellite markers 
(Herbinger et al., 1995; Estoup et al., 1998). However, the future development of single 
nucleotide polymorphisms (SNPs) could replace traditional microsatellite-based parentage 
assignment (Vandeputte and Haff ray, 2014). Currently,  SNPs are searched for using genome-
wide association studies (GWAS) or whole genome sequencing that have become fi nancially 
available (Kumar and Kocour, 2017; Robledo et al., 2017). Complex genomic data utilization 
has improved QTL mapping as well as selection accuracy using genomic prediction of breeding 
values (Meuwissen et al., 2001, 2013; Hickey et al., 2017; Robledo et al., 2017). 

Studies included in this thesis utilized both microsatellites as well as SNPs for parentage 
assignment and GWAS were used for estimation of genomic-based genetic variation and for 
QTL searching. Furthermore, all experimental stocks were physically tagged by PIT (passive 
integrated transponder) at the fi sh age of one-year in order to record the individual phenotypes 
for the given period or in a link to the subsequent period.

2.3. Methods used in selective breeding

Th e simplest individual/mass selection is solely applied on the best performing candidates 
that are crossed in a control mating design to create the next generation, which is then 
expected to be genetically improved in comparison with the base (unselected) population. 
Furthermore, more complex selection methods (e.g. family-based, sib selection, BLUP – best 
linear unbiased prediction based selection, or a combination of all) are commonly used in 
genetic improvement of aquaculture species (Lind et al., 2012; Vandeputte and Haff ray, 
2014). Traditional pedigree-based selective breeding, especially through application of BLUP 
methodology (Henderson, 1975) has greatly benefi tted animal husbandry. On the other 
hand, the utilization of just the between-family component of genetic variation in pedigree-
based selective breeding imposes limitations to selection accuracy and thus genetic gain 
(Meuwissen et al., 2013) As a result, selective breeding can be signifi cantly enhanced by 
the application of genomic tools via improvement of selection accuracy (use whole family 
variation) and potentially also by identifi cation of causative factors impacting key performance 
traits (Meuwissen et al., 2001, 2013). Th erefore, modern selective breeding is going to be 
focused on marker-assisted selection, and especially on genomic selection. Marker-assisted 
selection is an indirect selection process in which a trait of interest is selected based on a 
genetic marker (candidate gene or QTLs) that signifi cantly explains its total phenotypic (or 
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genetic) variation (Ribaut and Hoisington, 1998). However, most production traits are highly 
polygenic and only a few of them may be determined by QTLs large enough to be used in 
MAS (Daetwyler et al., 2013). Conversely, genomic selection may overcome such limitation. 
GS is a new approach for improving quantitative traits in aquaculture species that takes into 
consideration all genomic variation that is related to specifi c traits (Meuwissen et al., 2001; 
Dunham et al., 2014). Restriction-site-associated DNA sequencing (RAD-seq)  is a  fractional 
genotyping by sequencing (GBS) strategy (Baird et al., 2008) widely used for the concurrent 
detection and genotyping of SNP markers that generate medium to high-density linkage 
maps usable for QTLs mapping and genomic selection in aquaculture species (Campbell 
et al., 2014, Palaiokostas et al., 2013ab, 2016; Robledo et al., 2017). In general, genomic 
prediction combines generated linkage maps with phenotypic and pedigree data (when 
available) in an attempt to increase the accuracy of the prediction of breeding and genotypic 
values utilizing both within and across family variation. Besides, newly developed SNP array 
platforms (based on high density linkage maps) may be used to predict genomic breeding 
values for economically important traits more precisely (Meuwissen et al., 2001, 2013; Yáñez 
et al., 2015 Hickey et al., 2017; Robledo et al., 2017). In addition, MAS, as well as GS, could 
resolve the main issue of traits that cannot be recorded on live breeding candidates, e.g. 
disease resistance and slaughter yields (Gjedrem and Rye, 2016). Besides, GWAS conducted 
on production traits, such as growth-related traits, fat content or generally traits with limited 
heritability, are also under scientifi c interest (Nolasco-Alzaga et al., 2018). 

3. SELECTIVE BREEDING IN COMMON CARP

3.1. Th e past, present and the future prospect

It has been said that selective breeding is still not signifi cantly implemented in the genetic 
improvement of common carp stocks. Th is may be due to the fi ndings of Moav and Wohlfarth 
(1976), who observed no improvement in growth after fi ve generations of bidirectional 
selection. Accordingly, this study has often been recalled as proof that selective breeding in 
common carp is not eff ective. However, many limitations (e.g. lack of genetic variation within 
the strain, inbreeding depression, poor experimental and statistical design, a strong genotype 
by environment interactions) have been described in detail by Vandeputte (2003) and Wang 
(2009) in most of the past selective breeding experiments, including the above-mentioned 
study. On the contrary, better designed studies have recently shown mostly moderate to 
high heritability of production traits or resistance to KHV (Vandeputte et al., 2004, 2008; 
Kocour et al., 2007; Nielsen et al., 2010; Ødegård et al., 2010; Ninh et al., 2011; Dong et 
al., 2015; Nguyen, 2016;  Hu et al., 2017; Tadmor-Levi et al. 2017) and also a reasonable 
selection response after the applied selection experiment (Vandeputte et al., 2008; Ninh et 
al., 2013; Dong et al., 2015; Nguyen, 2016). Th erefore, selective breeding could be a promising 
breeding method in the genetic improvement of common carp similarly as in other European 
fi sh species (Chavanne et al., 2016; Janssen et al., 2017a). Furthermore, rapid development 
of genetic markers point to the fact that genetic improvement in common carp could be 
alternatively applied by using marker-assisted (MAS) or genomic selection (GS) (Yáñez et al., 
2015; Lv et al., 2016; Peng et al., 2016; Zheng et al. 2016; Lu et al., 2017; Robledo et al., 2017; 
Wang et al., 2018). 
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3.2. Carp strains used in selective breeding studies

One of the main limitations of previous selective breeding studies was the lack of genetic 
variation within carp strains used. Hence, the experimental stocks were established from a few 
pairs of highly inbred, long-term domesticated fi sh (Kohlmann and Kersten, 1999, Kohlmann 
et al., 2003, 2005), leading to loss of within-breed genetic variation and potential failure of 
the selection itself (Vandeputte, 2003; Nielsen et al., 2010; Janssen et al., 2015). To eliminate 
such a problem, Vandeputte (2003) and Nielsen et al. (2010) suggested establishing so-
called synthetic strains with a high genetic variability, which may be good material for starting 
selective breeding programs in common carp, or alternatively use of domesticated purebreds 
with acceptable genetic variation together with an appropriate mating design in order to 
eliminate prospective inbreeding. 

In studies within this dissertation, Hungarian synthetic mirror (HSM; Bogeruk, 2008) or 
Amur mirror carp (AM; Flajšhans et al., 2015) were used for establishing experimental stocks 
that displayed suffi  cient within-breed genetic variation.

3.3. Th e potential of genetic improvement of economically important performance traits

3.3.4. Growth

Growth, commonly measured by body weight at a given age, is one of the most important 
economic traits in farmed fi sh species (Gjedrem and Baranski, 2009; Gjedrem et al., 2012; 
Gjedrem and Rye, 2016). Moreover, growth is easy to record in the fi eld and may be measured 
either as weight or as standard length due to very high phenotypic and genetic correlation 
between the two traits (Gjedrem, 2005; r

g
 ≥ 0.90). In addition, growth rate over studied 

periods is also often quantifi ed as specifi c growth rate (SGR), or as thermal growth coeffi  cient 
(TGC). Although both traits express the growing potential of fi sh, the recent bio-economic 
model of profi tability in production traits has suggested TGC as a more valuable trait in a long-
term selection program (Janssen et al., 2017b). From the genetic point of view, body weight 
is a moderately to highly heritable trait (h2 = 0.17 – 0.70; Kocour et al., 2007;  Vandeputte et 
al., 2008; Nielsen et al., 2010; Ninh et al., 2011; Dong et al., 2015; Hu et al., 2017). Likewise, 
high coeffi  cient of variation (typically 20 – 30%) implies body weight as a good predictor for 
expected positive response to selection. Accordingly, applied selection on growth resulted 
in genetic progress per generation of 21.4% (two generation; Ninh et al., 2013), 12% (one 
generation; Vandeputte et al., 2008) and 7% (four generation; Dong et al., 2015). Taking all 
these facts into account, selection on growth may lead to signifi cant genetic progress in 
future generations. 

3.3.5. Muscle fat and its quality

Muscle fat content is also often included as a trait to be under control in selective breeding 
of aquaculture species (Powell et al., 2008; Saillant et al., 2009; Kause et al., 2011; García-
Celdrán et al., 2015; Kause et al., 2016; Janhunen et al., 2017). Kocour et al. (2007) observed 
muscle fat content in common carp as a highly heritable trait (h2 = 0.58). Selection for muscle 
fat content can be performed directly on live breeding candidates using a fat meter. Muscle fat 
content can be aff ected also indirectly through correlated traits (e.g. body weight, slaughter 
yields). However, uncontrolled increasing of fat content could negatively aff ect both sensory 
properties and the quality of fl esh (Oberle et al., 1997; Nguyen et al., 2010; Janhunen et 
al., 2017). On the other hand, a certain lipid level is needed as an emergent energy reserve 
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during overwintering and its uncontrolled decrease may negatively aff ect winter survival 
(Steff ens, 1996). Overwintering is a bottleneck for European carp production that every 
year causes signifi cant economic losses to producers and reduces animal welfare (Bauer and 
Schlott, 2004; Horváth et al., 1992). When the water temperature drops below 8°C, common 
carp signifi cantly reduce their metabolism, decrease feed intake and lose weight (Bauer and 
Schlott, 2004). Despite reduced metabolism, low feed intake results in utilizing lipid reserves 
fi rstly that become essential for winter survival (Hurst, 2007). However, only little is yet known 
about the genetic background of muscle fat content and its impact on other traits including 
carp winter survival. As a result, the study focusing on this issue was performed with the aim 
of revealing the phenotypic and genetic variation of muscle fat content and its dynamics (in 
absolute and relative values) in relation to important performance traits (growth, slaughter 
yields, survival) during overwintering and the successive growing period in which fi sh reached 
the market size (Chapter 2).

 Fish fat is also an important source of essential fatty acids (FAs), mainly omega-3 
polyunsaturated fatty acids (n-3 PUFAs), represented especially by eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA), which are very benefi cial for human health (Calder 
and Yaqoob, 2009; Tocher, 2015; Steff ens, 2016). It is well known that environmental and 
nutritional factors can signifi cantly impact the fi sh fatty acid profi le (Mráz and Pickova 2011; 
Marković et al. 2016; Trbović et al. 2017). Th e situation in common carp is in fact much more 
complicated in comparison with other fi sh species as rearing of common carp is practised 
mainly in earthen ponds where nutritional requirements are covered both by natural food 
(zooplankton, zoobenthos) and by supplemental feeding (plant-based pellets altered later 
with wheat grain). However, the genetic background of fl esh FA composition also plays an 
important role as has been found in other fi sh species (Nguyen et al., 2010; Leaver et al., 
2011; Overturf et al., 2013). However, knowledge about the genetic variation of fatty acids in 
common carp has been poor. In addition, little has been known about the eff ect of selective 
breeding on fl esh quality. So far, only three studies have reported the genetic parameters 
in fi sh fl esh fatty acids and their potential in a selection program (Nguyen et al., 2010, Nile 
tilapia, Oreochromis niloticus; Leaver et al., 2011, Atlantic salmon, Salmo salar; Overturf 
et al., 2013, rainbow trout, Oncorhynchus mykiss). To fi ll these gaps in common carp, the 
study on the genetic variation of FA composition and its relation to performance traits was 
performed (Chapter 4). 

3.3.6. Slaughter yields

Processing traits such as fi llet yield (fi llet weight relative to body weight) and headless 
carcass yield are economically valuable traits especially for fi sh species sold processed. 
However, direct evaluation of slaughter yields is time-consuming work and especially lethal 
for breeding candidates. Th is is usually overcome by sib-selection in which live candidates are 
ranked according to the average performance of their slaughtered sibs or by indirect selection 
on correlated traits recorded in vivo (Kause et al., 2007). However, this limits the genetic 
progress by using only genetic variation occurring between-families without exploiting within-
family variation (Haff ray et al., 2013). Such limitation could be overcome by using whole 
genome genetic markers (SNPs – single nucleotide polymorphisms) that would allow within-
family genomic selection (GS) (Gjedrem and Rye, 2016). Nevertheless, no genomic information 
related to carp slaughter yields is available so far. Th erefore, indirect (non-invasive) selection 
criteria that can be measured in vivo looks like a more effi  cient alternative.

From the genetic point of view, heritability of headless carcass and fi llet yields was found 
moderate (h2 = 0.20 – 0.38), making enough space for their genetic improvement (Kocour 
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et al., 2007). Likewise, signifi cant negative correlation between relative head length (RelHL) 
and slaughter yields was estimated. Th us, selection against relative head length may result 
in an increase in slaughter yields in carp (Kocour et al., 2007). However, there are gills in the 
head, the main respiratory organ of fi sh, so selection for lower RelHL in a long-term selection 
program may lead to functional damage of respiration, adaptation or osmoregulation 
capacities (Fraslin et al., 2018). As an alternative, previous studies reported the application of 
indirect measurements used for the prediction of processing yields on live fi sh (Bosworth et 
al., 2001; Rutten et al., 2004; Van Sang et al., 2009). Recently, Haff ray et al. (2013) reported 
in rainbow trout (Oncorhynchus mykiss) that using external and internal measures combined 
with a linear regression could solidly predict slaughter yields and such measurements could 
be used as indirect selection criteria for the genetic improvement in yields of edible parts. A 
similar study was performed on European seabass, but in this case no eff ective morphological 
predictor was found for both carcass and fi llet yield (Vandeputte at al., 2017). 

Searching for non-invasive selection criteria and their application in genetic improvement of 
carp slaughter yields was also the goal of this thesis (Chapter 3). 

3.3.7. Disease resistance, overall survival

Disease resistance represents one of the main research issues in the genetic improvement of 
aquaculture species (Ødegård et al., 2011; Houston, 2017). In common carp culture, a serious 
threat is the viral disease named Koi herpesvirus (KHV; CyHV-3). Th e fi rst major outbreaks 
of KHV were reported in Israel and the USA in 1998 (Hedrick et al., 2000). Subsequently, 
KHV has spread almost worldwide (Haenen et al., 2004). Moreover, the seriousness of the 
threat of KHV is highlighted by its being listed as a notifi able disease in the European Union 
(Taylor et al. 2010). Research has focused on identifi cation of purebreds and crossbreds of 
common carp which could be more resistant to the virus. In these studies special challenge 
tests were performed and positive outcomes in some carp strains/crossbreds were found 
(Shapira et al., 2005; Ødegård et al., 2010; Piačková et al., 2013; Tadmor-Levi et al., 2017). 
In addition, it was observed that the genetic variation of resistance to KHV is considerable 
unlike resistance to Aeromonas hydrophila (Ødegård et al., 2010; Tadmor-Levi et al., 2017). 
Th erefore, KHV resistance could be increased using more resistant carps and additionally 
improved by selection. Th is suggestion could be supported by results of selection experiments 
conducted in the past where positive responses to dropsy (spring viremia, SVC) resistance 
have been observed (Schäperclaus, 1962; Kirpichnikov et al., 1993). However, direct selection 
for improved disease resistance is problematic due to the ethical issue (fi sh must be directly 
exposed to disease), potentially low selection intensity (when mortality decreases below 
80%) and practically inapplicable for diseases (e.g. KHV) in which local directives suppose the 
elimination of all stock in the case of their outbreak.  As a result, utilization of genomic data 
for marker-assisted selection or genomic selection may be eff ective alternatives. However, 
deeper genomic information about resistance to KHV are still unknown. Hence, the fi rst GWAS 
of resistance to KHV was conducted (Chapter 6).

Regarding overall survival, Nielsen et al. (2010) reported on the same batch of fi sh as used 
by Ødegård et al. (2010) moderate heritability of pond survival (h2 = 0.34). Oppositely, Dong 
et al. (2015) observed only low heritability of survival over four carp generations selected for 
faster growth (h2 = 0.17). 
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3.4. Use of molecular tools

3.4.1. Microsatellite markers

Microsatellites are often used as genetic markers for numerous applications in aquaculture 
research. As one option, they are empirically used for pedigree reconstruction of mixed families 
used in genetic studies and/or selection programs. Such a tool, allowing communal rearing 
of families from the beginning, eliminates the impact of common environmental eff ect, and 
makes the selection experiments more unbiased (Ninh et al., 2011; Vandeputte and Haff ray 
2014). Th e disadvantage of this tool is the still relatively high price and therefore, genetic 
parentage assignment is mostly used in research (Ninh et al., 2011). However, parental 
assignment is becoming more and more interesting with the continuous drop in genotyping 
costs (Gjedrem and Robinson, 2014). 

Microsatellite markers in common carp have been developed for their usage in population 
genetics, breeding and evolutionary studies (Crooijmans et al., 1997; Aliah et al., 1999; David 
et al., 2001; Kohlmann et al., 2003, 2005). Th e fi rst experiment estimating heritability using 
molecular pedigree in common carp was conducted in 2004 (Vandeputte et al., 2004). In 
this experiment, 95% of 550 off spring originating from a full factorial cross of 10 dams and 
24 sires were exactly assigned to a single parental pair using eight microsatellite markers. 
Kocour et al. (2007) genotyped progenies using fi ve to eleven microsatellites and 75.7% of 
812 G

2
 off spring were assigned to single parental pairs in a full factorial cross of 8 dams and 

147 sires. Vandeputte et al. (2008) assigned 1451 (78.3%) out of 1852 fi sh to a parental 
pair. Th e lower parental assignment accuracy in the two experiments by Kocour et al. (2007) 
and Vandeputte et al. (2008) was likely a result of insuffi  cient resolution of the microsatellite 
loci used in crosses with the high number of potential parental combinations (Vandeputte 
et al. 2008) together with the low allelic richness of carp strains (Kohlmann et al., 2005). In 
another study, seven microsatellite loci were used for parentage allocation in order to test the 
diff erences between heritability estimates in early communal and separate rearing of common 
carp (Ninh et al., 2011). Out of the 1327 genotyped off spring in G

1
 and 1332 in G

2
, 96.8% 

and 96.2% of individuals, respectively, were assigned to single families. In a recent study, 
97.6% individuals from a nested mating design (37 dams and 14 sires) were unambiguously 
assigned to a single parental pair using nine pairs of primers (Hu et al., 2017). Summing 
up, microsatellites are reliable genetic markers for successful parentage assignment used for 
post-hatching communal rearing of families, and thus contribute to more unbiased estimation 
of genetic parameters. 

3.4.2. Marker-assisted and genomic selection

It is often claimed that breeding programs in aquaculture species in the future will utilize 
marker-assisted and genomic selection based on GBS techniques or SNP array platforms 
(Robledo et al., 2017). Th e main advantage of those approaches is speeding up the genetic 
improvement in fi sh species exploiting overall genetic variation (Sonesson, 2007; Yáñez et al., 
2015; Robledo et al., 2017). 

Th e genome of common carp has been recently completely sequenced and the functional 
genes have been annotated (Xu et al., 2014a). Accordingly, a 250K SNP array platform was 
constructed (Xu et al., 2014b). Both fi ndings were milestones for genetic and population 
biologic studies in common carp, opening new possibilities for the improvement of 
economically important traits in common carp (Xu et al., 2016).
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Several GWAS focused on detection of QTLs for various economic traits such as growth-
related traits (Lv et al., 2016; Peng et al., 2016 Wang et al., 2018), feed conversion effi  ciency 
(Lu et al., 2017) and muscle fat content (Zheng et al. 2016) have been previously reported. 
Th e above-mentioned studies detected several usable QTLs for application of MAS. However, 
all of them explain only a part of the phenotypic/genetic variation of a given trait. Moreover, it 
was verifi ed that most of the quantitative traits under interest in common carp, as well as in 
other aquaculture species, are under polygenic control (Robledo et al., 2017). For such traits, 
GS is a more appropriate method in which genomic breeding values are calculated and used 
for genetic improvement. 

Until now, no study has attempted investigating GS usability in common carp and comparing 
traditional pedigree-based (PBLUP) and genomic best linear unbiased predictions (GBLUP). 
As a consequence, prediction of GS effi  ciency, QTL and candidate gene mapping related to 
growth and KHV resistance in one-year old common carp were performed (Chapters 5 and 6). 

THE AIMS OF THE THESIS

Th e overall aim of this thesis was to estimate genetic and genomic parameters of the 
most important performance traits in common carp and to predict the potential of targeted 
selection-based breeding for typical pond management conditions.

Th e specifi c objectives were to:
1) Estimate genetic parameters of overwintering performance traits in two-year-old 

common carp and their relation to performance traits until and at market size.
2) Defi ne morphological predictors and their potential for genetic improvement of the 

main slaughter yields in common carp.
3) Estimate genetic parameters of the composition of fatty acids in the fl esh of market size 

common carp and their relation to performance traits.
4) Assess the accuracy of genomic evaluations of growth in juvenile common carp using 

RAD-sequencing.
5) Search for quantitative trait loci aff ecting resistance to Koi herpesvirus in common carp 

using RAD-sequencing.
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Abstract

Using farmed common carp, we investigated the genetic background of the second year

overwintering performance and its relation to the performance during the third growing sea-

son and at market size. The experimental stock was established by partial factorial design

with a series of 4 factorial matings of 5 dams and 10 sires each. The families were reared

communally and pedigree was re-constructed with 93.6% success using 12 microsatellites

on 2008 offspring. Three successive recordings (second autumn, third spring, and third

autumn—market size) covering two periods (second overwintering, third growing season)

were included. Body weight, Fulton’s condition factor and percent muscle fat content were

recorded at all times and headless carcass yield and fillet yield were recorded at market

size. Specific growth rate, absolute and relative fat change and overall survival were calcu-

lated for each period. Heritability estimates were significantly different from zero and almost

all traits were moderately to highly heritable (h2 = 0.36–1.00), except survival in both periods

and fat change (both patterns) during overwintering (h2 = 0.12–0.15). Genetic and pheno-

typic correlations imply that selection against weight loss and fat loss during overwintering is

expected to lead to a better winter survival, together with a positive effect on growth in the

third growing season. Interestingly, higher muscle fat content was genetically correlated to

lower survival in the following period (rg = -0.59; -0.53, respectively for winter and the third

summer). On the other hand, higher muscle fat was also genetically linked to better slaugh-

ter yields. Moreover, selection for higher condition factor would lead to better performance

during winter, growing season and at market size.

Introduction
The aquaculture sector is among the fastest growing agricultural industries, as an increasing de-

mand for fish cannot be supplied with stagnating capture fisheries. Genetic improvement of cul-

tured stocks is playing an important role in optimizing and increasing aquaculture production [1].
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Common carp (Cyprinus carpio and Cyprinus rubrofuscus) is one of the most cultured fish

species in the world. Its aquaculture production is still increasing and reached over 4 million

tons worldwide and 145 thousand tons in Europe in 2014 [2]. In the recent past, many studies

concerning genetic improvement in common carp have been carried out [3–8]. However,

most studies have been focused on production traits such as growth and yields. Yet, little is

known about the genetic background of traits related to overwintering performance in com-

mon carp and about the impact of overwintering performance on the performance in the sub-

sequent growing season.

Overwintering of common carp in temperate climate is considered a critical period with

the risk of heavy loss of valuable fish. When water temperature is below 8˚C, common carp sig-

nificantly reduce their metabolism, decrease feed intake and lose weight [9,10]. Despite

reduced metabolism, low feed intake results in utilizing of energetic reserves that become

essential for winter survival [11]. In common carp lipid reserves are mobilized first [12], fol-

lowed by glycogen and protein depletion [13,14] and as a result fish lose weight [9,13,15–17].

High losses of body weight and fast depletion of energetic reserves caused by a severe winter,

suboptimal environmental conditions, predation, diseases, parasite assault, or combination of

these factors lead to higher winter mortality [10]. The quantification of the impact of individ-

ual factors on winter mortality in a pond system is however hardly possible, and the impact of

factors influencing fish survival varies over different conditions. Still, the survival of fish in a

pond is a result of genetic and environmental factors which operate in combination. Good

physical condition of fish before winter is thought to be important for survival, and may be

represented with various traits. Therefore, the estimation of genetic parameters of such traits

can help to understand their importance for winter survival.

After the overwintering period and the associated feed deprivation, re-feeding results in

rapid recovery with catching-up growth and an increase in body fat [18,19]. Therefore, the

impact of re-feeding and its genetic and/or phenotypic relation to traits at market size could

also be of importance.

Survival is also a major economic trait related to performance over all rearing periods in

common carp cultured under pond conditions. The overall survival of a stock may be seen as

an indicator showing the ability of organisms to deal with environmental conditions. Until

recently, nothing was known about genetic variance of survival in common carp. However,

two studies confirmed that the heritability of survival is low to medium but significant [6,8].

Other important traits such as body weight, fat content, condition factor and slaughter yields

showed moderate to high heritability [3–8], and thus selection seems to be a valuable tool for

their improvement. However, data about genetic variance in dynamics of growth, muscle fat,

survival and their correlations with other traits are scarce.

The aim of this study was to estimate the phenotypic and genetic parameters related to the

second overwintering in common carp and to the third growing period at the end of which the

fish reached market size. The intent was to i) reveal relationships among various traits which

may affect the winter performance, ii) see how the winter performance is associated with the

performance of fish during the third growing season and at market size and iii) estimate how

breeding programs focused on various traits could affect winter survival or performance at

market size in a carp breed.
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Bohemia (USB) in České Budějovice, Faculty of Fisheries and Protection of Waters (FFPW) in

Vodňany according to the law on the protection of animals against cruelty (Act no. 246/1992

Coll., ref. number 16OZ15759/2013-17214). The study did not involve endangered or pro-

tected species. The experimental stock was reared under the common semi-intensive pond

management with regular checks (three times a week) of fish health and behavior. The experi-

ment, from individual tagging to market size, ran from April 2015 to November 2016 (second

and third growing seasons—GS and second winter period—W). At the end the fish were

euthanized (humane endpoint) for evaluation of slaughter yields. The standard survival rates

in common carp cultured in ponds are 60–80% during 2nd GS, 80–95% during 2nd W and 85–

95% during 3rd GS [20]. As we needed to have at least 1500 fish at the end of the experiment to

ensure reliability of genetic parameters, 3000 fish were taken initially. At the end of the experi-

ment, 1622 fish assigned to a single parental pair were euthanized for data collection. The

observed survival rates were 67% during 2nd GS, 98% during 2nd W and 89% during the 3rd

GS. The total mortality for the whole period was lower than expected by Horváth et al. [20]

and statistics of the Klatovy Fish Farm. The causes of mortality are likely multiple, including

natural stress effects (fasting due to low temperatures, naturally occurring parasites) and pre-

dation, typical in the traditional ponds. To enhance animal welfare and decrease suffering dur-

ing all fish handling, the fish were anaesthetized using 2-phenoxyethanol for each live trait

recording, and humanely euthanized for final processing. The main author of study owns the

certificate (CZ 01704) giving capacity to conduct and manage experiments involving animals

according to section 15d paragraph 3 of Act no. 246/1992 Coll.

Establishment of experimental stock

Artificial spawning of common carp was carried out at the hatchery of USB, FFPW, in

Vodňany, Czech Republic. The broodstock fish were Amur mirror carp (Vodňany line),
recently accepted as a new Czech common carp breed [21]. The Amur mirror carp are derived

from the 2nd generation of intercross of European mirror carp, Cyprinus carpio, and Amur

wild (scaled) carp, Cyprinus rubrofuscus, selected to fix the homozygous “mirror” scale cover

while incorporating genetic variation from the Amur wild carp. Presently, this new breed is

used in crossbreeding programs and the commercial crossbreds perform 20–40% better in sur-

vival and growth compared to others [22]. Moreover, the breed, and even its crossbreds, dis-

played higher resistance to Koi herpes virus (KHV) infection than standard European carp

breeds [23].

In March 2014, the pond with Amur mirror carp broodstock was drained and the available

mature fish were transferred and kept in two ponds of 0.2 ha, one for each sex. In May 2014,

the broodstock was checked again and fish in a good pre-spawning condition (evaluated by

eye and hand inspection) were transferred to the hatchery and kept in tanks separated by sex

at water temperature of 18˚C. Fin tissue from caudal fin (approx. 1 cm2) was collected from

each potential parent and stored in Eppendorf tube filled in with 98% ethanol at room

temperature.

Artificial spawning of the broodstock fish was performed using the same protocol as

described by Vandeputte et al. [3] at a water temperature of 21˚C. Fish gametes were individu-

ally stored for a short time until mating. Sperm from 40 males was stored on ice in 200 ml cell

culture containers, while stripped eggs from 20 females were stored at the hatchery tempera-

ture in dishes covered with foil.

A partial factorial design with a 4 series of mating designs of 5 dams and 10 sires each were

used to produce experimental families. For each series, 100 grams of eggs from each dam were

taken and pooled into one dish. The pooled eggs were then divided into 10 equal batches of 50
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g of eggs and transferred into 10 cups of 200 ml. The cups with eggs were placed on an orbital

agitator and inseminated individually by the sperm of a male. Fertilization was done by adding

50 ml of hatchery water while mixing the sperm and eggs with constant 200 rpm rotation

speed with deflection 10 mm. One minute later, all the cups within each series were pooled to

one dish and egg stickiness was eliminated with a milk solution. The process of fertilization

was repeated four times, one per series. The duration between the first and the fourth series

was less than two hours. At the end of all four mating series, the eggs from each mating were

incubated in separate Zuger jars. After hatching, the yolk-sac fry from each Zuger jar were

transferred and nursed in separate post-hatching incubators until swimming stage.

Rearing of experimental stock and phenotypic recordings

At swimming stage the experimental stock was created by pooling equal quantities (estimated

volumetrically) of larvae from all four post-hatching incubators. Larvae were transferred in

plastic bags under oxygen atmosphere into prepared nursery ponds at USB FFPW and Klatovy

Fish Farm (size of ponds 0.2–1 ha, stocking density 150,000 larvae. ha-1). The progenies were

reared under semi-intensive pond conditions and the fish were feeding on natural food (plank-

ton, benthos) and on additional pelleted feed [3] through the first growing season and first

wintering until March 2015. Then, ponds were harvested and the pond with the best fish sur-

vival (50% survival, mean weight 15.8 ± 4.7 g) was taken for the next steps of the experiment.

The fish were transferred to two tanks at USB FFPW facility in Vodňany. A random sample of

3000 fish was anesthetized with 2-phenoxyethanol (dose of 0.5 ml per 1 l of water) and then

individually PIT-tagged and fin-clipped for further DNA extraction and genotyping in order

to assign the fish to their parents. Each tagged individual was weighed (to the nearest 0.01 g)

and measured for standard length (to the nearest mm).

In April 2015, all the tagged fish together with a reserve group of untagged fish from the

same stock were transferred into an 1 ha pond (stocking density 6000 fish. ha-1) at Klatovy

Fish Farm and reared for the second growing season the same way as during the first growing

season.

In October 2015, the fish were harvested again. All survived fish (including a total of 2008

PIT tagged individuals) were transferred to tanks in the USB FFPW facility to be measured.

Each tagged individual was identified with a tag reader and recorded for body weight (BW1)

and standard length (SL1). Because of high genetic and phenotypic correlations between SL

and BW at that stage, only BW was included in the further analysis. Fulton’s condition factor

(FC) was calculated as FC1 = 105 � BW1 / SL1
3. Fat content in muscle (% Fat1) was measured

using a Fish Fatmeter FM 692 (Distell Ltd., UK), using calibration CARP– 1. The fat percent-

age for each individual was calculated as the mean of four repeated measurements on the left

side of the fish performed according to the manufacturer’s guidelines. The fat content mea-

surements were performed by the same person during the whole experiment. To validate the

accuracy of the muscle fat measurements, the values from Distell Fatmeter were compared

with those analysed with sulpho-phospho-vanillin method [24] in 100 randomly sampled mar-

ket-size fish. For the chemical fat analysis, the whole fillet with skin from each fish were

homogenized using a mixer. The correlation between the Distell Fatmeter values and the

chemically analysed values was 0.85.

After measuring of the PIT tagged individuals, they were stocked for overwintering in a 0.2

ha pond at USB FFPW pond facility in Vodňany. During winter, when water temperature is

below 8˚C, the fish radically reduce their metabolism, movement, and feed intake, and thus

they are not fed with any additional food. However, during the experiment the winter condi-

tions were mild. Average water temperature between November and March was 4.3˚C,
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significant ice cover stayed for two weeks only and water temperature even increased above

8˚C in November (two weeks) and February (four days). That is why altogether 75 kg of pel-

leted food was distributed to the pond during wintering in order to help the fish to stay in a

good condition.

In March 2016, the pond was harvested and all survivors (n = 1976) were transferred into

indoor tanks for data recording. The same traits as before the overwintering were recorded,

BW2, SL2, FC2, and % Fat2. Furthermore, overwintering performance traits were calculated as

follows: i) body weight change during wintering expressed as specific growth rate, SGR1-2 =

(lnwt−lnw0)/t-1 � 100, where wt is the final body weight (g), w0 is the initial body weight (g) and

t is the duration of growth period in days, ii) absolute fat change, FatCh1-2 = Fat2 –Fat1, where

Fat2 is the percent fat content after wintering and Fat1 is the percent fat content before winter-

ing, iii) relative fat change, % FatCh1-2 = (Fat2 –Fat1) / Fat1
� 100, and iv) survival, during over-

wintering, Surv1-2, with 1 given for survived fish and 0 to fish not found during the trait

recording.

In April 2016, the tagged fish were stocked in a 4-ha pond at Klatovy Fish Farm for the

third growing season. Market-size fish were harvested in October 2016 and transferred into a

storage pond in Vodňany and kept there for three weeks. This reflects the common commer-

cial practice to empty the intestines and to refresh the odour and taste of the flesh [17,25].

Final recording was performed at the fish slaughter house of USB FFPW in České Budějovice,
Czech Republic. In total 1622 fish with a single parental assignment were dressed out in

November 2016. The fish were killed by a hit on the head and bled by cutting the gills accord-

ing to the local rules. Standard length (SL3) was measured to the nearest 0.1 mm with an in-

house electronic ruler. Fish were weighed (BW3) to the nearest 0.5 g, and muscle fat content

(% Fat3) was recorded using the Distell Fish Fat Meter as described above. Subsequently, the

fish were gutted, one fillet detached, sexed by visual inspection of gonads (females, males,

immature) and each part of the processed body (head, fillet, viscera, gonads, skin, half carcass,

ribs, fins, scales) was weighed to the nearest 0.5 g. Percentage of processed body [5] or so-called

headless carcass yield (% hl-Carss) and fillet yield (% Fill) were calculated as the most im-

portant slaughter traits: % hl-Carss = (fillet + skin + trimmings + ribs + half carcass) / body

weight � 100); % Fill = (fillet + skin) � 2 / body weight � 100. In addition, similar to the over-

wintering period FC3, SGR2-3, FatCh2-3, % FatCh2-3, and Surv2-3 were calculated for the grow-

ing period from spring to autumn. The fish with a visible deformity (n = 35) were excluded

from further analysis.

Parentage assignment

The fins tissue of parents and the experimental progeny (0.2 cm2) were placed into 96 well

plates and sent to LABOGENA-DNA, the French laboratory for livestock genotyping (ISO

170025 accredited, Jouy-en-Josas, France). The parentage assignment was based on the analy-

sis of 12 microsatellite loci (CCE46, HLJE265, HLJ2241, HLJ2346, HLJ2382, HLJ24657,

HLJ2544, HLJ334, HLJ526, HLJ534, J58, and KOI 57–58). The parentage allocation was per-

formed using AccurAssign software, applying a maximum-likelihood method [26]. The indi-

viduals without assignment to a single parental pair were discarded from further analysis

(n = 129 fish).

Quantitative genetic analysis

All trait values were checked for outliers that might indicate errors during measurements and

recordings. Phenotypic (VP) and genetic variances (VA) and correlations (rp, and rg, respec-
tively) were estimated using DMU software [27]. The phenotypic variance (VP)was taken as
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the sum of all of the variance components as follows: VP = VA + VD + VR, where VD is the non-

genetic maternal (dam) variance, and VR is the residual variance. The software analyses data in

multivariate mixed models using the restricted maximum likelihood method [28]. The genetic

parameters were estimated using the following animal model:

Yijkl ¼ mi þ sexj þ damik þ animil þ eijkl

Where Yijkl is the vector of observations (for all analysed traits), μi is the overall mean for

trait i, sexj is the fixed effect for sex (j = female, male, unidentified), damik is the randommater-

nal effect of dam k for trait i, animil is the random genetic effect of an animal l (l = 1, 2, etc.–no.

of individual) for trait i, and eijkl is the random residual. Models with and without the maternal

effect were used to specifically test the effect of the model on heritability estimates. Genetic

correlations were estimated without the dam effect because in most cases the maternal effect

was negligible. Heritability estimated without the maternal effect was calculated as h2 = VA /

(VA + VR) and with the maternal effect as h2 = VA / (VA + VD + VR). The maternal effect was

calculated asm2 = VD / (VA + VD + VR). Heritability for survival was estimated on the observed

binary scale and subsequently transformed to the underlying normally distributed liability

scale using the formula by Dempster and Lerner [29]. Furthermore, residual covariance

between a survival trait and the traits recorded at or after the survival trait recording was set to

zero. Therefore, phenotypic correlations between these traits were not applicable.

Results

Parentage assignment

From the total of 2008 genotyped fish, 1879 fish (93.6%) were successfully assigned to a single

parental pair, 96 (4.8%) were assigned to multiple parent pairs, and 33 (1.6%) were not

assigned to any parental pair. Assigned fish (single parental pair) belonged to 199 out of the

possible 200 full-sib families. The number of progeny per sire varied from 18 to 98, the average

was 47. The number of progeny per dam varied from 27 to 160, the average was 94. The par-

entage assignment results were solid and similar to those achieved in other studies on common

carp [3–5,7].

Descriptive statistics of traits

Three successive recordings (before second wintering, after second wintering = before third

growing season, and after third growing season) covering two periods (second overwintering,

third growing season) were studied (Table 1). During overwintering, only a slight decrease in

muscle fat content (FatCh1-2, % FatCh1-2), and surprisingly, a slight increase in weight were

observed. The overwintering survival was high (98%). The growing period was expressed with

rapid (recovery) growth (SGR2-3) and increasing fat content (FatCh2-3, % FatCh2-3). At market

size, the CV for body weight was lower compared to the previous periods (14.6% vs 19.2 and

19.7%). The yields of hl-carcass (66%) and fillets (50%) were higher than usual in common

carp, probably due to the specific dress out process which was different from the commercial

one but reflected better the biological values of the traits. The level of Surv2-3 (89%) was typical

for this age category and climatic conditions.

Heritability estimates

All the estimated heritabilities were significantly different from zero and almost all traits were

medium to highly heritable (0.36–0.68) (Table 1). Surprisingly, the Fulton’s condition factors

(FC1 –FC3) achieved heritability estimates from high to close to unity (0.73–1.0). Low
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heritability estimates were observed for FatCh1-2 and % FatCh1-2 (0.12–0.13). The heritabilities

for survival were low for both periods (overwintering and growing season) and for both kind

of estimations, on the observed scale (Surv1-2obs = 0.02, Surv2-3obs = 0.06) and on the underly-

ing liability scale (Surv1-2lia = 0.13, Surv2-3lia = 0.15). The maternal effectsm2 for all traits were

insignificant and close to zero (<0.05).

Genetic and phenotypic correlations

Correlations of traits related to overwintering. Genetic and phenotypic correlations

among traits during overwintering are presented in Table 2. High (values in range 0.51–0.80)

to strong (values> 0.80) phenotypic (0.68–0.98) and genetic correlations (0.98 for all traits)

were observed for the same trait recorded before and after overwintering (i.e. BW1 –BW2, %

Fat1 - % Fat2 and FC1 –FC2; S1 Table).

Low positive phenotypic correlations were observed between BW1 and % Fat1 (rp = 0.28)

and between SGR1-2 and % FatCh1-2 (rp = 0.29). A low negative correlation was estimated

between % Fat1 and % FatCh1-2 (rp = -0.29) and a moderate one was found between % Fat1
and FatCh1-2 (rp = -0.46). A high positive phenotypic correlation was observed between

FatCh1-2 and % FatCh1-2 (rp = 0.93).

Table 1. Number of observations (n), traits means (mean ± S.D.), CV (coefficient of variation), VP (phenotypic variance), VA (genetic variance), h2 (heritability
estimates ± S.E.),m2 (maternal effect ± S.E.) for traits within each studied period (1 before winter period, 2 after winter period, 3 at harvest) and for traits changes
during 1–2 overwintering period and 2–3 growing period.

Trait N Mean ± S.D. CV VP VA h2 ± S.E. m2 ± S.E.

BW1 1847 336.1 ± 64.6 19.2 4124.5 2022.1 0.49 ± 0.08 0.05 ± 0.07

BW2 1814 340 ± 67.1 19.7 4508.5 2307.4 0.51 ± 0.08 0.04 ± .0.07

FC1 1847 2.85 ± 0.25 8.8 0.0644 0.0468 0.73 ± 0.10 0.03 ± 0.09

FC2 1813 2.84 ± 0.24 8.5 0.0632 0.0598 0.93 ± 0.10 0.03 ± 0.11

% Fat1 1847 4.94 ± 1.26 25.5 1.62 1.01 0.62 ± 0.12 0.00 ± 0.08

% Fat2 1814 4.35 ± 1.11 25.5 1.26 0.45 0.64 ± 0.14 0.00 ± 0.08

SGR1-2 1814 0.004 ± 0.02 N/A 0.34 0.16 0.47 ± 0.11 0.00 ± 0.06

FatCh1-2 1813 -0.59 ± 0.64 108.5 0.41 0.052 0.12 ± 0.05 0.00 ± 0.02

% FatCh1-2 1814 -11 ± 12.8 116.4 164.64 21.42 0.13 ± 0.05 0.00 ± 0.02

Surv1-2(Obs) 1814 0.98 ± 0.16 N/A 0.0250 0.0004 0.02 ± 0.01 0.00 ± 0.03

Surv1-2 (Lia) 1814 N/A N/A N/A N/A 0.13 ± 0.061 0.00 ± 0.03

BW3 1559 1910 ± 279 14.6 80835.7 50873.1 0.63 ± 0.12 0.00 ± 0.08

FC3 1558 3.40 ± 0.32 9.4 0.0990 0.0986 1.00 ± 0.09 0.05 ± 0.12

% Fat3 1559 11.56 ± 2.96 25.6 8.40 5.67 0.67 ± 0.13 0.00 ± 0.09

SGR2-3 1559 0.89 ± 0.07 7.9 0.48 0.24 0.49 ± 0.10 0.00 ± 0.06

FatCh2-3 1557 7.24 ± 2.56 35.4 6.18 3.45 0.56 ± 0.10 0.00 ± 0.06

% FatCh2-3 1557 175 ± 72 41.1 5156.29 2398.84 0.47 ± 0.10 0.00 ± 0.06

Surv2-3 (Obs) 1622 0.89 ± 0.35 N/A 0.12 0.007 0.06 ± 0.02 0.00 ± 0.02

Surv2-3 (Lia) 1622 N/A N/A N/A N/A 0.15 ± 0.051 0.00 ± 0.02

% hl-Carss 1559 66.21 ± 2.19 3.3 3.83 1.36 0.36 ± 0.08 0.00 ± 0.05

% Fill 1559 49.75 ± 1.95 3.9 3.43 1.23 0.36 ± 0.08 0.00 ± 0.05

BW1 –BW3 = body weight, FC1 –FC3 = Fulton’s condition factor, % Fat1 –% Fat3 = muscle fat percent, % hl-Carss = headless-carcass yield, % Fill = fillet yield. Indices:

1 = the trait was recorded before wintering, 2 = the trait was recorded after wintering (before the third growing season), 3 = the trait was recorded after the third

growing season (at market size). Overwintering period: SGR1-2 specific growth rate, FatCh1-2 = absolute fat change, % FatCh1-2 = relative fat change %, Surv1-2(Obs) =

overall survival on observed scale, Surv1-2 (Lia) = overall survival on liability scale. Growing period: SGR2-3 specific growth rate, FatCh2-3 = absolute fat change, % FatCh2-

3 = relative fat change %, Surv2-3 (Obs) = overall survival on observed scale, Surv2-3 (Lia) = overall survival on liability scale. N/A = not applicable.
1 = h2 ± S.E. was transformed to the liability scale using the formula by Dempster and Lerner [29].

https://doi.org/10.1371/journal.pone.0191624.t001
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Regarding the genetic correlations between different traits, a strong positive genetic cor-

relation was estimated between FatCh1-2 and % FatCh1-2 (rg = 0.92 ± 0.04). High positive

genetic correlations were estimated between SGR1-2 and the fat change traits, i.e. FatCh1-2 (rg =
0.63 ± 0.12) and % FatCh1-2 (rg = 0.67 ± 0.15), and also between FatCh1-2 and Surv1-2 (rg =
0.68 ± 0.30), showing that several overwintering traits are related to each other. High negative

genetic correlations were observed between % Fat1 and FatCh1-2 (rg = -0.51 ± 0.14) and inter-

estingly also between % Fat1 and Surv1-2 (rg = -0.59 ± 0.26), indicating a link between reduced

winter survival and high fat before winter. A moderate positive genetic correlation was esti-

mated between BW1 and % Fat1 (rg = 0.32 ± 0.13) and between SGR1-2 and FC1 (rg = 0.50 ±
0.11). A moderate negative genetic correlation was observed between % Fat1 and SGR1-2 (rg =
-0.39 ± 0.16). To ensure that the negative relationships of % Fat1 with Surv1-2, FatCh1-2, %

FatCh1-2 and SGR1-2 were not generated by the relation of % Fat1 with BW1, the analysis was

also run using BW1 as a covariate for % Fat1. With such a model, the genetic correlations

become either more negative (SGR1-2 and Surv1-2) (Table 2.), or remain the same (FatCh1-2
and % FatCh1-2). Among the other pairs of traits, no significant genetic correlations were

observed.

Correlations between traits related to overwintering and traits related to the third

growing season. Estimated correlations among overwintering traits and traits related to the

third growing season are listed in Table 3. When looking at the same traits between periods

(before the third growing season and after the growing season) strong positive correlations

(phenotypic as well as genetic) were observed for body weight, FC and muscle fat content (rg =
0.70–0.94, rp = 0.52–0.73). For the other traits, the correlations were insignificant (SGR) or

with negative pattern for phenotypic and genetic correlations (FatCh, % FatCh and Surv).

Generally, phenotypic correlations were in most cases lower than genetic correlations. Only

11 phenotypic correlations out of 63 investigated were higher than 0.20 of which only four

were higher than 0.50. For genetic correlations, 24 values out of 63 were significant of which

12 were higher than 0.50, and three were 0.70 or higher.

When looking at correlations between different traits, body weight and muscle fat content

before the third growing season (BW2; % Fat2) were negatively correlated with specific growth

rate (SGR2-3) during the third growing season (rg = -0.59, -0.54; rp = -0.62; -0.33, respectively).

So, the leaner and smaller fish were performing better and catching up their larger counter-

parts. However, positive genetic and phenotypic correlations between BW2 and BW3 (rg =
0.74; rp = 0.72) also indicate that selection for body weight before the third growing season

may increase market weight.

Table 2. Genetic (above the diagonal; ± S.E.) and phenotypic correlations (below the diagonal) of traits before wintering and traits changes during overwintering.

BW1 SGR1-2 FC1 % Fat1 FatCh1-2 % FatCh1-2 Surv1-2

BW1 x 0.27 ± 0.14 0.08 ± 0.14 0.32 ± 0.13 -0.10 ± 0.18 0.05 ± 0.18 0.19 ± 0.31

SGR1-2 0.11 x 0.50 ± 0.11 -0.39 ± 0.161 0.63 ± 0.12 0.67 ± 0.15 0.47 ± 0.29

FC1 0.06 0.14 x -0.25 ± 0.14 0.21 ± 0.17 0.22 ± 0.16 0.26 ± 0.28

% Fat1 0.28 -0.14 0.00 x -0.51 ± 0.14 -0.16 ± 0.17 -0.59 ± 0.262

FatCh1-2 -0.05 0.16 -0.01 -0.46 x 0.92 ± 0.04 0.68 ± 0.30

% FatCh1-2 -0.01 0.29 0.00 -0.29 0.93 x 0.46 ± 0.33

Surv1-2 0.02 N/A 0.03 -0.01 N/A N/A x

See Table 1 for trait abbreviations. When covariate of body weight to % muscle fat content was used
1rg = -0.47 ± 0.12
2rg = -0.68 ± 0.28. N/A = not applicable.

https://doi.org/10.1371/journal.pone.0191624.t002
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SGR1-2 showed high genetic correlations with BW3 and FC3 (rg = 0.62 ± 0.10 and

0.54 ± 0.11, respectively) but phenotypic correlations were twice lower (0.34, 0.22, respec-

tively). Significant but moderate negative genetic correlations were observed for SGR1-2 with

% Fat3, FatCh2-3, and % hl-Carss and at the edge of significance with % Fill.

FC2 was positively genetically correlated to BW3 and Surv2-3 (high relationship) and SGR2-3

(moderate relationship) and negatively weakly correlated to % Fat3. In all cases, the phenotypic

correlations were much lower. The condition factor after winter period thus seems to be a

good indicator of the genetic merit of fish for several production traits in the third growing

season.

Muscle fat content before the third growing season (% Fat2), while significantly correlated,

was only in negative relationships with the traits of the following growing season. The genetic

correlation with Surv2-3 (-0.53 ± 0.19) was highly negative indicating that higher muscle lipid

level after winter is related to lower survival in the third growing season. Moreover, there were

moderate genetic correlations with FatCh2-3 and % FatCh2-3. The phenotypic correlations

were low to moderate or not existing.

The genetic correlations of fat change traits (FatCh1-2 and % FatCh1-2) both showed similar

negative patterns with traits of the next period (FatCh2-3, % FatCh2-3 and % hl-Carss). For

FatCh1-2, the correlations were moderate, for % FatCh1-2 low or moderate, but always lower

than for FatCh1-2. Moreover, FatCh1-2 was significantly correlated with % Fat3 (rg = -0.50 ±
0.14) and with % Fill (rg = -0.38 ± 0.16). Oppositely, % FatCh1-2 was significantly correlated

with % FatCh2-3 (rg = -0.37 ± 0.16). The phenotypic correlations were low or negligible.

Genetic and phenotypic correlation between Surv1-2 and the traits after the third growing

season were not significant.

Discussion
The present study focused on the genetic variance of the second winter performance and on

the effect of overwintering traits on traits of the third growing season, at the end of which the

fish reached the market size. The most important fish characteristics for winter performance

Table 3. Genetic (first line; ± S.E.) and phenotypic correlations (second line) of traits changes during overwintering and traits after overwintering (left hand side)
related to traits changes during growing period and traits at market size (upper heading).

BW3 SGR2-3 FC3 % Fat3 FatCh2-3 % FatCh2-3 Surv2-3 % hl-Carss % Fill

BW2 0.74 ± 0.07, -0.59 ± 0.10, 0.15 ± 0.14, 0.22 ± 0.14, 0.13 ± 0.15, -0.14 ± 0.15, -0.29 ± 0.22, -0.19 ± 0.15, 0.03 ± 0.16,

0.72 -0.62 0.10 0.24 0.15 -0.07 -0.05 0.06 0.19

SGR1-2 0.62 ± 0.10, 0.11 ± 0.16, 0.54 ± 0.11, -0.35 ± 0.13, -0.33 ± 0.14, -0.19 ± 0.15, 0.31 ± 0.24, -0.37 ± 0.14, -0.29 ± 0.15,

0.34 -0.06 0.22 -0.10 -0.09 -0.05 0.03 -0.05 -0.05

FC2 0.55 ± 0.10, 0.34 ± 0.13, 0.94 ± 0.02, -0.27 ± 0.13, -0.22 ± 0.14, -0.05 ± 0.15, 0.45 ± 0.21, -0.14 ± 0.15, -0.16 ± 0.15,

0.29 0.08 0.73 -0.10 -0.11 -0.08 0.04 -0.06 -0.04

% Fat2 -0.15 ± 0.15, -0.54 ± 0.11, -0.27 ± 0.13, 0.70 ± 0.08, -0.42 ± 0.13, -0.36 ± 0.13, -0.53 ± 0.19, 0.15 ± 0.15, 0.23 ± 0.15,

0.04 -0.33 -0.04 0.52 0.16 -0.46 -0.02 0.05 0.14

FatCh1-2 0.17 ± 0.18, 0.17 ± 0.18, 0.19 ± 0.17, -0.50 ± 0.14, -0.50 ± 0.14, -0.26 ± 0.17, 0.32 ± 0.26, -0.45 ± 0.16, -0.38 ± 0.16,

0.03 0.06 0.06 -0.11 -0.16 -0.17 -0.02 -0.08 -0.08

% FatCh1-2 0.24 ± 0.17, 0.05 ± 0.18, 0.18 ± 0.17, -0.25 ± 0.17, -0.34 ± 0.16, -0.37 ± 0.16, 0.10 ± 0.27, -0.38 ± 0.17, -0.26 ± 0.18,

0.04 0.01 0.06 0.03 -0.12 -0.25 -0.02 -0.08 -0.06

Surv1-2 0.56 ± 0.31, 0.18 ± 0.30, 0.40 ± 0.27, -0.18 ± 0.30, -0.02 ± 0.30, 0.18 ± 0.33, 0.58 ± 0.35, 0.34 ± 0.30, 0.27 ± 0.30,

-0.07 -0.04 0.00 0.08 -0.03 -0.11 0.24 0.002 0.001

See Table 1 for trait abbreviations.

https://doi.org/10.1371/journal.pone.0191624.t003
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are survival, but also a condition that ensures good recovery and performance of fish in the

next rearing period. A trait that has often been mentioned to be important for winter survival

is muscle fat content [12]. Complementary traits that may indicate either relationship to over-

wintering performance or recovery after the winter period, are weight change and fat change,

which were in our study expressed as specific growth rate [30] and as absolute and relative fat

change. Furthermore, Fulton’s condition coefficient is also often used in common carp culture

as a trait indicating actual condition [9]. So, all these traits were evaluated for their importance

for winter survival and performance until market size.

Genetic and maternal variance

The heritability of traits in this study was estimated using two models: either including or

excluding the random non-genetic maternal effectm2. The maternal effect for all the estimates

(after second and third growing season) was negligible, similar to the studies by Vandeputte

et al. [3] and Ninh et al. [7].

The heritability estimates for BW, % Fat, SGR, FatCh, % hl-Carss and % Fill were mostly

moderate to high and tended to increase with the age of the fish. This observation was in accor-

dance with other recent studies on common carp [3–8] in different breeds/strains and under

various pond management conditions. Thus, common carp has sufficient genetic variance in

most important performance traits (growth, fat and yield) for selective breeding programs.

The results also show that in Central European climatic conditions, the selection of fish should

be done optimally after the second wintering (S2 and S3 Tables). At this period the fish are still

small enough for easy handling and short-term storage and there is a reasonably high genetic

correlation (0.74) between the weight at this age and market-size weight.

Low but significant heritability estimates were found for survival during wintering as well

as third growing season. Dong et al. [8] observed similar estimates for overall survival during

four generations, while Nielsen et al. [6] observed heritability of 0.34 for survival during the

last growing season. Similar variability was also reported in other fish species [31–37]. This is

not surprising as reasons for fish mortality and the range of mortality differed across studies.

Generally, survival has low h2 when low mortality rates are observed. This was also our case.

However, the existing genetic variation for overall survival indicates that there is a potential

for improving general robustness against various mortality factors [34].

Fulton’s condition factor was very highly heritable in all periods (from yearling to market

size) and even close to unity at harvest (h2 = 0.997). Vandeputte et al. [3] estimated a much

lower heritability for FC in juvenile common carp (0.37). Thus, in our study the FC variation

was mostly genetic variance and environmental variance became negligible. Moreover, we

found that genetic and phenotypic correlations among FC and biometrical indices (relative

body height, relative body width) were strong (> 0.9; S4 Table). So, FC indicated also the

shape of fish–fish with higher FC had higher and wider body. Similarly, a strong relationship

between body shape and FC was observed in European whitefish, Coregonus lavaretus [36]. In
our study, this phenomenon might be partly due to the fact that the great-grand parents of the

experimental stock were very different in body shape (oblong-like body shape in Amur wild

carp and square-like body shape in the maternal strain [21]). This generates high genetic vari-

ance in the F3 generation used in the present study.

Overwintering performance

No significant genetic correlations were observed between winter survival (Surv1-2) and fish

weight (BW1). So, selection for higher body weight before winter would not lead to any favor-

able response in overwintering survival. Interestingly, despite generally high survival (98%), a

The genetics of overwintering related to performance in common carp
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significant negative genetic correlation between % Fat1 and Surv1-2 (-0.59) was observed.

Hence, selecting for higher muscle fat could lead to lower winter survival. However, this obser-

vation might be specific only for the mild winter conditions that were experienced here. Such

observations contradict the general assumption concerning size-selective mortality in fish–

smaller fish tend to have lower energy reserves and use those reserves more rapidly due to the

allometry of metabolic rate, which results in lower survival [12,38,39]. However, Biro et al. [39]

observed in rainbow trout (Oncorhynchus mykiss) that the larger/fatter individuals unlike the
smaller/leaner ones consumed more of their lipid reserves than predicted by standard meta-

bolic allometry. We observed that heavier fish before winter were slightly fatter (rp = 0.28) and

that selection for heavier fish would lead to a slight increase in muscle fat content (rg = 0.32).

However, phenotypic correlations between % Fat1 and FatCh1-2 as well as % Fat1 and %

FatCh1-2 were negative. So, it also shows that fatter fish mobilized their lipid reserves more

than the leaner ones.

We assume that due to the mild winter conditions, fish were more active than normally,

needed more energy and were looking for food. Otherwise, fish could not increase or keep

their weight (decreased BW in 713 fish, no BW change in 67 fish, increased BW in 1034 fish).

Similar foraging behavior in three-year old carp was observed by Bauer and Schlott [9] but in

their study, all fish except one lost weight during winter, probably because of colder winter

and absence of winter feeding. However, due to climate change, mild winter conditions might

be more often expected in Europe in the future [40]. Former recommendations and our obser-

vation suggest that importance of parameters for survival might depend on e.g. the age of fish,

food availability during winter and the climatic conditions [10].

Other results supporting a disadvantage of having too high muscle fat content prior to over-

wintering might be seen from the correlations among % Fat1, SGR1-2, FatCh1-2, % FatCh1-2
and Surv1-2. Selecting fish for higher muscle fat content before winter would lead to spending

more muscle fat during winter in absolute value (moderate correlation), and to having lower

SGR1-2. Moreover, if a selection on lower weight loss during winter was done, the fish would

tend to be initially leaner (decreasing of % Fat1) and to have lower fat decrease during winter

in absolute (FatCh1-2) as well as relative values (% FatCh1-2). Summing up, selection for lower

decreases in weight and muscle fat content is expected to result in better winter performance.

This observation is in accordance with assumptions by Schäperclaus [41], Bernard and Fox

[42], and Pratt and Fox [43]. However, such selection would likely lead also to a decreasing of

muscle fat content before wintering. This is contradictory to studies on European sea bass

(Dicentrarchus labrax), where fish that lost less weight when fasting were also those that exhib-

ited higher muscle fat content after starvation [44–46]. On the other hand, those fish were

completely feed-deprived and this fact might be a reason for this opposite result, while in our

case fish had a chance to forage. It might happen that during mild winter, natural selection

would privilege leaner fish to perform better e.g. due to compulsion to ingest more feed and

thus maintain their weight and lipid stores more effectively. The same strategy of leaner fish

was also observed in Atlantic salmon (Salmo salar L.) by Johansen et al. [47]. Oppositely, fatter

fish, not being forced to forage, would be handicapped during mild winter and due to higher

metabolic activity they would lose more lipid stores and weight which would affect their sur-

vival. Thus, fish may be able to recognize their lipid reserves status, a capacity termed lipostatic

regulation that was also reported in other fish species [18,47–52].

The condition factor before winter (FC1) was not phenotypically correlated to any trait, but

selection for this trait should result in lower weight loss (or weight gain) during winter (rg for
FC1: SGR1-2 = 0.50) that might be advantageous for winter performance. However, due to

mild winter, FC decreased only slightly during winter, even survival was high, and this could

be reason why this trait was only slightly related to overwintering performance. Higher

The genetics of overwintering related to performance in common carp
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mortality during winter in fish with FC decrease exceeding 15–20% was observed in a previous

study [53] and accordingly, FC was of interest when assessing winter survival in common carp

[9].

Impact of overwintering performance on the next growing season until
market size

The conditions during the third growing season were optimal as seen from standard-level sur-

vival (89%), average water temperature from April to October (17.5˚C), from the mean body

weight gain of 1570 g, from the total pond production of 665 kg. ha-1, and from a considerable

increase in muscle fat (abs: 7.2%), which were higher than usual.

Similar to overwintering period, we found that the muscle fat content after overwintering

(% Fat2) was negatively genetically correlated (-0.53) to survival during the third growing sea-

son (Surv2-3). Conversely, there was no correlation between % Fat2 and BW3. Thus, selective

breeding for restricted fat content in spring may increase survival without affecting final body

weight. The negative correlation between muscle fat content and survival has no straightfor-

ward explanation. Kause et al. [36] observed in European whitefish a rather positive genetic

correlation between higher fillet lipid at harvest and survival. However, in that case larger fish

were also fatter than the smaller ones. While a certain level of muscle fat is essential for various

biological functions of fish [54,55], our observations suggest that an excess might have disad-

vantageous effects.

The negative moderate to high phenotypic and high genetic correlations of BW2 and % Fat2
with SGR2-3 indicated that initially smaller and leaner fish grew faster during the third growing

season. On the other hand, smaller fish did not catch in weight the larger ones at market size.

Still, it looks that worse performing genotypes were supported after the period of growth

depression by good rearing conditions, as described above, to catch up the other genotypes.

This fact also decreased CV of body weight. Likewise, Mas-Muñoz et al. [56] observed negative
phenotypic correlation between initial body weight and SGR in sole (Solea solea) grown in

ponds.

The change of weight during overwintering (SGR1-2) was favorably genetically and pheno-

typically correlated to BW3 and FC3 (rg = 0.62, 0.54; rp = 0.34, 0.22, respectively). So, the fish

which grew or lost less weight during overwintering achieved also higher body weight and

condition at market size. Accordingly, selection for higher SGR1-2 (the lowest negative or posi-

tive value) could positively affect the body weight and condition at market size. On the other

hand, selection for higher SGR1-2 would likely lead to a decrease of muscle fat content (% Fat3)

and slaughter yields at market size (rg = -0.29 and -0.35, respectively). The same situation

regarding final muscle fat content and edible parts yield would happen when selecting on

higher FatCh1-2 (lower decrease or slight increase in muscle fat content during winter). Thus,

the correlations indicate that genotypes which tended to lose more muscle fat during winter

compensated the muscle fat during growing season and the higher muscle fat content very

likely increased hl-carcass and fillet yields in such fish (as estimated based on positive correla-

tions between % Fat3 related to % hl-Carss and % Fill; S4 Table). Similarly, positive correlations

between muscle fat content and slaughter yields were observed in rainbow trout [57] and pre-

vious study in common carp [5]. Hence, the possible decrease in slaughter yields makes the

selection on SGR1-2 or FatCh1-2 less appealing. Nevertheless, the negative correlation between

SGR1-2 or FatCh1-2 and yields might be overcome with a multitrait selection method, e.g. look-

ing for predictors for better slaughter yields similarly as in rainbow trout [58,59] and European

seabass [60]. However, in case that flesh quality were more profitable for fish farmers than

increased dress-out yields, decreasing the fat in muscle would most likely lead to increasing

The genetics of overwintering related to performance in common carp
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relative rate of polyunsaturated fatty acids (PUFAs) and improving the omega 3: omega 6 fatty

acids profile [61,62]. Then SGR1-2 or FatCh1-2 would become interesting traits for a selection

program.

Selection for higher FC2 would lead to increasing final weight (BW3), SGR2-3 and Surv2-3
(rg = 0.34–0.55) with a slight decrease in a final muscle fat content (rg = -0.27) with no effect

on slaughter yields. A high positive genetic correlation between FC and BWwas found e.g. in

rainbow trout by Haffray et al. [63], but oppositely Sae-Lim et al. [37] found no genetic correla-

tion between fingerling FC and BW or survival at harvest. Similarly, correlations between FC

and muscle fat content differ among studies [36]. In our study, FC2 after overwintering seemed

to be quite a valuable trait for a potential selective breeding program in Amur mirror carp.

Conclusions
Muscle fat content is a trait playing an important role in biological functions of common carp.

In this study it was found that selection for i) lower fat content before and after winter, ii)

lower decrease in muscle fat content and/or body weight during winter, may both lead to bet-

ter survival and growth during the subsequent growing period. On the other hand, edible parts

yield may slightly decrease. We also showed that selection for higher condition factor might

result in better performance during the winter, and mainly during the third growing season

and at market size. However, this would also lead to a change of fish conformations to a less

favourable square-like body shape.
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13. Blasco J, Fernández J, Gutierréz J. Fasting and refeeding in carp,Cyprinus carpio L.: the mobilization
of reserves and plasmametabolite and hormone variations. J Comp Physiol B. 1992; 162: 539–546.
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Common carp is a major aquaculture species worldwide, commonly sold alive but

also as processed headless carcass or filets. However, recording of processing yields

is impossible on live breeding candidates, and alternatives for genetic improvement

are either sib selection based on slaughtered fish, or indirect selection on correlated

traits recorded in vivo. Morphological predictors that can be measured on live fish

and that correlate with real slaughter yields hence remain a possible alternative. To

quantify the power of morphological predictors for genetic improvement of yields,

we estimated genetic parameters of slaughter yields and various predictors in 3-

year-old common carp reared communally under semi-intensive pond conditions. The

experimental stock was established by a partial factorial design of 20 dams and 40

sires, and 1553 progenies were assigned to their parents using 12 microsatellites.

Slaughter yields were highly heritable (h2 = 0.46 for headless carcass yield, 0.50

for filet yield) and strongly genetically correlated with each other (rg = 0.96). To

create morphological predictors, external (phenotypes, 2D digitization) and internal

measurements (ultrasound imagery) were recorded and combined by multiple linear

regression to predict slaughter yields. The accuracy of the phenotypic prediction

was high for headless carcass yield (R2 = 0.63) and intermediate for filet yield

(R2 = 0.49). Interestingly, heritability of predicted slaughter yields (0.48–0.63) was

higher than that of the real yields to predict, and had high genetic correlations

with the real yields (rg = 0.84–0.88). In addition, both predicted yields were highly

phenotypically and genetically correlated with each other (0.95 for both), suggesting

that using predicted headless carcass yield in a breeding program would be a

good way to also improve filet yield. Besides, two individual predictors (P1 and P2)

included in the prediction models and two simple internal measurements (E4 and E23)
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exhibited intermediate to high heritability estimates (h2 = 0.34 – 0.72) and significant

genetic correlations to the slaughter yields (rg = |0.39 – 0.83|). The results show that

there is a solid potential for genetic improvement of slaughter yields by selecting for

predictor traits recorded on live breeding candidates of common carp.

Keywords: heritability estimates, genetic correlations, indirect selection, morphological landmarks, slaughter
yields, ultrasound imagery

INTRODUCTION

Common carp (Cyprinus carpio and C. rubrofuscus) is highly
important freshwater fish species for world aquaculture, with
an annual production exceeding 4,000,000 tons (FAO, 2016).
Yet, selective breeding programs of carp are less developed
than in other aquaculture species (Hulata, 1995; Vandeputte,
2003; Janssen et al., 2017). Crossbreeding of notably inbred
strains (Kohlmann et al., 2003, 2005) remains the most used
method for genetic improvement of common carp stocks in
Europe (Vandeputte, 2003; Nielsen et al., 2010; Janssen et al.,
2017). However, the genetic progress is limited only to the first
generation, and crossbreeding is not relevant to achieve long
term cumulative gains (Nielsen et al., 2010). Selective breeding
is more valuable because then the genetic gain is cumulative
over multiple generations and a change in the breeding goal
is possible over generations (Gjedrem and Baranski, 2009).
Nevertheless, selective breeding in common carp is still only
emerging and plays aminor role in carp aquaculture (Vandeputte,
2003; Chavanne et al., 2016; Janssen et al., 2017).

Several recent studies have shown a significant additive
genetic variation of several performance traits in common carp
(Vandeputte et al., 2004, 2008; Kocour et al., 2007; Nielsen et al.,
2010; Ninh et al., 2011; Dong et al., 2015; Hu et al., 2017; Prchal
et al., 2018) suggesting that important production traits, such as
body weight and processing traits, could be genetically improved
through selective breeding. Processing traits such as filet yield
(filet weight relative to body weight) and carcass yield are more
economically valuable traits than body weight itself for species
sold processed (Bauer and Schlott, 2009; Kankainen et al., 2016).
Processed carp are commonly sold as processed body (headless
carcass) or as trimmed filets (Gela et al., 2003; Kocour et al.,
2005a, 2007; Bauer and Schlott, 2009).

The use of filet yield in selection programs of fish has been
criticized by several authors (Powell et al., 2008; Nguyen et al.,
2010a; Gjerde et al., 2012; Van Sang et al., 2012) as in their
studies low heritability of filet yield or insignificant response to
selection were observed. The conclusion has been that it would
be challenging to improve filet weight independently of body
weight. A recent simulation study based on field data from three
fish species (European sea bass; Dicentrarchus labrax, gilthead
sea bream; Sparus aurata and rainbow trout; Oncorhynchus
mykiss) indicated that filet yield can be specifically improved
in a selection program (Fraslin et al., 2018). Nevertheless, mass
selection is not possible in practice as slaughter yields can be only
recorded destructively from slaughtered fish. As an alternative,
such traits are mostly selected through sib selection or indirect
selection on correlated traits recorded in vivo (Kause et al.,
2007). However, sib selection, where breeding candidates are

ranked according to the average performance of their slaughtered
sibs, limits the genetic progress by using only genetic variation
occurring between-families without exploiting within-family
variation (Gjedrem, 2010; Haffray et al., 2013). Such limitation
could be overcome by using indirect (non-invasive) selection
criteria that can be measured on live breeding candidates, and
that would allow exploiting the whole genetic variation related
to slaughter yields (Vandeputte et al., 2017). Several studies
have reported a possible application of external and internal
(ultrasound imagery) morphological measurements predicting
filet weight (Cibert et al., 1999; Bosworth et al., 2001; Rutten et al.,
2004; Van Sang et al., 2009) or filet yield (Kause et al., 2007; Van
Sang et al., 2009; Haffray et al., 2013; Vandeputte et al., 2017), and
even their utilization in selective breeding (Kause et al., 2007; Van
Sang et al., 2012; Haffray et al., 2013; Vandeputte et al., 2017).

The aim of this study was to (i) determine morphological
predictors by external (phenotyping, 2D imaging) and internal
measurements (ultrasound imagery) that can be combined by
linear regression to predict slaughter yields (headless carcass and
filet yields) in common carp, (ii) estimate genetic parameters of
slaughter yields and their predictors, (iii) predict and compare
the potential genetic gain based on hypothetical mass selection,
sib selection and indirect selection based on the predictors of
slaughter yields.

MATERIALS AND METHODS

Ethics Statement
The methodological protocol of the current study was approved
by the expert committee of the Institutional Animal Care and
Use Committee (IACUC) of the University of South Bohemia
in České Budějovice (USB), Faculty of Fisheries and Protection
of Waters (FFPW) in Vodňany according to the law on the
protection of animals against cruelty (Act no. 246/1992 Coll., ref.
number 16OZ19179/2016-17214). To enhance animal welfare
and decrease suffering during all fish handling, the fish were
anesthetized using 2-phenoxyethanol for each live trait recording,
and humanely euthanized (humane endpoint) for final recording
of slaughter traits. The main author of study owns the certificate
(CZ 01704) giving capacity to conduct and manage experiments
involving animals according to section 15d paragraph 3 of Act no.
246/1992 Coll.

Establishment and Rearing of
Experimental Stock
In May 2014, the experimental stock was produced at the
Genetic Fishery Center of University of South Bohemia (USB)
in České Budějovice, Faculty of Fisheries and Protection of
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Waters (FFPW) in Vodňany, Czech Republic. Amur mirror
carp (AM), Vodňany line, recently certified as a new Czech
common carp breed (Flajšhans et al., 2015), was chosen as the
base population. The AM was used due to its higher genetic
diversity (non-published data) compared to other carp breeds
available in the Czech Republic that was given by the history of
AM establishment. During 1 day, gametes from 20 dams and
40 sires were collected and a partial factorial design with four
series of 5 dams and 10 sires in each was used. After fertilization,
the eggs from each series were incubated in four separate
Zuger jars. Each parental fish was fin-clipped for parentage
assignment of the offspring fish. After hatching, the yolk-sac
fry from each Zuger jar were transferred and nursed in four
separate post-hatching incubators until swimming stage, when
the experimental stock was created by pooling equal quantities
(estimated volumetrically) of larvae from all four post-hatching
incubators. These larvae were released (150,000 larvae. ha−1) to
the prepared nursery ponds at the Klatovy fish farm. Since then,
the families were reared communally in ponds. The families were
reared in various pond sizes depending on age of fish and annual
period (0.2–4 ha) under semi-intensive pond management based
on natural food and supplementary feeding (plant-based pellets
altered later with wheat grain) served three times a week. At
fish age of 1-year, a random sample of 3000 fish from the
best pond (50% survival, mean weight ± SD = 15.8 ± 4.7 g)
was anesthetized with 2-phenoxyethanol (0.5 ml per 1 l of
water) and individually PIT-tagged and fin-clipped for parentage
assignment. After the second growing period and the second
overwintering, the fish were harvested and the data were collected
for a related study about the genetic potential of overwintering
performance in common carp (Prchal et al., 2018). At market size
(third growing season) of 1910 gmeanweight (October 2016), the
fish were harvested and transferred to a storage pond in Vodňany
for 3 week-fasting, before final traits recording. This was done
to mimic the practice in commercial production, where fasting is
used to empty the intestines and to improve the taste and quality
of the flesh (Zajic et al., 2013).

Fish Processing and Final Traits
Recording
In November 2016, the fish were transferred to the fish slaughter
house of USB FFPW in České Budějovice, Czechia. A total
of 1622 individuals were humanely sacrificed by a hit on the
head and bled by cutting the gills according to the local rules.
These were the fish that had been assigned to a single parental
pair based on the microsatellite analysis (see section “Parentage
Assignment”). Total length (TL), standard length (SL), body
length (BL), head length (HL), body height (BH), and body
width (BWI) were measured to the nearest 0.1 mm with an in-
house electronic ruler, and body weight (BW) was weighed to the
nearest 0.1 g with an electronic scale. For external phenotypic
measurements, fish were photographed (left side) using a
digital camera (CANON EOS 1000D). Internal measurements
were recorded by ultrasound tomography (Hospimedi LC100,
7.5 MHz). The total muscle fat content (% Fat) was recorded
using a Fish Fatmeter FM 692 (Distell Ltd., United Kingdom),

using calibration option ‘CARP – 1.’ The phenotype for %
Fat is expressed as the mean of four repeated measurements
(three just above the lateral line from anterior to posterior
and one close to the back line in the intermediate part of
body) taken on the left side of the fish performed as guided
by the manufacturer’s guideline. In addition, selected yield-
related biometric indicators were calculated as follows: Fulton’s
condition factor: FC = 105 ∗ BW/SL, relative body height:
RelBH = BH/SL, and relative head length: RelHL = HL/SL.
After biometric recordings, each fish was processed and the
following body portions were weighed (to nearest 0.5 g): head,
left filet, viscera, gonads (sexed by visual inspection), left filet
skin, half carcass, left filet ribs + trimmings, fins, and scales. The
weight of slaughter body parts and vertebral axis was created by
combining the previous body portions: headless carcass weight
[hl-CarssW = left filet+ left skin+ left ribs and trimmings+ half
carcass], filet weight with skin [FiletW = (left filet + left filet
skin) ∗ 2] and vertebral axis weight: [AxisW = half carcass− (left
filet+ left skin+ left ribs and trimmings)]. The percent slaughter
yields were calculated as follows: headless carcass yield % [%
hl-Carss = (hl-CarssW/BW) ∗100], and filet yield [% Fil = (left
filet+ left skin) ∗ 2/BW ∗ 100]. In addition, sex effect of analyzed
traits was calculated using one-way ANOVA and HSD Tukey
test at p = 0.05. Finally, to obtain alternative trait definitions
to ratio-based traits, the natural logarithm was calculated for
the weight of each slaughter body part and regressed on
the logarithm of body weight to obtain growth-independent
allometry residuals that fix the bias of ratio traits (Gunsett, 1984)
and problems connected with estimating of genetic parameters
(Gunsett, 1987; Haffray et al., 2013; Vandeputte et al., 2014).
Thus, for % headless carcass and % filet yield, the surrogate
traits defined as log–log residuals (Logr) are termed as Logr_hl-
Carss and Logr_Fil, respectively. To visualize body allometry,
logarithm of weight of all body portions mentioned above was
regressed on the logarithm of body weight (see Supplementary
Figure 1).

Digitization of 2D Morphometric
Landmarks and Ultrasound Tomography
To quantify the shape of body, head and lateral line, a total of 20
coordinates of morphological points were digitized using ImageJ
with the Point Picker plugin (Rueden et al., 2017) that allows
storage and retrieval of a collection of landmarks (Figure 1).
Furthermore, vertical blue lines were added into each image
in order to facilitate the manual positioning of landmarks on
the surface of the fish. We also checked if the magnification
of camera between each working day was unchanged (the
difference of pixels of each calibration line was not more/less
than 3 pixels out of 2019 pixels. The distances between two
landmarks were characterized as A (xA, yA) and B (xB, yB) and
calculated with the formula:d = √

(xB − xA)2 + √
(yB − yA)2.

These distances were then used to calculate lengths and heights
and areas using the Geometry R packages.

The internal measurements were collected using ultrasound
imagery (Hospimedi LC1000, 7.5 MHz). Four muscular
thicknesses from anterior (E4), intermediate (E5, E8), and
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FIGURE 1 | Landmarks placed on each common carp photo. (1) Head extremity; (2) end of the head beginning of the filet on the back; (3) intersection between the

back and the vertical of point 4; (4) intersection between opercula and lateral line; (5) opercula at the maximum length from the landmark 1; (6) end of the head

beginning of the filet on the ventral part; (7) beginning of the dorsal fin; (8) intersection between the lateral line and the vertical of landmark 6; (9) intersection of the

ventral part and the vertical of point; (10) beginning of the anal fin; (11) intersection between lateral line and vertical of point 9 toward the carp back; (12) vertical of

point 10 on the back; (13) end of anal fin; (14) intersection of lateral line and vertical of 12; (15) vertical of point 12 on the carp back; (16) narrowest point on the

caudal peduncle on the back; (17) intersection of the lateral line and vertical of 15; (18) vertical of point 16 on the ventral part (normally the narrowest point of the

caudal peduncle; (19) end of the filet (on the skin) on the lateral line; (20) end of the caudal fin at the fork.

posterior (E6) muscles and one internal depth of the body cavity
(E23) were measured, at the same position described by Haffray
et al. (2013) and Vandeputte et al. (2017).

2D Morphology and Prediction Models of
Slaughter Yields
The association of the variation in carp morphology to the
variation in real processing yields was analyzed using the
MorphoJ software (Klingenberg, 2011). This method consists
of a Procrustes superimposition of the recorded landmarks
used to describe body shape. The log-log residuals slaughter
traits, Logr_hl-Carss and Logr_Fil, were used as a surrogate
for traditional percent yields and introduced in MorphoJ as a
covariates. To quantify the shape variation associated to yield,
a regression analysis between Procrustes coordinates and the
covariates was performed. The shape changes associated to
the covariates were visualized with a wireframe graph. This
visualization contributes to identifying relevant morphologic
variables to include in a multiple linear regression, for example
head area and ventral height.

A multiple linear regression using the reg.best function of
the FactoMineR of R software package was performed using
the external morphology descriptors, ultrasound measurements
and fat meter value as independent variables and the Logr_hl-
Carss and Logr_Fil as dependent variables. The best prediction
model identification corresponds to those with the highest R2 and
F-value. The models were used to calculate the predicted yield
values for each fish that are termed as Mod_hl-Carss for headless
carcass yield and Mod_Fil for filet yield.

Models were validated by cross validation method using the
crossval function of the bootstrap package in R software (Efron
and Tibshirani, 1993). Such analysis shows how predictive the
equations are on other individuals than the ones that were used
to generate the equations. First, the dataset was divided into K
subsets (here K = 20), the analysis is performed on the data of

the K−1 subsets (training sets) and validated on the data of the
remainder of the dataset (validation set). Then the coefficient of
determination of the cross validation (R2CV) was calculated.

Parentage Assignment
The fin tissues of the 60 parents and 2035 offspring (sampled
after the second growing period) were placed into 96 well
plates and sent to LABOGENA-DNA, the French laboratory
for livestock genotyping (ISO 170025 accredited, Jouy-en-Josas,
France). Parentage assignment was based on the analysis of
12 microsatellite loci and performed using the AccurAssign
software, applying a maximum-likelihood method (Boichard
et al., 2014). The parental pairs retained were chosen using
the default thresholds of AccurAssign, i.e., they combined both
(i) a difference in log-likelihood between the chosen pair and
the second best which was >3 (20 times more likely), and (ii)
an average Mendelian transmission probability higher than the
highest 99% of 5.000 simulated incorrect trios (dam, sire and
offspring).

Estimation of Genetic Parameters and
Expected Genetic Gains
Before genetic analysis, the data quality was checked. The fish for
which the total sum of all body portions was greater, or 3% lower
than the total body weight were considered as recording errors
and excluded from the final analysis. Likewise, a few individuals
were also excluded due to aberrant values of external and internal
measurements. As a result, 69 fish were excluded and 1553
individuals with a complete set of variables remained in the final
analysis. Heritability (h2), phenotypic and genetic correlations
(rp and rg, respectively) were estimated using DMU statistical
software (Madsen and Jensen, 2013), with animal mixed model
fitted with the restricted maximum likelihood method:

y = Xβ+ Zα+ ε
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where y is the vector of observed phenotypes, X and Z are
appropriate incidence matrices relating phenotypes to vectors β

and α. β is the vector of fixed effects (sex with three levels –
female, male, unidentified sex) and α is the vector of random
additive genetic effects (1613 levels corresponding to all animals –
parents and offspring- in the pedigree), and ε is the vector of
random residual effects. The additive (animal) genetic effects
were assumed to follow N(0, G ⊗ A), with G the genetic (co)
variance matrix between traits and A the numerator relationship
matrix relating all animals in the pedigree, while the residual
effects were assumed to follow N(0, R ⊗ I), R the residual (co)
variance matrix between traits and I an appropriate identity
matrix. In the first step, an additional random effect common to
dams (non-genetic maternal effect) was included in the model.
However, this effect was negligible for all traits, and thus it was
not included in the final model.

Heritabilities were estimated using a univariate model, and
were calculated as the ratio of additive genetic variance (VA)
divided by the total phenotypic variance (VP), h2 = VA/VP.
A model with maximum three traits at a time was used to
obtain convergence for genetic correlations. However, when
condition factor (FC) was calculated, convergence could not
be obtained, and thus the genetic correlations between FC and
other traits were obtained from a bivariate analysis of such traits.
The likelihood ratio test (LRT) was used for comparing the
goodness of fit of two models (including vs. excluding the animal
genetic effect). The animal additive genetic effect (and thus the
associated heritability estimate) was considered significant when
the difference in−2Log-likelihood was higher than the threshold
value for p < 0.05 of a χ2 distribution with 1 degree of freedom
(Pinheiro and Bates, 2000). Genetic correlation was considered
significant if |rg| − |1.96× S.E.| was higher than zero (two-tailed
hypothesis).

Expected genetic gains (�G) per generation for filet yield
were calculated using the equations of Falconer and MacKay
(1996) under a mass (MS), full-sib (FSS) and indirect (IS)
selection. The genetic gain under theoretical mass selection
based on the lethal criteria was calculated by �GMS = i h2
σP, where i is the selection intensity and h2 and σP are
the heritability and phenotypic standard deviation of the trait
under selection, respectively. The genetic progress of FSS was
estimated by �GFSS = i × σP × h2 × n × r√

n(1+ (n−1) t) , where n is the number
of slaughtered sibs sampled per family (n = 10 sibs), r is the

genetic correlation between sibs (r = 0.5 for full sibs) and t is
the phenotypic intra class correlation (t = rh2). The predicted
genetic gain through indirect selection criteria was calculated by
�GIS = i × h1 × h2 × rg × σP2, where �GIS is the estimated
genetic gain on the target trait, h1 and h2 are the square roots
of heritability of the indirect selection trait (on which selection
is applied) and of the target trait, respectively, rg is the genetic
correlation estimated between the indirect trait and the target
trait and σP2 is the phenotypic standard deviation of the target
trait. As genetic gains for filets were calculated in log units, the
real genetic progress was scaled back to the percent body weight
units by multiplying�G by the real mean filet yield in the present
experimental stock. The selection intensities were set up of 10 and
30%, with 10 sibs per family in FSS as the most reasonable values
related to a potential carp selection program.

RESULTS

Distribution of Families
Out of the 2035 offspring genotyped at the end of the second
summer, 1901 (93.4%) could be assigned to a single parental pair,
84 (4.1%) had two possible parent pairs and were considered
unassigned, 28 (1.4%) could not be assigned to any parent pair
and 23 (1.1%) had DNA quality problems and thus no exploitable
genotype. Out of the 1901 uniquely assigned fish, 1622 were still
alive at the time of final sampling, and of those 1553 had adequate
phenotypes after removal of outliers.

The 1553 fish used in the analysis originated from 197 out of
the possible 200 full-sib families. The number of progeny per sire
varied from 14 to 79, the average was 39. The number of progeny
per dam varied from 25 to 128, the average was 78. The sexes
were distributed equally (males – 754, females – 751, unidentified
sex – 48).

Descriptive Statistics of Traits
Mean, standard deviation, differences between sexes (males,
females, and unidentified sex) and minimum and maximum
values of yield-related traits and slaughter yields are listed in
Table 1. Sex effect was significant and % Fat, RelBH and both
yields were higher for females than for males. Yields of headless
carcass (66%) and filets (50%) were higher than usual in common
carp, probably due to the specific experimental processing which

TABLE 1 | Mean and standard deviation (SD) for yield-related traits and percent slaughter yields in males, females and unidentified individuals of common carp.

Trait Mean ± SD Males∗ Females∗ Unidentified∗ Minimum Maximum

BW 1910.5 ± 278.9 1899.5a ± 289.4 1923.9a ± 269.8 1873.8a ± 232.2 890.6 2859.5

% Fat 11.56 ± 2.97 10.88a ± 3.06 12.21b ± 2.70 12.10ab ± 3.06 4.10 22.60

FC 3.40 ± 0.32 3.42a ± 0.32 3.38a ± 0.33 3.39a ± 0.25 2.51 5.18

RelBH 0.365 ± 0.023 0.366a ± 0.024 0.364a ± 0.024 0.368a ± 0.020 0.303 0.484

RelHL 0.295 ± 0.013 0.292a ± 0.012 0.297b ± 0.012 0.298b ± 0.013 0.263 0.366

% hl-Carss 66.21 ± 2.19 65.12a ± 2.02 67.27b ± 1.71 67.06b ± 2.90 55.18 72.32

% Fil 49.75 ± 1.95 49.06a ± 1.94 50.41b ± 1.70 50.23b ± 1.92 39.72 55.39

∗Groups with identical alphabetic marker are not significantly different at p < 0.05. BW – body weight, % Fat – percent muscle fat, FC – Fulton’s condition factor,

RelBH – relative body height, RelHL – relative head length, % hl-Carss – headless carcass yield, % Fil – filet yield.
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was different from the commercial one but reflected better the
biological characteristics of traits.

Body Allometry of Different Body Parts
A positive allometry (regression coefficient >1 in log-log plots)
was observed for filet weight, viscera weight and skin weight,
showing that heavier fish have proportionally heavier filet, viscera
and skin than smaller fish (Supplementary Figure 1). On the
contrary, negative allometry was seen for head, vertebral axis,
left ribs and trimmings and fins, showing that these parts
proportionally decrease in heavier fish. Weights of scales and
gonads were hardly linked to body weight. For gonads, there was
a clear bimodal distribution, with larger gonads in males than in
females (Supplementary Figure 1).

2D Morphology and Prediction Models of
Slaughter Yields
A graphical visualization of body morphology associated to
low and high yield for Logr_hl-Carss and Logr_Fil is given in
Figure 2. The main shape differences were observed on the
ventral part of the fish and the head. Carp with a high Logr_hl-
Carss and Logr_Fil present a lower ventral area especially a lower
ventral height under the dorsal fin. Carp with a higher Logr_Fil
also have a lower head area with a shorter length between the nose
and the operculum. Carp with higher Logr_hl-Carss and Logr_Fil
present also a more developed caudal part with a larger caudal
peduncle.

The set of best morphological predictors (P1−5) included into
two prediction equations, and their R2 and Fisher test values (F)
are shown in Table 2. Logr_hl-Carss could be predicted with a
model combining three individual predictors (P1, P2, P3): the
ratio of head area to total body area (P1), the ratio of abdominal
filet thickness to height between the lateral line and the aligned
ventral point (P2), and the ratio of caudal part area to ventral
part area (P3). Mod_hl-Carss explains 63% (R2CV = 0.624) of
total phenotypic variance in Logr_hl-Carss. Logr_Fil was best
predicted by the model using the same predictors as for Logr_hl-
Carss (P1, P2, P3) and in addition body weight (P4) and % Fat
(P5). Mod_Fil explains 49% (R2CV = 0.489) of total phenotypic
variance of Logr_Fil.

Heritability Estimates
Heritability estimates of yield-related phenotypes, slaughter
yields (Logr) and model-predicted (Mod) slaughter yields are
given in Table 3. Heritabilities were high for BW and % Fat (0.63
and 0.68, respectively) and maximal (1.00) for traits associated to
body shape (FC, RelHL, RelBH).

Logr slaughter yields had higher heritability than
the commonly used percentage yields (Logr_hl-Carss,
Logr_Fil = 0.46 and 0.50, respectively, vs. 0.36 for percent
yields: % hl-Carss, % Fil – Supplementary Table 1). Model
yields had a higher heritability than predicted slaughter yields
(Mod_hl-Carss, Mod_Fil = 0.48 and 0.63, respectively; Table 3).

Heritability estimates of the single predictors used in the
models ranged from 0.34 to 0.68 (Table 4). Heritabilities of

internal measurements were moderate to high (0.34 – 0.72;
Supplementary Table 2).

Heritabilities obtained for allometric log-log residuals of the
weights of different body portions to body weight were low for
vertebral axis (0.04) and ribs (0.18), which are very prone to
measurement errors, and moderate to high (0.31 – 0.62) for
the other body parts (Supplementary Table 3). All heritability
estimates shown in this study were significantly different from
zero (p < 0.05).

Genetic Correlations
Genetic relationship between Logr yields and percent yields was
high (rg > 0.91; Supplementary Table 1).

The genetic correlations between yield-related phenotypes,
Logr and Mod slaughter yields are listed in Table 3. Body weight
was slightly negatively correlated to both Logr slaughter yields
(rg = −0.35) and to both predicted slaughter yields (rg = −0.15
for Mod_hl-Carss, −0.29 for Mod_Fil). Oppositely, % Fat was
positively associated to Logr and Mod slaughter yields (range
0.25–0.56). To ensure that the positive relationships of % Fat
with Logr and Mod slaughter yields were not generated by the
relation of % Fat with BW, the analysis was also run using
BW as a covariate for % Fat. With such a model, the genetic
correlations become more positive (rg = 0.40–0.68). Body shape
traits (FC, RelBH, RelHL) were highly correlated to each other
(0.78–0.96) but differed in their relation to slaughter yields.
Both FC and RelBH were only slightly negatively and mostly
insignificantly correlated to yield traits. Oppositely, RelHL was
intermediately negatively associated to Logr and Mod slaughter
yields (rg =−0.47−0.64).

Logr slaughter yields (Logr_hl-Carss and Logr_hl-Carss) were
highly correlated to each other (rg = 0.96), similarly as in case of
predicted slaughter yields (rg = 0.95).

Interestingly real and predicted slaughter yields were highly
associated (rg = 0.84–0.88), suggesting a good possibility of using
predicted yields as indirect selection criterion.

The genetic correlations of the predictors that composed
the predictive models with Logr slaughter yields are presented
in Table 4. P1 and P4 showed low to moderate negative
genetic associations to Logr slaughter yields (−0.35 – −0.57).
Oppositely, P2 (0.76 – 0.83), P3 (0.29 – 0.34), and P5 (0.25 –
0.27) were positively correlated to Logr slaughter yields. Hence,
individual predictors might be also used in non-invasive genetic
improvement of slaughter yields.

The internal measurements E23, E4, E5, E6, E8 achieved
negative relationship to the Logr slaughter yields (−0.03 –
−0.61), only E8 was in slightly positive relation to Logr
yields (Supplementary Table 2). Consequently, simple internal
measurements may be useful alternatives for in vivo selection for
improved yields.

The correlations between Logr body portion yields, BW and
% Fat are presented in Supplementary Table 3. The genetic
correlation between head (Logr_Head) and left filet (Logr_LFil)
was negative (−0.61), showing that fish with smaller head have
more filet yield. There was also a positive genetic correlation
of % Fat with viscera yield (Logr_Viscera = 0.63), showing
that filet fat and viscera (consisting largely of fat) share some
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FIGURE 2 | Graphical representation of body morphology for highest values (red lines) and lowest values (blue lines) of Logr_hl-Carss (A) and Logr_Fil (B).

TABLE 2 | Multiple linear regression models to predict headless carcass (Mod_hl-Carss) and filet yields (Mod_Fil) in common carp including predictors description, R2,

F – Fisher test value and prediction equation.

Predicted yield Predictors Predictor description Regression characteristics

Logr_hl-Carss P1 Head area (1-2-4-5-6-1)/total body area

(1-2-4-7-12-15-18-19-16-13-10-9-6-1)

R2 = 0.626, F = 866.6, p < 0.001,

R2CV = 0.624

P2 Ultrasound E8/height between points 8-9

P3 Caudal part area (12-15-14-13-10-11-12)/ventral

part area (3-8-11-10-9-6-5-3)

Mod_hl-Carss = −0.06–0.37 P1 + 6.12

P2 + 0.06 P3

Logr_Fil P1 Head area (1-2-4-5-6-1)/total body area

(1-2-4-7-12-15-18-19-16-13-10-9-6-1)

P2 Ultrasound E8/height between points 8–9 R2 = 0.492, F = 300.9, p < 0.001,

R2CV = 0.489

P3 Caudal part area (12-15-14-13-10-11-12)/ventral

part area (3-8-11-10-9-6-5-3)

P4 Body weight Mod_Fil = −0.02 – 0.63 P1 + 5.30 P2 + 0.06

P3 −7.84E-06 P4 + 0.0007 P5

P5 % fat content

common genetic basis. Gonad yield was negatively correlated
with left filet yield (rg Logr_LFil = −0.49), viscera yield (rg
Logr_Viscera = −0.40), % Fat (rg = −0.46), ribs yield (rg

Logr_Ribs = −0.65) and fins yield (rg Logr_Fins = −0.50)
implying a tradeoff of investing in reproduction compared to
somatic growth and reserves.
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TABLE 3 | Heritability (± standard error) estimates (diagonal) in bold, phenotypic (below the diagonal) and genetic correlations ± standard error (above the diagonal) in

common carp for yield-related traits and log-log residuals (Logr) of slaughter yields and models (Mod) to predict slaughter yields.

BW % Fat FC RelBH RelHL Logr_hl-Carss Logr_Fil Mod_hl-Carss Mod_Fil

BW 0.63 ± 0.09 0.13 ± 0.14 0.45 ± 0.11 0.52 ± 0.10 0.53 ± 0.10 −0.35 ± 0.13 −0.35 ± 0.13 −0.15 ± 0.15 −0.29 ± 0.13

% Fat 0.21 0.68 ± 0.10 −0.09 ± 0.13 −0.15 ± 0.13 −0.33 ± 0.12 0.25 ± 0.141 0.27 ± 0.142 0.41 ± 0.133 0.56 ± 0.104

FC 0.34 0.03 1.00 ± 0.09 0.96 ± 0.01 0.78 ± 0.05 −0.10 ± 0.13 −0.17 ± 0.13 −0.15 ± 0.13 −0.25 ± 0.13

RelBH 0.40 −0.03 0.88 1.00 ± 0.09 0.83 ± 0.04 −0.18 ± 0.13 −0.26 ± 0.13 −0.25 ± 0.13 −0.36 ± 0.12

RelHL 0.16 −0.24 0.61 0.64 1.00 ± 0.10 −0.47 ± 0.10 −0.53 ± 0.10 −0.47 ± 0.11 −0.64 ± 0.08

Logr_hl-Carss −0.03 0.20 −0.03 −0.04 −0.20 0.46 ± 0.08 0.96 ± 0.02 0.88 ± 0.04 0.87 ± 0.04

Logr_Fil −0.02 0.27 −0.02 −0.10 −0.33 0.76 0.50 ± 0.08 0.83 ± 0.05 0.84 ± 0.05

Mod_hl-carss 0.10 0.27 −0.05 −0.11 −0.27 0.73 0.61 0.48 ± 0.08 0.95 ± 0.01

Mod_Fil −0.03 0.43 −0.11 −0.19 −0.42 0.72 0.65 0.95 0.63 ± 0.09

When covariate of body weight to % muscle fat content was used.
1rg = 0.40 ± 0.13
2rg = 0.42 ± 0.13
3rg = 0.55 ± 0.11
4rg = 0.68 ± 0.08.

TABLE 4 | Heritability (h2 ± standard error) of individual predictors (P1–P5) included in models to predict headless carcass and filet yields and their genetic correlations

(rg) ± standard error with Logr slaughter yields.

P1 P2 P3 P4 P5

h2 0.34 ± 0.07 0.48 ± 0.07 0.46 ± 0.08 0.63 ± 0.09 0.68 ± 0.10

rg Logr_hl-Carss −0.52 ± 0.12 0.83 ± 0.13 0.29 ± 0.14 −0.35 ± 0.14 0.25 ± 0.14

rg Logr_Fil −0.57 ± 0.11 0.76 ± 0.16 0.34 ± 0.14 −0.35 ± 0.13 0.27 ± 0.14

Expected Genetic Gains
Expected genetic gains using various selection schemes are listed
in Table 5. Absolute genetic gains for the hypothetical mass
selection on real filet yield were 0.70 and 0.46% per generation
when 10 and 30% selection intensities were applied, respectively.
Genetic gain for FSS with 10 sibs selected per family with the 10
and 30% selection pressure was slightly lower (0.61 and 0.40%)
than for mass selection. Estimated genetic gains achieved by
indirect selection on the predictor Mod_Fil were 0.66% for 10%
selection intensity and 0.43% for 30% which is better than FSS
and only slightly lower than direct mass selection on filet yield
(which is not possible in practice). Genetic gains ranged from
0.15 to 0.52% for the single predictors used in the models, and
from 0.21 to 0.51% for best two internal measurements.

DISCUSSION

The present study provided important results relative to the
possibility to genetically improve processing yields in common
carp: (i) we found high heritability estimates of real and
predicted slaughter yields showing a solid potential for their
genetic improvement; (ii) high positive genetic correlations were
observed between the real and the predicted yields, showing
that the latter might be used as non-invasive selection criteria;
(iii) expected genetic gain achieved by indirect selection on
the predicted yields were higher than those obtained by sib
selection that is traditionally applied for improvement of traits
needing destructive recording. Thus, we showed that selection of
common carp for improved slaughter yields should be feasible,

even in a simple breeding program using indirect selection
criteria.

Sex Effect
In this study, sex of the fish had a significant effect on some
traits, including slaughter yields. Conversely, BW was found
to be independent of sex. However, females had significantly
greater relative head length, muscular fat and both yields.
This is in accordance with the previous studies performed
on common carp in Central European conditions (Kocour
et al., 2005a,b, 2007). The explanation is that at market size
after the third growing season, female gonads are in younger
developmental stage, whereas males are practically mature with
fully developed gonads, and thus females have higher slaughter
yields. Accordingly, the sex effect was included as a fixed effect in
the final genetic model used for estimation of genetic parameters.
In later ages, the differences between sexes decrease (Kocour et al.,
2005a).

Genetic Parameters of Yield-Related
Traits and Slaughter Yields
Heritability estimates of yield-related traits and bodymorphology
were high and in the upper range when compared to previous
studies done on the different batches of common carp (Ankorion
et al., 1992; Vandeputte et al., 2004, 2008; Kocour et al., 2007;
Nielsen et al., 2010; Dong et al., 2015; Hu et al., 2017) showing
a solid potential for genetic improvement of such traits.

The slaughter yields in fish are commonly calculated as a ratio
between the given processed body part weight and body weight.
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TABLE 5 | Expected genetic gain – E.G.G. (in percent body weight units) per generation with two selection intensities (% selected – 10%, 30%) using mass (MS), full sib

(FSS), and indirect (IS) selection for filet yield improvement.

Trait selected Target trait Type of selection E.G.G. with 10% E.G.G. with 30%

Logr_Fil % Fil MS 0.70% 0.46%

Logr_Fil % Fil FSS 0.61% 0.40%

Mod_Fil % Fil IS 0.66% 0.43%

P1 % Fil IS 0.33% 0.22%

P2 % Fil IS 0.52% 0.34%

P3 % Fil IS 0.23% 0.15%

P4 % Fil IS 0.27% 0.18%

P5 % Fil IS 0.22% 0.15%

E23 % Fil IS 0.51% 0.34%

E4 % Fil IS 0.31% 0.21%

However, ratio traits are often biased by growth allometry that
is common between body portions and body weight (Gunsett,
1984), and ratios also cause problems when genetic parameters
and expected genetic responses are estimated (Gunsett, 1987;
Haffray et al., 2013; Vandeputte et al., 2014). On the other
hand, such problems might be overcome by calculation of simple
residuals (or log-log residuals) between the component traits of
a ratio (feed efficiency, slaughter yields) as proposed and applied
by Haffray et al. (2012) and Vandeputte et al. (2014, 2017), and in
this study. In the present study, heritabilities of slaughter yields
expressed as log–log residuals (Logr) were higher (0.46–0.50)
than the heritabilities for percent slaughter yields (0.36 for both
slaughter traits). The latter are more in line with the previous
study using also percent slaughter yields (h2 = 0.28–0.36; Kocour
et al., 2007). However, yields as residuals and percent yields
were highly genetically correlated showing that the both variables
explain the same trait similarly as described by Vandeputte et al.
(2017). Therefore, residuals are more valuable surrogates for
slaughter yields both due to their higher inheritance and the
potential biases of ratio traits mentioned above.

We observed a strong genetic correlation between Logr_hl-
Carss and Logr_Fil (0.96 ± 0.02). Likewise, Kocour et al.
(2007) estimated high but lower genetic relationship between
slaughter yields in common carp (0.79 ± 0.13). A similar
genetic association between yields was found in rainbow trout
(0.97 ± 0.01; Haffray et al., 2013), and European sea bass
(0.79 ± 0.20; Vandeputte et al., 2017). Our study confirms
that, similar to rainbow trout and sea bass, headless carcass
yield (faster processing, less technical errors) might be proposed
as a reliable surrogate for filet yield, especially when sib
selection (evaluated on slaughtered sibs) is applied for genetic
improvement of carp yields.

Harvest body weight and Logr slaughter yields were slightly
negatively genetically correlated (rg = −0.35). On the contrary, a
high positive genetic correlations of body weight and slaughter
yields (0.73–0.74) were found previously in common carp
(Kocour et al., 2007). However, in this case slaughter yields were
expressed as percent ratios and might have been effected by
positive growth allometry. Therefore, comparison of these two
studies is not relevant. On the other hand, even when Logr type
of traits are used, such correlations are not consistent among

other fish species, with zero genetic correlations observed in
European sea bass (Vandeputte et al., 2017) and slightly negative
correlations observed in rainbow trout (Haffray et al., 2012).
This points to the fact that such correlations are probably breed
and species specific and modified by biological and/or genetic
phenomena between growth and slaughter yields across fish
species. In our scenario, body weight should be integrated in a
selection index with slaughter yields, to avoid a negative impact
on growth when selecting for slaughter yields.

Positive genetic correlations were observed between % Fat
and Logr slaughter yields (rg = 0.25–0.27). A strong genetic
relationship of % Fat to percent yields (0.66–0.76) was reported
earlier in common carp (Kocour et al., 2007). So, selection for
improved yields would indirectly lead to a slight increase of
fat in the muscle. However, an excessive increase of muscle fat
level without a change in the feeding strategy might lead to
an unfavorable decrease of beneficial omega-3 polyunsaturated
fatty acids (n-3 PUFAs) in the muscle (Nguyen et al., 2010b).
Thus, selection program for increased percent yield may worsen
the quality of final product. A selection program focused on
increased edible parts yields should minimize risk of this
phenomena using appropriate measures, e.g., by simultaneously
controlling lipid deposition (Bugeon et al., 2010; Nguyen et al.,
2010b; Janhunen et al., 2017).

The traits related to body shape, FC and RelBH, were slightly
negatively related to slaughter yields implying that selection for
improved yields in long termmay change the general body shape.
This is visible also in Figure 2 where body morphology for the
fish with the highest slaughter yields is represented by a more
prolonged body shape. A similar relationship of body shape to
% yields was observed in common carp (Kocour et al., 2007) and
other fishes (Navarro et al., 2009; Haffray et al., 2012; Van Sang
et al., 2012). On the other hand, due to its very high heritability,
body shape itself might be changed quite simply in common carp
by direct selection, as reported by Prchal et al. (2018) and proved
in a selection experiment by Ankorion et al. (1992).

The relative head length (RelHL) was moderately negatively
correlated to both yields (−0.47 – −0.53) implying that selection
for lower RelHL could be an indirect selection criterion for
increased yields in common carp. This is in agreement with
Kocour et al. (2007), where even stronger negative genetic
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correlations were observed. Moreover, both percent or Logr
head yield were also negatively associated to slaughter yields
in other fish species (Rutten et al., 2005; Kause et al., 2007;
Saillant et al., 2009; Haffray et al., 2012; Vandeputte et al.,
2017). However, there are gills in head, main respiratory
organ of fish, so selection for lower RelHL in a long term
selection programmight lead to functional damage of respiration,
adaptation or osmoregulation capacities (Haffray et al., 2012;
Fraslin et al., 2018) and this could affect general fish performance
and fitness. Moreover, selection for lower RelHL has to be
considered with caution and in any case integrated in a global
selection index due to a high positive genetic correlation between
RelHL and BW (rg = 0.53) as well as RelBH (rg = 0.83).
Uncontrolled selection for a smaller relative head length may
thus lead to a limitation of gains in growth and faster change
to an oblong-like body shape that may be less favorable for
some carp consumer buying whole fish on the traditional
market.

Genetic and Phenotypic Parameters of
Predicted Slaughter Yields
Phenotypic correlations between Logr and Mod yields were
moderately high (0.73 for headless carcass, 0.65 for filet yields).
The accuracy of phenotypic prediction was high for Logr_hl-
Carss (R2 = 0.63), and intermediate for Logr_Fil (R2 = 0.49).
Such prediction of slaughter yields, combining external and
internal measurements, was recently performed on rainbow
trout (Haffray et al., 2013) and European seabass (Vandeputte
et al., 2017). Our phenotypic predictions of yields were more
accurate compared to these studies (R2 = 0.38 for headless carcass
yield in Haffray et al., 2013, R2 = 0.02 – 0.18 for filet and
0.27 – 0.41 for carcass yield in Vandeputte et al., 2017). Hence,
slaughter yields can be effectively predicted on live breeding
candidates in common carp. Remarkably, Mod_hl-Carss is easier
to construct in comparison with Mod_Fil (3 predictors vs. 5
predictors), and it has higher phenotypic prediction accuracy
and strong phenotypic and genetic correlations (0.95 for both)
to Mod_Fil. Thus, Logr headless carcass is recommended as a
trait to be predicted to select for improved filet yields. This is
also supported by its favorably lower negative genetic relation
to the body weight and lower positive association to % Fat.
In addition, Mod yields achieved high heritability (0.48–0.63),
higher than Logr yields (h2 = 0.46–0.50), and also higher when
compared to other studies in which inheritance of predicted
yields were estimated (Van Sang et al., 2012; Haffray et al.,
2013; Vandeputte et al., 2017). This is important as it shows
a good possibility of using Mod yields as an indirect selection
criterion, further supported by high genetic correlations between
Logr and Mod yields (0.84–0.88). It must be stressed that our
results were obtained from data recorded on Amur mirror carp
in semi-intensive pond conditions and at fish market size specific
to Central and Eastern Europe. Validation of the predictors
would be necessary before their utilization on other carp breeds,
strains, lines, and size categories. Still, many of our conclusions
are in line with those drawn from the previous studies in
rainbow trout (Kause et al., 2007; Haffray et al., 2012, 2013),

European sea bass (Vandeputte et al., 2017) and a previous
small-scale study on common carp (Kocour et al., 2007), and
thus our results are expected to have a reasonable level of
generality.

Heritability estimates of individual predictors, that were
included in the prediction models, were moderate for ratio
predictors (0.34–0.48) and high for BW (P4) and % Fat
(P5) (0.63–0.68). In the recent studies (Haffray et al., 2013;
Vandeputte et al., 2017), h2 for predictors from which the models
were constructed ranged from 0.06 to 0.54 for various simple
and combined predictors. Besides, P1 and P2 predictors were
moderately to highly genetically correlated with the Logr yields.
P1 was defined as a ratio between head area to total body area (2D
measurements) with negative association to yields. So, selection
on lower value of P1 would lead to higher yields as smaller
head is related to higher yields (rg = −0.52–0.57) similar to
RelHL discussed above. P2 was the ratio between ultrasound
measurement of abdominal thickness (E8) and external belly
height measured between landmarks 8 and 9 in 2D, and was
highly positively associated to yields (rg = 0.76–0.83). A similar
relation occurs in rainbow trout (Haffray et al., 2013) with the
ultrasound measurements ratio of E8 to E23. Thus, P2 could
be an even more suitable indirect selection criterion in genetic
improvement of slaughter yields.

Although the added value of external morphology combined
with internal measurements is interesting, the time needed for
trait recording and the accuracy of prediction are more in
favor of simple ultrasound measurements. Accordingly, rapid
internal measurements (especially E4 and E23) might be used as
alternative indirect criteria in accordance to their high heritability
and intermediately high genetic correlations to yields (see
Supplementary Table 2). Furthermore, 3D collection of external
body landmarks could accelerate digitization of potentially
relevant morphological predictors as proposed by Haffray et al.
(2013). Thus, 2D and 3D collection of morphological landmarks
and their power to predict yields should be under further
research.

Expected Genetic Gain
Based on the expected genetic gain calculations, full-sib selection
(FSS) would produce slightly lower genetic improvement than
hypothetical mass selection (MS) applied on filet yields in
both selection intensities. Still, sib selection might be effectively
applied in genetic improvement of common carp yields. In
addition, FSS method could be practically performed on real
headless carcass yield, which is easier to be measured and
less prone to measurement errors than filet yield, but has a
simultaneous favorable effect on filet yields due to the high
genetic correlation between both (0.96). On the other hand, sib
selection utilizes only between-family genetic variation without
exploiting genetic variation within families (Gjedrem, 2010;
Haffray et al., 2013).

On the other hand, indirect selection using Mod filet yields
(or the simpler Mod_hl-Carss) recorded in vivo could overcome
limitations from sib selection mentioned above and give an even
better response compared to FSS (expected genetic gain was 0.43–
0.66% for indirect filet yield improvement). Alternatively, simple
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internal measurements (E4 and E23) or individual predictors P1
and P2 might be used as traits for indirect genetic improvement
of yields (0.21–0.52%) as it was also suggested by Haffray et al.
(2013) and Vandeputte et al. (2017).

Nevertheless, it must be stressed that using Logr yields values
that were used for derivation of best predictors and Mod yields
might slightly overestimate the potential genetic gains. This was
visible when simulation selection analysis was run in accordance
with Fraslin et al. (2018) (data not shown). Such bias could be
eliminated by linear index theory developed to improve selection
gain on ratio traits (Lin, 1980; Lin and Aggrey, 2013), and
optimized to improve filet weight/waste weight ratio or filet
weight/body weight ratio in fish species (Fraslin et al., 2018).
However, it is unclear how linear index theory could be connected
to external predictors of yields, as the theory uses absolute values
of body portions (weights) and not relative values (yields). Hence,
this issue should be under further research.

CONCLUSION

In the present study, model-predicted slaughter yields in
common carp were highly heritable and strongly genetically
associated to highly hereditary real yields, expressed as log-log
residuals. The results show potential for genetic improvement
of processing yields through selective breeding, also by using
in vivo morphological predictors. In addition, both real and
predicted headless carcass yield might be used as an efficient
surrogate (faster processing, easier to predict) for filet yield
improvement through sib or indirect selection. Besides, two
internal ultrasound measurements and two individual predictors
could be also alternatively used as traits for indirect selection
in genetic improvement of slaughter yields in common carp. As
predictors are combining several sources of information, further
information on the resulting breeding accuracies and realized
genetic gains would be valuable in the future to quantify the
expected progress. Furthermore, validation of best predictors
would be necessary before their transfer to other carp breeds,
strains, lines, and size categories.
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ABSTRACT

Prchal M., Vandeputte M., Gela D., Doležal M., Buchtová H., Rodina M., Flajšhans M., Kocour M. (2018): 
Estimation of genetic parameters of fatty acids composition in flesh of market size common carp 
(Cyprinus carpio L.) and their relation to performance traits revealed that selective breeding can 
indirectly affect flesh quality. Czech J. Anim. Sci., 63, 280–291.

Fish are a rich source of omega-3 polyunsaturated fatty acids (n-3 PUFAs) and thus, they should be an integral 
part of human diet at least twice a week. As a result, high attention has been devoted to the improvement of 
fatty acids (FA) content in the flesh of farmed fish through nutrition. Conversely, there are very few data on 
the potential of selective breeding to improve FA composition in fish. We estimated genetic parameters of fillet 
fatty acid content and performance traits in market size common carp cultured under semi-intensive pond 
conditions. The experimental stock arose through factorial mating of 7 dams and 36 sires. All families were 
reared communally. Pedigree was reconstructed with microsatellite markers, and 158 individuals were dressed 
out and selected for flesh FA composition analysis. Heritability estimates of total muscle fat, FA composition 
in total fat (TF) (n-3 PUFA-TF, PUFA-TF, EPA-TF – eicosapentaenoic acid, n-6/n-3 – omega6/omega3 PUFA 
ratio), and most performance traits were moderately heritable (h² = 0.23–0.41), and body weight was highly 
heritable (h2 = 0.62 ± 0.20). Genetic correlations show that selection for faster growth would indirectly lead 
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Fish are an important source of omega-3 poly-
unsaturated fatty acids (n-3 PUFAs, mainly eicosa-
pentaenoic acid – EPA and docosahexaenoic acid 
– DHA) with a favourable ratio of omega-6/omega3 
PUFA ratio (n-6/n-3) and thus, they should be an 
integral part of human diet at least twice a week 
(Mraz et al. 2012a; Rodriguez et al. 2017). In gen-
eral, n-3 PUFAs are higher in marine fish species 
in comparison to freshwater fish species and phe-
notypic variation of fatty acids (FA) composition is 
considerable among fish species (Fontagne-Dicharry 
and Medale 2010). Environmental and nutritional 
factors can significantly impact the FA profile (Mraz 
and Pickova 2011; Markovic et al. 2016; Trbovic 
et al. 2017). Besides, genetic background in FA 
composition also plays a certain role as has re-
cently been observed in Nile tilapia (Oreochromis 
niloticus) (Nguyen et al. 2010), Atlantic salmon 
(Salmo salar) (Leaver et al. 2011), and rainbow 
trout (Oncorhynchus mykiss) (Overturf et al. 2013). 

Common carp is one of the most important fresh-
water fish species for world aquaculture and its annual 
production is continuously increasing (http://www.
fao.org/fishery/statistics/software/FishStatJ/en). 
In the recent past, several studies confirmed the 
possibility to favourably improve common carp FA 
composition in the flesh by increasing n-3 PUFAs 
using special diets (Mraz et al. 2012a, b; Steffens 
2016). Likewise, it was observed that the muscle 
fat content is a highly heritable trait (Kocour et al. 
2007). Yet, information about genetic variation of FA 
composition in common carp is still missing. While 
recent studies in common carp confirmed potential 
for genetic improvement of growth (Vandeputte 
et al. 2004, 2008; Kocour et al. 2007; Prchal et al. 
2018) and slaughtering yields (Kocour et al. 2007; 
Prchal et al. 2018) by systematic selection, nothing 
is known about how those traits are correlated to 
flesh FA composition.

The aim of this study was to quantify genetic and 
phenotypic variation related to FA composition in 

flesh and performance traits in 3-year-old common 
carp. The intent was (i) to estimate genetic variation 
of the most important FA groups and performance 
traits, (ii) to assess genetic and phenotypic corre-
lations among FA groups and between FA groups 
and performance traits, (iii) to evaluate prospects 
for selective breeding programs targeting on flesh 
quality improvement in common carp. 

MATERIAL AND METHODS

Experimental stock. The study was performed on 
the Hungarian synthetic mirror carp strain (HSM) 
bred at the University of South Bohemia (USB), 
Research Institute of Fish Culture and Hydrobiology 
(RIFCH) in Vodňany, Czech Republic (Vandeputte 
et al. 2004). In the period 2002–2007, the HSM was 
an object of studies focused on genetic variation 
of various performance traits (Vandeputte et al. 
2004, 2008; Kocour et al. 2007). The G3 stock used 
for the present study was established by artificial 
spawning of 8 G0 females and 96 G2 males with 
individual collection of gametes applying a full-
factorial mating design in May 2005 at the fish 
hatchery of the USB RIFCH. More details about 
reproduction and mating design are described 
by Kocour et al. (2007). Before mating, fin tissue 
from caudal fin (approximately 1 cm2) was col-
lected from each broodstock fish used (n = 104) 
and stored in 98% ethanol at room temperature 
until genotyping. 

Rearing of experimental stock until market 
size. During the first growing season and first 
wintering, the experimental stock was reared un-
der common semi-intensive pond conditions in 
two 0.16 ha nursery earthen ponds (stocking fish 
density was 125 000 larvae per ha) (Vandeputte 
et al. 2008). The nutritional requirements were 
covered by natural food (zooplankton and zoo-
benthos) and supplemental feeding using plant-

to fillet yield improvement (rg = 0.50–0.62) while having little impact on muscle fat (rg = 0.21). However, lipid 
quality in flesh would be affected: n-3 PUFA-TF would decrease and the n-6/n-3 PUFA ratio would increase. A 
likely interpretation is that faster growing genotypes consume more supplemental feed, which was poor in the 
beneficial FAs. For sustainable selective breeding, supplemental feed composition should be modified, so that 
faster growing carps would maintain an appropriate flesh quality. 

Keywords: genetic correlations; genetic improvement; growth; heritability; slaughtering traits, supplemental 
feeding
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based pellets (ZZN Strakonice, Czech Republic); 
feed was distributed 3 times a week from eight 
weeks of age until the end of September in doses 
of 5–10% of the fish stock biomass per feeding day 
adjusted according to the abundance of zooplank-
ton, oxygen level, and water temperature. In the 
second spring (April 2006) 750 randomly selected 
fish from each pond were PIT-tagged, fin-clipped 
for future genotyping and parentage assignment. 
Subsequently, all fish were communally reared in 
one pond throughout the second growing season, 
the second wintering, and the third growing season 
when fish reached the market size (Vandeputte et 
al. 2008). Details on stocking densities and other 
fish handling are described by Kocour et al. (2007). 
During the second and the third growing season 
carp were fed with natural food (zooplankton, 
zoobenthos) developing in ponds and plant-based 
pellets altered later with wheat grain without any 
treatment. The supplemental feed was served three 
times a week in doses of 1.5–3% of the fish stock 
biomass per feeding day adjusted according to 
the abundance of zooplankton, level of dissolved 
oxygen, water temperature, and required harvest 
weight. The natural food and the additional feed 
contribute approximately 1 : 1 to the weight gain 
of fish (Horvath et al. 1992). The natural food is 
an important source of proteins, fat, and other 
bioactive compounds (nutritional profile in % of 
dry matter: crude protein (CP) 54.8–69.8%, carbo-
hydrates (CH) 3.0–4.8%, total fat (TF) 5.7–13.2%, 
FA composition in % of total fat: saturated FAs 
(SFAs) 22.6–28.4%, monounsaturated FAs (MU-
FAs) 18.2–25.8%, omega-3 polyunsaturated FAs 
(n-3 PUFAs) 33–59.2%, omega-6 polyunsaturated 
FAs (n-6 PUFAs) 6.95–13.6%; dry matter (DM) 
10–20%) (Mraz and Pickova 2009). The addi-
tional food serves mostly as a source of energy in 
carbohydrates that are well utilized by common 
carp (nutritional profile of plant-based pellets: 
DM 88.8%, CP 17.9%, CH 58.9%, TF 3.7%, FA 
composition in % of total fat: SFAs 13.6–16.5%, 
MUFAs 17.5–37.9%, n-3 PUFAs 4.5–5.6%, n-6 
PUFAs 42.9–61.0%; nutritional profile of wheat 
grain: DM 88.3%, CP 10.4%, CH 72%, TF 2.4%, FA 
composition in % of total fat: SFAs 18.3%, MUFAs 
16.3%, n-3 PUFAs 4.2%, n-6 PUFAs 61.3%) (Mraz 
et al. 2012b). Unutilized carbohydrates are stored 
as glycogen or they are changed to FAs (mostly 
MUFAs) and stored in muscle and hepatopancreas 
(Mraz et al. 2012b). After pond harvest at the end 

of the third growing season, all survivors (n = 
336) were kept in a storage pond for three weeks 
to empty the intestines and to refresh the odour 
and taste of flesh, a practice commonly known as 
purging (Zajic et al. 2013).

Phenotypic recordings and parental allocation. 
Final recordings were performed at the facility of 
the USB RIFCH in Vodňany, Czech Republic in 
October 2007. The fish were killed by a blow to the 
head, then bled by cutting the gills according to 
local rules. Immediately after bleeding, standard 
length (SL in mm) and body weight (BW in g) 
were recorded. Subsequently, the fish were gut-
ted, filleted, sexed by visual inspection of gonads 
(females, males), and each part of the processed 
body (head, fillets, viscera, gonads, skin, skeleton 
with remnants, fins, scales) was weighed to the 
nearest 0.5 g. Each fillet without skin was labelled, 
packed in aluminum foil, kept on ice until the 
end of the day when deeply frozen and stored at 
–80°C until fat and fatty acids analysis. Percent-
age of processed body (Kocour et al. 2007) or 
so-called headless carcass yield (% hl-Carss) and 
fillet yield with skin (% Fill) and without skin (% 
Fill DS) were calculated as the most important 
slaughtering traits:

% hl-Carss = (fillet weight + skin weight + weight of skel-
eton with remnants)/body weight × 100

% Fill = (fillet weight + skin weight)/body weight × 100

% Fill DS = (fillet weight/body weight) × 100.

In addition, we calculated Fulton’s condition 
factor (FC) and gonadosomatic index (GSI):

FC = 105 × body weight/standard length3 

GSI = gonadal weight/body weight × 100 

The parentage assignment was based on the 
analysis of 11 microsatellite loci: MFW7, MFW9, 
MFW11, MFW16, MFW18, and MFW26 for all fish, 
MFW3, MFW12, MFW20, MFW29, and MFW40 
for some fish only. The parental allocation was 
performed by exclusion with one or two mis-
matches tolerated, using the VITASSIGN software 
(Vandeputte et al. 2006). 

Lipid and fatty acids analysis. Based on parent-
age assignment, 158 individuals, the progeny of 
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7 females and 36 males, belonging to 115 full-sibs 
families, were selected for the FA composition 
analysis. The reduction of samples for the FA 
analysis was done due to the costs of analysis. 
For a given sample size in such a factorial design, 
the precision of heritability estimates mostly de-
pends on a combination of a minimum number 
of sires and a minimum number of offspring per 
sire (Dupont-Nivet et al. 2002). Thus, the progeny 
of all sires that were represented in the whole set 
of 336 slaughtered fish with less than 3 progeny 
were not considered as suitable for this study. 
Fillets of selected fish were homogenized using a 
flesh-suitable mixer and for fat and FA analysis 
an appropriate aliquot was taken.

The total fat content in wet muscle tissue was 
determined gravimetrically by the Soxhlet meth-
od according to Application note 390/revision 
2.8/2007 (FOSS Analytical AB 2003) by extraction 
in solvent petroleum ether using Soxtec 2055 (FOSS 
Tecator AB, Sweden) after the acid hydrolysis of 
samples using SoxCap 2047 (FOSS Tecator AB).

The composition of fatty acids was determined 
from total lipids in wet muscle tissue which were 
extracted with chloroform-methanol (2 : 1 v/v) 
according to the method of Folch et al. (1957). 
Derivatization of fatty acids was based on the 
base-catalysed reaction using NaOH-methanol as 
reagent. Fatty acid methyl esters (FAMEs) were 
then extracted to hexane. FAMEs were analysed by 
gas-liquid chromatography using a SP-2560 fused 
silica capillary column (100 m × 0.25 mm i.d., 20 μm 
film thickness) (Supelco, USA) in an Agilent 6890 
gas chromatograph (Agilent Technologies, USA) 
equipped with flame ionization detector (FID). 
The oven temperature was 175°C for 30 min, then 
it was increased by 1°C/min to 210°C where it was 
maintained for 40 min. Detector and injection port 
temperatures were 220°C and the nitrogen carrier 
gas flow was 1 ml/min. For the identification of 
FAME, standard FAME mixtures were analysed. 
To confirm the identification of some FAMEs, the 
gas chromatography–mass spectrometry (GC/MS) 
analysis was carried out in the GC/MSD system 
Agilent 5975 (Agilent Technologies) with the same 
column and temperature conditions as above, 
except for the helium flow, which was 0.6 ml/min 
and the detector temperature was 250°C.

Quantitative genetic analysis. The final da-
taset comprised percentage of total muscle fat in 
wet muscle tissue (Fat-M), relative values of FAs 

presented as % of total fat (SFA-TF, MUFA-TF, 
PUFA-TF, n-6 PUFA-TF, n-3 PUFA-TF, EPA-TF, 
DHA-TF), absolute values of FA in % of wet muscle 
tissue (SFA-M, MUFA-M, PUFA-M, n-6 PUFA-M, 
n-3 PUFA-M, EPA-M, DHA-M), ratio of n-6/n-3 
PUFAs and performance traits (BW, FC, GSI, % hl-
Carss, % Fill DS, % Fill) (for trait abbreviations see 
Table 1). Variance (phenotypic: VP, genetic: VA) and 
covariance (phenotypic: rp, genetic: rg) components 
were estimated in multivariate mixed models us-
ing the restricted maximum likelihood method in 
VCE (Groeneveld et al. 2008) and DMU softwares 
(Madsen and Jensen 2013). The statistical model 
to estimate (co)variance components for the traits 
recorded was:

Yijk = μi+ sexij + (βi × body weightk) + animik + eijk

where:
Yijk = vector of observations (for all analysed traits)
μi = overall mean for a trait i
sexij = fixed effect of sex (j = female, male, unidenti-

fied) for trait i
βi = regression coefficient between the weight of 

body part i and the covariate body weight, so 
that the genetic parameters estimated were 
those of the residual of the regression of the 
weight of a given body part on body weight, 
which was used as a surrogate for the yield of 
this body part, as proposed by Vandeputte et 
al. (2014); this regression on body weight was 
used only for weight of body parts (yield traits)

animik = random genetic effect of an animal k (k = 1, 2, 
etc. – no. of individual) for a trait i

eijk = random residual. 

Likewise, a random maternal effect was calcu-
lated. However, this effect was negligible for all 
traits, and thus it was not included in the final 
model. Moreover, no other significant covari-
ates (including body weight in relation to FAs) 
or fixed effects (including pond effect during the 
first growing season) associated to analyzed traits 
were found. Heritability estimates were calculated 
as the ratio of genetic variance (VA) divided by 
the total phenotypic variance (VP), where VP is 
the sum of genetic (VA) and residual variance 
(VR), h2 = VA/(VA + VR). The likelihood ratio test 
(LRT) was used for comparing the goodness of fit 
of two models (including vs excluding the animal 
genetic effect). The animal additive genetic effect 
(and thus the associated heritability estimate) 
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was considered significant when the difference 
in –2Log-likelihood was higher than the thresh-
old value for P < 0.05 of a χ2 distribution with 
1 degree of freedom (Pinheiro and Bates 2000). 
Genetic correlation was considered significant if 
|rg| – |1.96 × standard error (SE)| was higher than 
zero (two-tailed hypothesis) (Kause et al. 2016).

RESULTS

Fatty acids composition. The basic statistics of 
FA composition in 3-year-old common carp flesh 
are listed in Table 1. The mean fat content presented 
as % in wet muscle tissue was 3.23%. Among the 
main FA groups, MUFA-TF (59.41%) and MUFA-M 
(1.92%) represented the largest fraction, followed 
by SFA-TF (26.77%) and SFA-M (0.86%) and PUFAs 
(PUFA-TF 13.82%, PUFA-M 0.43%). The amount 
of omega-6 FAs (n-6) was 10.13% for n-6 PUFA-
TF and 0.32% for n-6 PUFA-M. Omega-3 FAs 
(n-3) were 3.14% for n-3 PUFA-TF and 0.10% for 
n-3 PUFA-M. The ratio of n-6/n-3 was 3.29. The 
most beneficial groups of n-3 PUFAs, EPA and 
DHA, achieved in relative values: EPA-TF 0.29%, 
DHA-TF 0.26%, and in absolute values: EPA-M 
0.009%, DHA-M 0.007%.

Performance traits. The phenotypic values of 
performance traits are presented within Table 1. 
The mean body weight of carps used for this study 
was 1395 g with condition factor of 3.18 and GSI 
of 2.36. The mean yields of headless carcass (63%), 
fillets with skin (40%) and without skin (31%) 
were similar to values observed in other studies 
done on the same breed and conditions (Kocour 
et al. 2007). Sex had a significant effect on BW 
and GSI only.

Parentage assignment. The parental allocation 
followed by sample reduction (see Material and 
Methods) resulted in 158 pedigreed animals with 
fatty acids phenotype, from 115 full-sibs families 
produced from 7 dams and 36 sires, with an average 
full-sibs family size of 1.37 (range 1–4), an average 
paternal half-sibs family size of 4.39 (range 3–8), 
and an average maternal half-sibs family size of 
26.17 (range 17–42).

Heritability estimates. The heritability esti-
mates are reported as values ± standard errors 
(SE) in diagonal (bold) within Table 2 (FA com-
position) and Table 5 (performance traits). Only 
five heritability estimates out of 16 analyzed FA 

traits were significantly different from zero (Fat-M, 
PUFA-TF, n-3 PUFA-TF, EPA-TF, n-6/n-3). The 
heritability of total fat and FA composition was 
moderate (0.24–0.37). Performance traits also had 
moderate heritability, (only GSI was not signifi-
cant) except body weight (BW) which was highly 
heritable (h2 = 0.62 ± 0.20).

Correlations among fat and fatty acids. Genetic 
and phenotypic correlations among total fat and 

Table 1. Mean ± standard deviation (SD) and coefficient of 
variation (CV) of fatty acid composition and performance 
traits in 3-year-old common carp (n = 158)

Trait Mean ± SD CV
Fat-M 3.23 ± 1.92 59.4
SFA-TF 26.77 ± 1.62 6.1
MUFA-TF 59.41 ± 1.94 3.3
PUFA-TF 13.82 ± 1.51 10.9
n-6 PUFA-TF 10.13 ± 1.07 10.5
n-3 PUFA-TF 3.14 ± 0.57 18.1
EPA-TF 0.29 ± 0.12 41.4
DHA-TF 0.26 ± 0.21 80.8
SFA-M 0.86 ± 0.52 60.4
MUFA-M 1.92 ± 1.18 61.5
PUFA-M 0.43 ± 0.24 55.8
n-6 PUFA-M 0.32 ± 0.17 53.1
n-3 PUFA-M 0.10 ± 0.06 60.0
EPA-M 0.009 ± 0.005 55.5
DHA-M 0.007 ± 0.006 85.7
n-6/n-3 3.29 ± 0.47 14.2
BW* 1395 ± 273 19.6
FC 3.18 ± 0.32 10.1
GSI* 2.36 ± 1.47 62.3
% hl-Carss 62.7 ± 2.35 3.7
% Fill DS 30.76 ± 1.96 6.3
% Fill 39.83 ± 2.09 5.2

M = absolute value (in % of wet muscle tissue), TF = rela-
tive value (in % of total fat), Fat = total fat content, SFA =  
saturated fatty acids, MUFA = monounsaturated fatty acids, 
PUFA = polyunsaturated fatty acids, n-6 PUFA = omega-6 
polyunsaturated fatty acids, n-3 PUFA = omega-3 polyun-
saturated fatty acids, EPA = eicosapentaenoic acid, DHA = 
docosahexaenoic acid, n-6/n-3 = ratio between omega-6 and 
omega-3 polyunsaturated fatty acids, BW = body weight, 
FC = Fulton’s condition factor, GSI = gonadosomatic index, 
% hl-Carss = headless carcass yield, % Fill DS = deskinned 
fillet yield, % Fill = fillet yield
*significant sex effect
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FAs are presented in Table 2. Medium negative 
phenotypic correlations were observed between 
Fat-M and all beneficial FA groups in relative values 
(PUFA-TF, n-6 PUFA-TF, n-3 PUFA-TF, EPA-TF, 
DHA-TF; rp = –0.26 to –0.47). Similarly, absolute 
values of SFA-M, MUFA-M, and PUFA-M were 
negatively correlated to relative values of beneficial 
FA groups as described before (rp = –0.17 to –0.49). 
Conversely, medium to close to one positive cor-
relations were found between Fat-M and absolute 
values of FA groups (rp = 0.46–1.00). Likewise, 
among other absolute values of FA groups a gen-
eral positive trend of phenotypic correlations was 
observed (0.44–0.98). Moreover, relative values of 
SFA-TF and MUFA-TF were negatively related to 
each other and to relative values of PUFA-TF, n-6 
PUFA-TF, and n-3 PUFA-TF (rp = –0.16 to –0.63). 
The ratio of n-6/n-3 exhibited negative phenotypic 
associations with beneficial FA groups in relative 
values: PUFA-TF, n-3 PUFA-TF, EPA-TF, DHA-TF. 

In most cases, genetic correlations had a pat-
tern similar to phenotypic correlations. Fat-M 
was negatively genetically related to beneficial 
FA groups (–0.27 to –0.93). Oppositely, positive 

genetic correlations were observed between Fat-M 
and SFA-TF (0.59) and MUFA-TF (0.50). The ab-
solute values of SFA-M, MUFA-M, and PUFA-M 
were negatively correlated to several favourable 
FA groups in relative values (PUFA-TF, n-6-TF, 
n-3 PUFA-TF, EPA-TF; rg = –0.27 to –0.97). Strong 
positive genetic correlations were observed be-
tween Fat-M and other absolute values of FAs 
and among all FA groups in absolute values. The 
relative values of SFA-TF and MUFA-TF were 
negatively genetically correlated to each other 
and to relative values of PUFA-TF, n-6 PUFA-TF, 
and n-3 PUFA-TF. However, not all estimates 
were significantly different from zero. Regard-
ing the n-6/n-3 ratio, medium to high negative 
genetic correlations were observed with SFA-TF, 
n-3 PUFA-TF, EPA-TF, DHA-TF, and EPA-M (rg = 
–0.36 to –0.85. Oppositely, MUFA-TF was posi-
tively correlated to n-6/n-3. 

Correlations between fatty acids and perfor-
mance traits. Table 3 presents phenotypic correla-
tions between FA groups and performance traits. 
Generally, phenotypic correlations were in most 
cases low or negligible. The highest negative and 

Table 3. Phenotypic correlations between fatty acid composition and performance traits 

Traits
Phenotypic

BW FC GSI % hl-Carss % Fill DS % Fill
Fat-M –0.02 0.21 –0.10 0.05 –0.10 –0.10
SFA-TF 0.03 –0.17 0.11 0.02 0.10 0.03
MUFA-TF 0.01 0.35 –0.13 0.04 –0.07 –0.01
PUFA-TF –0.04 –0.25 0.05 –0.07 –0.02 –0.02
n-6 PUFA-TF –0.01 –0.29 0.04 –0.06 0.02 0.00
n-3 PUFA-TF –0.10 –0.11 0.02 0.01 –0.10 –0.06
EPA-TF –0.14 –0.27 0.10 –0.01 –0.01 –0.10
DHA-TF –0.03 –0.18 0.10 –0.07 –0.08 –0.10
SFA-M –0.01 0.20 –0.08 0.08 –0.08 –0.10
MUFA-M –0.01 0.24 –0.12 0.07 –0.10 –0.10
PUFA-M –0.02 0.17 –0.08 0.04 –0.10 –0.11
n-6 PUFA-M –0.04 0.16 –0.08 0.03 –0.10 –0.13
n-3 PUFA-M –0.07 0.17 –0.10 0.04 –0.13 –0.13
EPA-M –0.10 0.00 0.02 0.03 –0.11 –0.17
DHA-M –0.08 –0.04 0.09 –0.03 –0.12 –0.19
n-6/n-3 0.15 –0.10 0.01 –0.03 0.10 0.03

M = absolute value (in % of wet muscle tissue), TF = relative value (in % of total fat), Fat = total fat content, SFA =  saturated 
fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, n-6 PUFA = omega-6 polyunsaturated 
fatty acids, n-3 PUFA = omega-3 polyunsaturated fatty acids, EPA = eicosapentaenoic acid, DHA = docosahexaenoic acid, 
n-6/n-3 = ratio between omega-6 and omega-3 polyunsaturated fatty acids, BW = body weight, FC = Fulton’s condition 
factor, GSI = gonadosomatic index, % hl-Carss = headless carcass yield, % Fill DS = deskinned fillet yield, % Fill = fillet yield
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positive phenotypic correlations were observed 
especially between FC and most FA groups. 

Genetic correlations between FA groups and 
performance traits are reported in Table 4. In 
contrast to phenotypic correlations, the effect of 
genetic correlations was more visible. Negative 
correlations were observed between BW and n-3 
PUFA-TF and BW and DHA-TF (rg = −0.59; −0.85, 
respectively). Furthermore, BW was positively cor-

related to n-6/n-3 ratio (0.66). An intermediately 
high positive genetic correlation was observed 
between FC and SFA-TF (rg = 0.63 ± 0.15) and 
between FC and absolute values of main FA groups 
(SFA, MUFA, PUFA) including the n-6/n-3 ratio 
(rg = 0.32–0.73). FC also exhibited medium to high 
negative genetic correlations to all beneficial FA 
groups in relative values (rg = –0.45 to –0.79). 
Similarly, GSI was negatively associated with the 

Table 4. Genetic correlations (± standard error) between fatty acid composition and performance traits

Traits
Genetic

BW FC GSI % hl-Carss % Fill DS % Fill
Fat-M 0.21 ± 0.23 0.28 ± 0.12 0.80 ± 0.14 –0.01 ± 0.15 0.16 ± 0.16 –0.22 ± 0.16
SFA-TF 0.26 ± 0.24 0.63 ± 0.15 0.21 ± 0.16 0.74 ± 0.18 0.46 ± 0.17 0.52 ± 0.17
MUFA-TF 0.22 ± 0.21 0.15 ± 0.12 0.43 ± 0.14 –0.05 ± 0.16 –0.15 ± 0.16 –0.38 ± 0.17
PUFA-TF –0.41 ± 0.26 –0.65 ± 0.12 –0.46 ± 0.19 –0.58 ± 0.22 –0.53 ± 0.20 –0.18 ± 0.20
n-6 PUFA-TF –0.15 ± 0.23 –0.45 ± 0.14 –0.79 ± 0.17 –0.36 ± 0.18 –0.34 ± 0.18 –0.10 ± 0.19
n-3 PUFA-TF –0.59 ± 0.29 –0.76 ± 0.17 –0.58 ± 0.18 –0.44 ± 0.22 –0.77 ± 0.22 –0.38 ± 0.21
EPA-TF –0.45 ± 0.28 –0.79 ± 0.17 –0.35 ± 0.17 –0.02 ± 0.20 –0.34 ± 0.20 –0.20 ± 0.20
DHA-TF –0.85 ± 0.24 –0.65 ± 0.14 –0.55 ± 0.17 –0.55 ± 0.18 –0.75 ± 0.18 –0.40 ± 0.18
SFA-M 0.23 ± 0.23 0.46 ± 0.15 0.42 ± 0.17 0.34 ± 0.18 0.26 ± 0.17 –0.08 ± 0.16
MUFA-M 0.19 ± 0.22 0.41 ± 0.14 0.42 ± 0.16 0.27 ± 0.18 0.18 ± 0.17 –0.15 ± 0.17
PUFA-M 0.20 ± 0.22 0.32 ± 0.14 0.57 ± 0.15 –0.09 ± 0.17 –0.08 ± 0.16 –0.26 ± 0.16
n-6 PUFA-M –0.08 ± 0.21 0.08 ± 0.14 0.68 ± 0.15 –0.05 ± 0.17 –0.04 ± 0.16 –0.39 ± 0.17
n-3 PUFA-M –0.24 ± 0.21 –0.07 ± 0.14 0.64 ± 0.14 –0.15 ± 0.16 –0.24 ± 0.16 –0.45 ± 0.17
EPA-M –0.04 ± 0.24 –0.30 ± 0.14 0.61 ± 0.17 –0.06 ± 0.17 –0.21 ± 0.16 –0.44 ± 0.16
DHA-M –0.19 ± 0.23 –0.10 ± 0.14 0.48 ± 0.17 –0.4 ± 0.17 –0.34 ± 0.16 –0.48 ± 0.15
n-6/n-3 0.66 ± 0.24 0.73 ± 0.16 0.09 ± 0.16 0.34 ± 0.21 0.77 ± 0.16 0.44 ± 0.20

M = absolute value (in % of wet muscle tissue), TF = relative value (in % of total fat), Fat = total fat content, SFA =  saturated 
fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids, n-6 PUFA = omega-6 polyunsaturated 
fatty acids, n-3 PUFA = omega-3 polyunsaturated fatty acids, EPA = eicosapentaenoic acid, DHA = docosahexaenoic acid, 
n-6/n-3 = ratio between omega-6 and omega-3 polyunsaturated fatty acids, BW = body weight, FC = Fulton’s condition 
factor, GSI = gonadosomatic index, % hl-Carss = headless carcass yield, % Fill DS = deskinned fillet yield, % Fill = fillet yield

Table 5. Heritability estimates (bold, diagonal, ± standard error (SE)), genetic (above diagonal, ± SE) and phenotypic 
(below diagonal) correlations among performance traits of 3-year-old common carp

BW FC GSI % hl-Carss % Fill DS % Fill
BW 0.62 ± 0.20* 0.50 ± 0.23 0.22 ± 0.22 0.13 ± 0.23 0.62 ± 0.22 0.50 ± 0.22
FC 0.04 0.23 ± 0.15* 0.21 ± 0.15 0.68 ± 0.17 0.91 ± 0.17 0.82 ± 0.18
GSI –0.02 –0.10 0.27 ± 0.17 0.003 ± 0.17 0.07 ± 0.17 –0.05 ± 0.17
% hl-Carss 0.26 0.09 –0.18 0.41 ± 0.19* 0.78 ± 0.17 0.77 ± 0.16
% Fill DS 0.39 –0.09 –0.01 0.45 0.33 ± 0.19* 0.79 ± 0.15
% Fill 0.31 –0.02 –0.11 0.50 0.84 0.36 ± 0.20*

BW = body weight, FC = Fulton’s condition factor, GSI = gonadosomatic index, % hl-Carss = headless carcass yield, % Fill DS = 
deskinned fillet yield, % Fill = fillet yield
*heritability estimates significantly different from zero (P < 0.05)
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same desirable FA groups as BW and FC (rg = 
–0.35 to –0.79). Furthermore, GSI was positively 
correlated with all FAs in absolute values (rg = 
0.42–0.68) and as the only trait also with Fat-M 
(0.80). When looking at genetic correlations be-
tween FA groups and slaughtering yields, positive 
correlations with SFA-TF as well as the n-6/n-3 
ratio (rg = 0.34–0.77) were observed. Importantly, 
negative genetic associations were estimated with 
some beneficial FA groups in relative values. Op-
positely, significant association with Fat-M was 
not observed.

Correlations among performance traits. Ge-
netic and phenotypic correlations among perfor-
mance traits are listed in Table 5. Low positive 
phenotypic correlations were observed between 
BW and slaughtering yields (0.26–0.39), while they 
were medium to high among slaughtering yields. 

A medium positive genetic correlation was ob-
served between BW and FC (0.50 ± 0.23), and FC 
had strongly positive genetic correlations with all 
slaughtering yields (0.68–0.91). Oppositely, BW 
was only related to fillet yields traits (0.50–0.62). 
Besides, the expected positive genetic correlations 
were found out among slaughtering yields (rg = 
0.45–0.84).

DISCUSSION

The present study is a first insight into the genetic 
variation of FA composition in flesh of market-size 
common carp. Furthermore, genetic and pheno-
typic correlations among the main FA groups and 
relationships between FA groups and performance 
traits were studied. It should be stressed that the 
present results were obtained on a relatively small 
sample size (158 offspring from 36 sire half-sib 
families), and thus they should be considered 
with caution. However, existing data on genetic 
variability of FA composition in fish generally 
rely on relatively small datasets, due to the high 
cost of FA analyses (220 fish from 44 families in 
Overturf et al. 2013, 514 fish from 154 families in 
Nguyen et al. 2010, and 416 fish from 48 families 
in Leaver et al. 2011). Still, we can observe that 
(1) several heritability estimates of FA composition 
significantly differ from zero (P < 0.05) and (2) our 
estimates of heritability for production traits are 
in the same range as previous results obtained 
on larger datasets of common carp (Vandeputte 

et al. 2004, 2008; Kocour et al. 2007; Prchal et al. 
2018). Taking this into account, we may assume 
that our heritability estimates for some FA profile 
traits, even if done on a small sample size, are 
meaningful enough, especially when heritability 
and genetic correlations estimates are significantly 
different from zero. 

Heritability of traits. In this study, we found 
significant genetic variation of several FA groups 
in common carp flesh. Studies on genetic variation 
of FA profile in fish are scarce, and so far limited to 
Nile tilapia (Nguyen et al. 2010), Atlantic salmon 
(Leaver et al. 2011), and rainbow trout (Overturf 
et al. 2013). Nguyen et al. (2010) did not observe 
any significant heritability in the main FA groups 
(SFA, MUFA, PUFA) presented as relative values. 
Significant heritabilities were observed only for 7 
(out of 22) individual fatty acids (e.g. behenic acid: 
h2 = 0.39, eicosenic acid: h2 = 0.48). Conversely, 
in Atlantic salmon, Leaver et al. (2011) observed 
muscle n-3 PUFA (in percentage of total FAs) 
as a highly heritable trait (h2 = 0.77). Likewise, 
heritability of total muscle fat was high (0.69). 
Similarly, Overturf et al. (2013) observed high 
heritability estimates of EPA and DHA in rainbow 
trout flesh. We observed significant heritability for 
n-3 PUFA-TF, EPA-TF, and Fat-M, but lower than 
those reported above in salmonids. Concerning 
heritability estimates of total muscle fat content, 
our observation was in accordance with results by 
Saillant et al. (2009), Garcia-Celdran et al. (2015), 
Kause et al. (2016) in other fish species, but lower 
compared to results by Kocour et al. (2007) and 
Prchal et al. (2018) in common carp. 

Effect of selective breeding on FA profile under 
traditional rearing conditions. Selective breeding 
in common carp is at the beginning and plays only 
a minor role in common carp breeding (Janssen 
et al. 2017). However, the main focus of selective 
breeding is going to be devoted to faster growth, 
improved edible parts yield, and resistance to sub-
optimal conditions and diseases (Chavanne et al. 
2016). The genetic correlations from the present 
study show that selection for faster growth could 
lead indirectly also to fillet yield improvement 
while keeping fat content in the muscle stable. 
However, the quality of fat would tend to get worse. 
The relative amount of n-3 PUFAs would decrease 
and the n-6/n-3 PUFA ratio would increase. In 
the case of an additional selection on improved 
edible parts yield, the change in fat flesh quality 
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would be even more evident. Similar unfavourable 
genetic correlations of performance traits (growth 
traits, fillet weight and yield) with EPA and n-3/n-6 
ratio were observed in Nile tilapia (Nguyen et al. 
2010). Likewise, Leaver et al. (2011) found a nega-
tive phenotypic correlation between relative n-3 
PUFAs and final mass in 48 families of Atlantic 
salmon. Besides, we could also expect a decrease 
of PUFAs-TF. The quality of flesh regarding lipids 
would also worsen when selecting for increased 
muscle fat content or for higher FC. FC seems to 
be a simple and suitable selection criterion for 
increased BW as well as edible parts yields, de-
spite the expected side effect of slightly increased 
muscle fat. Similarly, Saillant et al. (2009) observed 
in European seabass (Dicentrarchus labrax) strong 
positive genetic correlations of FC with BW and 
fillet yields. However, in this latter species, FC 
was only slightly heritable. 

An important question is why selection for faster 
growth, higher edible parts yield or better condition 
(expressed as FC) may lead to worse flesh quality. 
There might be one logical explanation – fish with 
better performance tend to feed more on supple-
mental feed, probably due to higher appetite. As 
the supplemental feed in pond culture is based 
mainly on grain (wheat, barley, triticale) rich in 
carbohydrates, the unutilized energy is stored in 
fish in the form of MUFAs and this makes the FA 
profile in carp flesh less favourable (Mraz et al. 
2012b). Also PUFA n-6/n-3 ratio would get higher 
than required due to FA composition of the grain 
(Mraz and Pickova 2011; Markovic et al. 2016). 
It is well known that the fatty acids profile in the 
feed significantly affects the composition of fish 
flesh lipids (Mraz and Pickova 2011; Markovic et 
al. 2016; Trbovic et al. 2017). Thus, the n-6/n-3 
PUFA ratio in flesh being good in this study for 
human health as lower than 4 (3.29) (Rodriguez 
et al. 2017) could increase over 4 and this would 
make the carp flesh of lower quality. 

In the traditional rearing conditions of Central 
Europe, the grain contributes about 50% to the total 
weight gain of common carp (Horvath et al. 1992; 
Kocour et al. 2007). The second half of the weight 
gain comes from natural food (zooplankton and 
zoobenthos) (Horvath et al. 1992). Ponds under 
typical Central European management must be 
looked at as complex ecosystem units in which 
produced carps compete among each other and 
with the other animals about the natural food 

(Anton-Pardo and Adamek 2015). The question 
is whether the carp stocks improved by selec-
tive breeding would utilize the natural food more 
effectively than the common stocks in order to 
keep the components contributing to their weight 
gain in the ratio 1 : 1 (natural food : supplemental 
food). Otherwise the fish would require more 
supplemental feeding and that would lead to above 
described effects. In the case that the consumers 
have required the same flesh quality, the present 
pond management would have had to be modified.

Possible effect of selective breeding on flesh 
FA profile under modified rearing conditions. 
Natural food developing in ponds has a better 
(more n-3 PUFAs) FA profile compared to grain 
(Markovic et al. 2016; Trbovic et al. 2017). The 
problem is that the ponds have limited natural food 
production capacity for stocking densities that are 
used in common carp pond management, even after 
fertilizing the ponds with organic material. More 
intensive fertilization is not practically feasible 
due to regulations on surface water quality and 
its protection (Hlavac et al. 2014). So, if we want 
to keep at least the present flesh meat quality of 
common carp selected for faster growth and higher 
fillet yield, produced under semi-intensive pond 
management conditions, we would have to either 
decrease the stocking densities (Anton-Pardo and 
Adamek 2015) or change the strategy of supple-
mental feeding (Mraz et al. 2012a, b; Markovic 
et al. 2016; Trbovic et al. 2017). Decreasing the 
stocking densities, however, would not bring the 
producers the expected economic benefit from 
selective breeding. Thus, the only way is to alter 
the technology of supplemental feeding and to 
look for alternative plant components with bet-
ter FA profiles that would keep the flesh quality 
without significant increasing production costs. 

Recently, several studies confirmed that carp FA 
profile can be improved by special diets based on 
precursors of EPA and DHA (Mraz and Pickova 
2011; Mraz et al. 2012a, b; Steffens 2016). It was 
found that freshwater fish species, including com-
mon carp, and contrary to marine fish, have the 
ability to synthesise EPA and DHA from its pre-
cursor alpha-linolenic acid (ALA) (Zheng et al. 
2004; Tocher 2010). Therefore, we also studied a 
hypothetic genetic relationships of ALA with EPA 
and DHA which could support biosynthesis of 
EPA and DHA in carp flesh. We observed that the 
relative value of ALA is a heritable trait (h2 = 0.43 
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± 0.22). However, no significant genetic associa-
tions were found (in the relative values) between 
ALA and EPA (rg = 0.36 ± 0.21) or ALA and DHA 
(rg = 0.13 ± 0.18). Still, supplemental feeding rich 
in ALA, e.g. rapeseed, linseed or hempseed, leads 
to an improved FA profile in carp flesh (Mraz 
et al. 2012a, b). Such modified diet (or so called 
finishing feeding) can be used just during the last 
(or only part of the last) growing season before 
reaching the market size to keep the FA profile in 
a favourable range (Mraz et al. 2012a, b). Thus, 
the above mentioned feeding strategy should not 
dramatically change the FA profile in the flesh 
of common carp even when the contribution of 
supplemental food on weight gain goes beyond 
50%. Still, as the contribution of supplemental 
food will increase and the supplemental food 
does not contain all required nutrients, it seems 
that for sustainable selective breeding program 
the feeding strategy in pond culture may have to 
change from supplemental food to a complete 
compound food (Markovic et al. 2016). Then, the 
carp stocks could positively respond to selection 
for faster growth while maintaining an appropri-
ate flesh quality. 

CONCLUSION

Results in this study point to the fact that se-
lective breeding for faster growth and/or higher 
edible part yields under the current Central Eu-
ropean carp pond management would very likely 
negatively affect carp flesh quality with respect 
to FA composition. Therefore, together with the 
selective breeding programme, the feeding strategy 
should be modified in order to enable a positive 
response to selection while keeping the carp meat 
as a valuable healthy diet for humans. 
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Cyprinids are the most important group of farmed fish globally in terms of production

volume, with common carp (Cyprinus carpio) being one of the most valuable species

of the group. The use of modern selective breeding methods in carp is at a formative

stage, implying a large scope for genetic improvement of key production traits. In the

current study, a population of 1,425 carp juveniles, originating from a partial factorial

cross between 40 sires and 20 dams, was used for investigating the potential of

genomic selection (GS) for juvenile growth, an exemplar polygenic production trait.

RAD sequencing was used to identify and genotype SNP markers for subsequent

parentage assignment, construction of a medium density genetic map (12,311 SNPs),

genome-wide association study (GWAS), and testing of GS. A moderate heritability

was estimated for body length of carp at 120 days (as a proxy of juvenile growth) of

0.33 (s.e. 0.05). No genome-wide significant QTL was identified using a single marker

GWAS approach. Genomic prediction of breeding values outperformed pedigree-based

prediction, resulting in 18% improvement in prediction accuracy. The impact of reduced

SNP densities on prediction accuracy was tested by varying minor allele frequency

(MAF) thresholds, with no drop in prediction accuracy until the MAF threshold is set

<0.3 (2,744 SNPs). These results point to the potential for GS to improve economically

important traits in common carp breeding programs.

Keywords: aquaculture breeding, carps, high-throughput sequencing, RAD-seq, genomic prediction

INTRODUCTION

Carps have the highest global production volume of all aquaculture fish (FAO, 2015) and are
farmed in a wide variety of environments and production systems (Balon, 1995). In common with
most aquaculture species, only a minority of farmed common carp are derived from family-based
selective breeding programs, and crossbreeding of partially inbred strains is commonly applied
to benefit from heterosis (Hulata, 1995; Vandeputte, 2003; Janssen et al., 2017). Family-based
programs have the advantage of enabling cumulative increases in economic traits, and maintaining
a high degree of control of the level of inbreeding of stocks. Empirical data relating to selective
breeding of family-based programs in several fish species show an increase in genetic gain of up
to 15% per generation (Gjedrem, 2000). While initial studies suggested that within breed selection
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is ineffective in common carp (Moav and Wohlfarth, 1976),
recent studies focusing on growth and survival traits highlighted
the potential of applying selective breeding to enhance
production (Kocour et al., 2007; Vandeputte et al., 2008;
Nielsen et al., 2010; Ninh et al., 2013; Dong et al., 2015).

Traditional pedigree-based selective breeding incorporating
best linear unbiased predictor (BLUP) methodology (Henderson,
1975) has greatly benefited both animal and plant agriculture.
Nevertheless, the utilization of just the between-family
component of genetic variation imposes limitations to
selection accuracy and therefore genetic gain (Meuwissen
et al., 2013). Selective breeding can be significantly enhanced
by the application of genomic tools, via improvement of
selection accuracy and potentially also by identification of
causative factors impacting on key production traits (Meuwissen
et al., 2001, 2013; Hickey et al., 2017). Genomic selection
(GS) involves the simultaneous use of genome-wide genetic
markers to estimate breeding values for selection candidates
utilizing both within and across family variation (Meuwissen
et al., 2001). By using all markers in the calculation of
breeding values, GS overcomes the limitations of marker-
assisted selection for such traits, where typically only a
small percentage of genetic variation can be utilized for
polygenic traits (Daetwyler et al., 2013). In aquaculture
species, GS has been enabled by the increased technical
feasibility and reduced cost of generation of genome-wide
marker data in non-model organisms via SNP arrays or
genotyping by sequencing (Davey et al., 2011; Robledo et al.,
2017).

The effectiveness of GS at deriving more accurate breeding
values than traditional pedigree-based selection has been
demonstrated using simulated and empirical data in both
livestock and aquaculture (Goddard and Hayes, 2009; Sonesson
and Meuwissen, 2009). Empirical data collected to date suggest
that the majority of traits of interest for animal production
(e.g., growth and disease resistance) are underpinned by a
polygenic genetic architecture (de los Campos et al., 2013).
In aquaculture species, where large full-sibling family sizes
are typically available, the advantages of genomic prediction
of breeding values in aquaculture species are clear from
several studies of such polygenic traits (e.g., Odegård et al.,
2014; Tsai et al., 2015, 2016; Vallejo et al., 2017), albeit
genomic prediction is less effective when only distant relatives
are used in deriving the prediction equation (Tsai et al.,
2016).

Restriction-site-associated DNA sequencing (RAD-seq)
is a reduced representation of high-throughput sequencing
technique for the concurrent detection and genotyping of SNP
markers (Baird et al., 2008). RAD-seq and similar genotyping
by sequencing techniques rely on digestion of the genomic
DNA with a restriction enzyme, and subsequent high-depth
sequencing of the flanking regions. These techniques have been
widely applied due to their cost-efficiency in a wide range of
aquaculture species (Robledo et al., 2017), both in genome-wide
association studies (GWAS) (e.g., Campbell et al., 2014; Palti
et al., 2015; Barria et al., 2017) and GS studies (e.g., Palaiokostas
et al., 2016; Vallejo et al., 2016). The main aim of this study

was to investigate the potential of genomic prediction of an
exemplar polygenic trait in common carp (juvenile growth)
using genome-wide SNP markers generated by RAD-seq. To
achieve this, samples of 1,425 carp measured for body weight and
length at approximately 4 months of age were used. RAD-seq
was used to genotype genome-wide SNP markers, parentage
assignment was performed, and heritability (of body weight
and length) was estimated. The obtained SNPs were utilized
for construction of a medium density linkage map, followed
by a GWAS to test the association between individual loci
and growth. Finally, GS was tested to evaluate the potential of
incorporating genomic data for selective breeding compared
to pedigree-based selection using this exemplar polygenic
trait.

MATERIALS AND METHODS

Sample Collection
A population of Amur Mirror Carp was created at the University
of South Bohemia, Czech Republic in May 2014 using artificial
insemination (Vandeputte et al., 2004) involving four factorial
crosses each comprising 5 dams × 10 sires (20 dams and
40 sires in total). Incubation of eggs was performed in 9 lt
Zugar jars at 20◦C. At the swimming stage, randomly sampled
progeny of the same total volume from each mating was pooled
and reared under semi-intensive pond conditions throughout
the growing season (from May to September). In September,
a sample of 1,425 fish was fin-clipped, passive integrated
transponder (PIT)-tagged, weighed to the nearest 0.01 g, and
measured for standard length (SL) (from the tip of the nose
to the end of the caudal peduncle) to the nearest millimeter.
All working procedures complied with the European Union
Directive 2010/63/EU for the protection and welfare of animals
used for scientific purposes.

RAD Library Preparation and Sequencing
Genomic DNA was extracted from fin samples using the
REALPure genomic DNA extraction kit (Durviz S.L.) and treated
with RNase. Each sample was quantified by spectrophotometry
(Nanodrop), and its quality was assessed by agarose gel
electrophoresis, before being diluted to a concentration of
20 ng/μL [measured by Qubit Fluorometer (Invitrogen)] in
5 mmol/L Tris, pH 8.5.

The RAD-specific P1 and P2 paired-end adapters and library
amplification PCR primer sequences used in this study are
detailed in Baxter et al. (2011). Briefly, each sample (0.72 μg
parental DNA/0.24 μg offspring DNA) was digested at 37◦C
for 60 min with Sbf I (recognizing the CCTGCA| GG motif)
high fidelity restriction enzyme (New England Biolabs, NEB).
The reactions (12 μL final volumes) were then heat inactivated
at 65◦C for 20 min. Individual-specific P1 adapters, each with
a unique 5 bp barcode, were ligated to the Sbf I-digested DNA
at 20◦C for 60 min by adding 1.8/0.6 μL 100 nmol/L P1
adapter, 0.45/0.15μL 100 mmol/L rATP (Promega), 0.75/0.25μL
10× Reaction Buffer 2 (NEB), 0.36/0.12 μL T4 ligase (NEB,
2 M U/mL), and reaction volumes made up to 45/15 μL
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with nuclease-free water for each parental/offspring sample.
Following heat inactivation at 65◦C for 20 min, the ligation
reactions were slowly cooled to room temperature (over 1 h)
then combined in appropriate multiplex pools. Shearing and
initial size selection (300–600 bp) by agarose gel separation
were followed by gel purification, end repair, dA overhang
addition, P2 (individual-specific adapters) paired-end adapter
ligation, library amplification, as described in the original
RAD protocol (Baird et al., 2008; Etter et al., 2011). A total
of 150 μL of each amplified library (14–17 PCR cycles,
library dependent) was size selected (ca. 400–700 bp) by gel
electrophoresis as described in Houston et al. (2012). Following
a final gel elution step into 20 μL EB buffer (MinElute
Gel Purification Kit, Qiagen), 66 libraries (24 animals each)
were sent to BMR Genomics (Italy), for quality control and
high-throughput sequencing. Libraries were run in 14 lanes
of an Illumina NextSeq 500, using 75 base paired-end reads
(v2 chemistry). The sequence reads were deposited at the
NCBI Sequence Read Archive (SRA) under the accession
PRJNA414021.

Genotyping RAD Alleles – SNP
Identification
Reads missing the restriction site, with ambiguous barcodes
and PCR duplicates, were identified and discarded using the
Stacks software 1.4 (Catchen et al., 2011). The remaining reads
were aligned to the common carp reference genome assembly
version GCA_000951615.2 (Xu et al., 2014) using bowtie2
(Langmead and Salzberg, 2012). The aligned reads were sorted
into loci and genotypes using the Stacks software 1.4 (Catchen
et al., 2011). A minimum stack depth of at least 10 or 5 was
required for the parental and offspring samples, respectively.
Only loci containing one or two SNPs were considered for
downstream analysis. SNPs with minor allele frequency (MAF)
<0.01, >25% missing data, and deviating from expected Hardy–
Weinberg equilibrium in the parental samples (P < 1e−06) were
discarded.

Parentage Assignment
Due to the partial factorial crosses performed in this experiment,
the family structure of the offspring was unknown at the time
of sampling. Parentage assignment was performed using the
RAD-seq-derived SNP data and the R/hsphase (Ferdosi et al.,
2014) software allowing for a maximum overall genotyping
error of 4%. The pedigree obtained was further validated for
possible erroneous assignments using FImpute (Sargolzaei et al.,
2014).

Linkage Map Construction
Linkage map construction was performed using Lep-Map v2
(Rastas et al., 2013). SNPs with MAF <0.05 in individual
families and those deviating from expected Mendelian
segregation (P < 0.001) were excluded. Linkage groups
were formed using a minimum LOD threshold value of 18 in the
“SeparateChromosomes” module, allowing a maximum distance
between consecutive SNPs of 50 cM. Marker order within

each linkage group was performed using the “OrderMarkers”
module using the SexAverage option. Map distances were
calculated in centiMorgans (cM) using the Kosambi mapping
function.

Heritability Estimation
Heritability estimates of weight and length were performed using
both the pedigree-based relationship matrix and the genomic
relationship matrix. Variance components was estimated using
AIREMLF90 (Misztal et al., 2002) with the following animal
model:

y = Xb + Zu + e, (1)

where y is the vector of recorded phenotypes, b vector of the
fixed effects (the four-level factorial cross), X the incidence
matrix relating phenotypes with the fixed effects, Z the incidence
matrix relating phenotypes with the random animal effects,
u the vector of random animal effects ∼N(0, Aσ2g) with A
corresponding to the pedigree-based relationship matrix or the
genomic relationship matrix G (VanRaden, 2008), σ2g the additive
genetic variance, e the vector of residuals ∼N(0, Iσ2e) and σ2e the
residual variance.

Heritability was estimated using the following formula:

h2 = σ2g

σ2g + σ2e
.

Bivariate models with the same fixed and random effects as in
Equation (1) were used in order to estimate genetic correlations
between the phenotypes of weight and length.

Genome-Wide Association Analysis
To test the association between individual SNPs and
growth (only length records were utilized), GWAS was
performed using R/gaston (Hervé and Dandine-Roulland,
2018). The mixed model applied had the same format
as in Equation (1) with the addition of each tested
SNP as a fixed effect. The genome-wide significance
threshold was calculated using a Bonferroni correction
(0.05/N), where N represents the number of QC-filtered
SNPs.

Genomic Selection
The accuracy of prediction of genomic breeding values
(GEBVs) was calculated and benchmarked against the accuracy
of prediction for EBVs using traditional pedigree-based
best linear unbiased prediction (BLUP) (Henderson, 1975).
GEBVs were estimated with GBLUP (Meuwissen et al., 2001)
using the BLUPF90 suite (Misztal et al., 2002) updated for
genomic analyses (Aguilar et al., 2011). Pedigree-based BLUP
was applied to calculate breeding values using the same
software. The general form of the fitted models was as in
Equation (1).

A fivefold cross-validation was performed in order to test
prediction accuracy. The data set was randomly split into
sequential non-overlapping training (n = 972 individuals) and
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validation sets (n = 242). The fivefold cross-validation procedure
was repeated 10 times in order to reduce random sampling
effects. The accuracy of the estimated breeding values was
approximated as:

r = (EBV, y)/h,

where y is the vector of recorded phenotypes and h the square
root of the heritability. GEBVs were used to approximate
accuracy in the case of GBLUP. Additionally, five different
scenarios were used in order to test the effect of reduced
genotyping densities on the obtained prediction accuracies. In
these scenarios, GBLUP was performed as above using subsets of
SNPs selected by progressive increase of a minimum threshold
for MAF. The tested scenarios involved MAF thresholds of
0.1 (8,237 SNPs), 0.2 (4,950 SNPs), 0.3 (2,744 SNPs), 0.4
(1,182 SNPs), and 0.45 (530 SNPs). Bias in the form of
the regression coefficient of the phenotypic trait on (G)EBV
was estimated for both PBLUP and all tested scenarios of
GBLUP.

RESULTS

Descriptive Statistics
The mean weight of the genotyped carp juveniles after
approximately 4 months of growth (Supplementary Table S1)
was 16.3 g (SD 4.6) and the mean SL was 77 mm (SD 7.1). The
Pearson correlation coefficient between length and weight was
r = 0.93 (Figure 1).

SNP Identification and Genotyping
Animals with fewer than 25% missing SNP genotypes were
retained for downstream analysis (corresponding to 60 parental
and 1,400 offspring samples). The total number of raw

FIGURE 1 | Descriptive statistics of the phenotypic data (weight, length).

TABLE 1 | Number of QC-filtered SNPs per linkage group.

Linkage group Size (cM) Number of markers

1 102 350

2 91 350

3 76 325

4 77 322

5 90 319

6 77 315

7 77 311

8 77 292

9 75 290

10 84 287

11 83 283

12 71 277

13 81 272

14 70 263

15 69 260

16 78 259

17 105 257

18 78 256

19 92 249

20 75 249

21 106 246

22 75 245

23 84 241

24 70 241

25 76 240

26 77 239

27 71 238

28 84 237

29 93 237

30 81 236

31 71 229

32 77 229

33 78 227

34 70 227

35 87 226

36 77 225

37 88 222

38 77 221

39 73 215

40 71 213

41 74 212

42 72 212

43 72 208

44 79 203

45 80 199

46 67 193

47 73 175

48 71 169

49 75 163

50 69 157

Total 3,944 12,311

reads passing the QC filters was 6.89 (SD 1.33) M for the
parental samples and 3.68 (SD 1.28) M for the offspring.
The mean number of RAD loci identified was 57,983 (SD
1,573) and 57,235 (SD 5,224) for parents and offspring,
respectively, with mean coverage of 60 (SD 10) X and 29
(SD 8) X, respectively. A total of 22,756 putative SNPs
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FIGURE 2 | Genome-wide association plot for body length.

were identified, of which 20,039 SNPs passed QC filters
and were retained for downstream analysis (Supplementary
Table S2).

Parentage Assignment
The carp progeny was assigned to unique parental pairs allowing
for amaximum genotypic error rate of 4%. In total 1,214 offspring
were uniquely assigned, forming 195 full-sib families (40 sires, 20
dams) ranging from 1 to 21 animals per family with a mean size
of 6 (SD 4). The individual dam contribution to the population
ranged from 9 to 99 animals with a mean of 61 (SD 23), while the
sire contribution ranged from 7 to 53 animals with a mean of 30
(SD 12).

Linkage Map Construction
The linkage map constructed using the aforementioned families
consisted of 12,311 SNPs (Table 1) that were grouped
into 50 linkage groups (in accordance with the expected
karyotype). The length of the consensus linkage map was
3,944 cM (Supplementary Table S3). The number of SNPs per
chromosome ranged from 157 to 350 (mean = 246; SD = 45),
while linkage group length ranged between 67 and 106 cM
(mean = 79; SD = 9).

Heritability Estimation
The estimated heritabilities for weight and length were
0.26 (SE 0.05) and 0.33 (SE 0.05), respectively, and were
consistent between the pedigree and genomic models. Genetic

correlation between body weight and SL was 0.94 (SE 0.02),
and as such only length data were used for downstream
analyses.

Genome-Wide Association Study
(GWAS) – Genomic Selection (GS)
Genome-wide association study and GS were performed using
only the SL data. GWAS did not identify SNPs surpassing the
genome-wide significant threshold (Figure 2), indicating that
juvenile growth is likely to be a polygenic trait. Using the cross-
validation approach, breeding value prediction accuracy was
estimated to be 0.60 (SE 0.03) for PBLUP, as opposed to 0.71
(SE 0.03) with GBLUP. Accuracies obtained through GBLUP
using the various reduced SNP densities ranged from 0.66 to
0.71 (Figure 3). GBLUP using only SNPs with a minimum
MAF of 0.45 (530 SNPs) had approximately a 10% accuracy
improvement compared to PBLUP. SNP densities of a minimum
MAF of 0.3 had practically the same prediction accuracies as
the full data set (Figure 3). Estimated bias of (G)EBVs ranged
between 0.78 and 1.02. The scenario using SNPs with minimum
MAF of 0.45 was found to produce the most biased GEBVs
(Table 2).

DISCUSSION

Traditional selective breeding relies on well-documented
pedigree, which is relatively straightforward in livestock, but
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FIGURE 3 | Mean accuracies of GBLUP and PBLUP. GBLUP accuracies were obtained using either all available SNPs (FD; 12,311), SNPs with MAF >0.10 (8,237),

SNPs with MAF >0.20 (4,950), SNPs with MAF >0.30 (2,744), SNPs with MAF >0.40 (1,182), and SNPs with MAF >0.45 (530).

TABLE 2 | Mean accuracy of pedigree BLUP (PBLUP) and GBLUP using SNP of varying MAF obtained from 10 repeats of fivefold cross-validation.

Reps FD1 (bias) MAF2 > 0.1 (bias) MAF3 > 0.2 (bias) MAF4 > 0.3 (bias) MAF5 > 0.4 (bias) MAF6 > 0.45 (bias) PBLUP (bias)

1st 0.71 (1.05) 0.71 (1.04) 0.71 (1.05) 0.71 (1.06) 0.68 (1.03) 0.66 (0.93) 0.59 (1.02)

2nd 0.70 (1.03) 0.71 (1.02) 0.70 (1.02) 0.70 (1.03) 0.66 (0.99) 0.65 (0.90) 0.59 (1.01)

3rd 0.73 (1.05) 0.73 (1.04) 0.73 (1.05) 0.73 (1.05) 0.67 (0.99) 0.68 (0.92) 0.61 (1.03)

4th 0.69 (0.98) 0.69 (0.97) 0.69 (0.99) 0.69 (0.99) 0.64 (0.95) 0.63 (0.84) 0.60 (1.02)

5th 0.69 (1.04) 0.68 (1.00) 0.70 (0.99) 0.69 (1.02) 0.66 (0.98) 0.66 (0.91) 0.58 (1.02)

6th 0.71 (1.03) 0.71 (1.02) 0.71 (1.03) 0.71 (1.03) 0.67 (1.00) 0.66 (0.90) 0.61 (1.05)

7th 0.70 (1.03) 0.70 (1.03) 0.70 (1.03) 0.70 (1.02) 0.65 (0.97) 0.65 (0.87) 0.60 (1.02)

8th 0.71 (1.04) 0.71 (1.04) 0.71 (1.04) 0.71 (1.05) 0.66 (1.00) 0.66 (0.92) 0.60 (1.03)

9th 0.71 (1.01) 0.71 (1.02) 0.71 (1.03) 0.71 (1.04) 0.67 (1.00) 0.67 (0.92) 0.61 (1.04)

10th 0.70 (1.04) 0.70 (1.02) 0.70 (1.03) 0.70 (1.03) 0.65 (0.98) 0.65 (0.88) 0.60 (1.02)

Mean 0.71 (1.03) 0.71 (1.02) 0.71 (0.98) 0.71 (0.87) 0.66 (0.99) 0.66 (0.90) 0.60 (1.03)

112,311 SNPs, 28,237 SNPs, 34,950 SNPs, 42,744 SNPs, 51,182 SNPs, 6530 SNPs.

more challenging in aquaculture species. Genetic markers have
the potential of addressing this issue, facilitating the practical
implementation of breeding programs via effective parentage
assignment and circumventing the requirement of rearing the
fish in separate tanks until tagging is possible (Vandeputte and
Haffray, 2014). In the current study, the utility of RAD-seq data
for enabling selective breeding for a polygenic trait in common
carp was investigated. Using the RAD SNP data, approximately
86% of genotyped animals could be uniquely assigned to parental

pairs. Following pedigree reconstruction, moderate heritability
estimates of 0.26 and 0.33 were obtained for juvenile weight
and length, respectively. These estimates are in line with the
previous heritability estimates of weight/length obtained from
juvenile carp (Vandeputte et al., 2004; Ninh et al., 2013; Hu
et al., 2017). However, one limitation of the current study lies
in the fact that trait measurements were taken in juveniles,
and the correlation between growth in early life with growth
to harvest size is unknown for this population. Contradicting
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evidence is available regarding this, with studies recording
high positive phenotypic correlations between growth-related
traits at juvenile and harvest stage (Ninh et al., 2013), moderate
positive correlations (Vandeputte et al., 2008; Nielsen et al.,
2010), or correlations near to zero (Hu et al., 2017). However,
common carp juvenile weight and length in the current study is
used as an exemplar polygenic trait, with broader implications
for the use of genomic data to improve other economically
important traits, in particular for those typically not measurable
directly on selection candidates (disease resistance or fillet traits,
e.g.).

Genetic markers can be a valuable addition to selective
breeding, but the optimal strategy for their application depends
on the underlying genetic architecture of the trait of interest.
Where a trait is primarily controlled by one or several major
QTL, it may be most effective to use marker-assisted selection
with low-density markers flanking QTL regions. This is the
case for resistance to the Infectious Pancreatic Necrosis virus in
Atlantic salmon for example, where almost all genetic variation
is explained by a single QTL (Houston et al., 2008; Moen
et al., 2009). However, most traits of economic importance
have a polygenic architecture and GS is likely to be the most
effective use of genetic markers to improve these traits. In
the current study, the GWAS results implied that the juvenile
growth traits were polygenic in nature. Previous studies using
linkage analysis have reported QTL related to growth in common
carp. A study on a single full-sibling family of common carp
detected 14 QTL distributed in five different LGs, including
regions associated with the hypothalamic–pituitary–gonadal and
GH/IGF-I axis that regulates development, cell-proliferation,
energy metabolism, and growth (Peng et al., 2016). Additionally,
a study on eight full-sib families of common carp reported 38
growth-related QTL, although no QTL was detected in all of the
families (Lv et al., 2016). Therefore, due to the lack of consistent
major effect QTL, it is unlikely that MAS will be an effective
approach for selecting the best breeding candidates for this and
similar economically important traits, and GS is a promising
alternative.

The results from the testing of GS in the carp population used
in the current study were encouraging, with prediction accuracy
obtained through cross-validation analyses using GBLUP being
0.71. This signifies an approximate 18% improvement of
accuracy compared to pedigree BLUP, suggesting major potential
benefits for selection accuracy and genetic gain for complex
economic traits in carp. Our results are in agreement with
other studies in aquaculture species where a major benefit
to using the genomic models was demonstrated for disease
resistance in, e.g., Atlantic salmon (Tsai et al., 2015, 2016),
rainbow trout (Vallejo et al., 2017), and gilthead sea bream
(Palaiokostas et al., 2016). GS benefits from increased sample
size of the reference population (Vallejo et al., 2017) indicating
that further improvements of prediction accuracies could be
expected by increasing the number of genotyped animals in
the current study. In typical aquaculture breeding designs,
including mass spawning species, where the reference and
validation sets are closely related use of genetic markers can
be highly effective for capturing within-family genetic variation

(Lillehammer et al., 2013). However, given that prediction
accuracy is likely to be highly reliant on genetic relationships,
this implies that genomic prediction in distant relatives to
the reference population is likely to be substantially more
challenging, as observed in terrestrial livestock (Daetwyler et al.,
2013).

It is noteworthy that GBLUP resulted in increased prediction
accuracies compared to pedigree prediction using relatively
sparse (∼500 SNPs) genotype data, especially considering
the large genome size (∼1.8 Gb) of common carp. Similar
results were recorded for Atlantic salmon where similar
prediction accuracies were obtained from 5K SNPs as for 112K
SNPs (Tsai et al., 2015). Both common carp and Atlantic
salmon have large genomes, and the effectiveness of genomic
prediction at low marker density is again likely to reflect
the aforementioned close relationships between the training
and validation animals. Nonetheless, this may have economic
benefits, since low cost sparse genotyping could be sufficient
for improving prediction accuracies in a breeding program.
This could be important for driving implementation of GS,
since breeding candidates of aquaculture species are of lower
economic value compared with livestock, making the application
of costly high-density genotyping approaches difficult to justify.
Genotype imputation approaches have major potential to drive
this genotype density and cost down further, and have already
shown significant promise in Atlantic salmon (Tsai et al., 2017).
While verification of the results of the current study using
harvest size carp (or other economically important complex
traits) would be a logical next step, the results of the current
study suggest that GS has potential for substantial improvement
in prediction accuracy in carp breeding, and RAD-seq is
one method of generating the marker data to enable this
improvement.

CONCLUSION

The results from the current study demonstrated that the
use of SNP markers generated via RAD-seq is an efficient
approach for investigating and potentially improving a polygenic
trait in a common carp breeding population. These SNPs
enabled pedigree assignment, genetic parameter estimation,
GWAS, and GS within a single experiment. GS resulted
in improved prediction accuracy versus pedigree approaches
even when only relatively sparse marker information was
utilized.
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ABSTRACT

Cyprinids are the most highly produced group of fi shes globally, with common carp being 
one of the most valuable species of the group. Koi herpesvirus (KHV) infections can result in 
high levels of mortality, causing major economic losses, and is listed as a notifi able disease 
by the World Organisation for Animal Health. Selective breeding for host resistance has the 
potential to reduce morbidity and losses due to KHV. Th erefore, improving knowledge about 
host resistance and methods of incorporating genomic data into breeding for resistance may 
contribute to a decrease in economic losses in carp farming. In the current study, a population 
of 1,425 carp juveniles, originating from a factorial cross between 40 sires and 20 dams was 
challenged with KHV. Mortalities and survivors were recorded and sampled for genotyping 
by sequencing using Restriction Site-Associated DNA sequencing (RAD-seq). Genome-wide 
association analyses were performed to investigate the genetic architecture of resistance 
to KHV. A genome-wide signifi cant QTL aff ecting resistance to KHV was identifi ed on linkage 
group 44, explaining approximately 7% of the additive genetic variance. Pooled whole 
genome resequencing of a subset of resistant (n = 60) and susceptible animals (n = 60) was 
performed to characterize QTL regions, including identifi cation of putative candidate genes 
and functional annotation of associated polymorphisms. Th e TRIM25 gene was identifi ed as a 
promising positional and functional candidate within the QTL region of LG 44, and a putative 
premature stop mutation in this gene was discovered.

1. INTRODUCTION

Common carp (Cyprinus carpio and Cyprinus rubrofuscus), is one of the most highly 
produced aquaculture fi sh species globally (FAO, 2016), being farmed in a wide variety of 
environments and production systems (Balon, 1995). However, in common with many 
aquaculture species, only a minority of farmed carp are derived from family-based selective 
breeding programs (Vandeputte, 2003; Janssen et al., 2017). Th e potential for selective 
breeding to enhance production in carp is highlighted by several studies, but much of the 
production of commercial stock is still generated via intra / Interspecifi c crossbreeding 
(Kocour et al., 2005, 2007; Vandeputte et al., 2008; Nielsen et al., 2010; Prchal et al., 2018). 
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Koi herpesvirus (KHV), also known as Cyprinid herpesvirus-3 (CyHV-3), is one of the main 
threats to carp production. Th e fi rst major outbreaks were recorded in 1998 (Hedrick et al., 
2000), and subsequent outbreaks in many carp producing countries were reported worldwide 
(Haenen et al., 2004). Th e seriousness of the KHV threat is highlighted by its listing as a 
notifi able disease by the European Union (Taylor et al. 2010) and the World Organization for 
Animal Health (OIE 2018). Selective breeding is a valuable tool for contributing to sustainable 
food production through the prevention and management of infectious outbreaks in a wide 
range of species (Bishop and Woolliams, 2014). Th is may be particularly true in aquaculture 
species, due to moderate to high heritabilities of disease resistance documented in numerous 
cases (Ødegård et al. 2011; Houston 2017), and successful examples of disease control 
using marker-assisted breeding, e.g. the case of the IPN virus in Atlantic salmon; Salmo salar 
(Houston et al., 2008; Moen et al., 2009). 

Several studies have investigated the genetic basis of KHV resistance in carp (utilizing data 
and samples collected from disease challenge trials), showing encouraging results with large 
variation in survival both between-families (Dixon et al. 2009; Tadmor-Levi et al. 2017) and 
between strains (Shapira et al., 2005; Piačková et al., 2013). Results from candidate gene 
association studies have suggested a possible role for polymorphism in MHC loci (Rakus et al., 
2009) and Interleukin-11 (Kongchum et al., 2011) in host resistance to KHV. Taken together, 
these studies indicate that selective breeding has the potential to increase resistance to 
KHV, with potential downstream benefi ts for the carp aquaculture industry and fi sh welfare. 
However, to date, genome-wide polymorphisms have not been applied to investigate the 
genetic architecture of resistance to KHV. 

Restriction-site associated DNA sequencing (RAD-seq) (Baird et al., 2008) and similar 
genotyping by sequencing techniques have been widely applied to generate genome-wide 
SNP markers due to their cost-effi  ciency in a wide range of aquaculture species (Robledo et al., 
2017), including common carp (Palaiokostas et al., 2018a). Various genome wide association 
studies (GWAS) using this technique have been published in aquaculture species (e.g. 
Campbell et al., 2014; Palti et al., 2015). GWAS have been used to study disease resistance 
in various aquaculture species including salmonids (Correa et al., 2015, 2017; Vallejo et al., 
2017; Barría et al., 2018; Robledo et al., 2018), catfi sh (Zhou et al., 2017), European sea 
bass (Palaiokostas et al., 2018b) and Pacifi c oyster (Gutierrez et al., 2018) amongst others. 
With the notable exception of the aforementioned case of IPN resistance in salmon, the 
GWAS results have pointed to a polygenic or oligogenic architecture for disease resistance in 
aquaculture species. Th e main aim of this study was to investigate genetic resistance to KHV 
in common carp using a RAD-seq approach. Classical genome wide association study (GWAS) 
and weighted genomic best linear unbiased predictor (WGBLUP) approaches were taken to 
examine the genetic architecture of resistance. Finally, pooled whole genome sequencing 
(PWGS) was performed in a subset of samples with divergent resistance and susceptibility 
to characterize and annotate QTL regions, and to identify potential gene candidates and 
polymorphisms involved in KHV resistance.

2. MATERIALS AND METHODS

2.1. Sample collection and disease challenge 

A population of Amur Mirror Carp was created at the University of South Bohemia in 
České Budějovice, Czech Republic in May 2014 using artifi cial insemination (Vandeputte et 
al., 2004) involving four factorial crosses of fi ve dams x ten sires (20 dams and 40 sires in 
total). Incubation of eggs was performed in 9 L Zugar jars at 20°C. At the fi rst swimming 



- 95 -

Mapping and sequencing of a signifi cant quantitative trait locus 
aff ecting resistance to Koi herpesvirus in common carp

stage, randomly sampled progeny from each mating (of approximately equal total volume) 
were pooled and stocked into several nursery earthen ponds at stocking density of 150,000 
larvae / ha and reared under semi-intensive pond conditions throughout the growing season 
(from May to September). Before the challenge test a random sample of 1,500 fi sh described 
above were tagged and fi n clipped for DNA extraction. Th ese fi sh were the same as those 
described in Palaiokostas et al. (2018a). Th ese animals were acclimatized for fi ve days at 
water temperature of 22 °C and bathed in FMC solution (formalin, malachite green, methylene 
blue using a dose of 2 mL per 100 L of water) to eliminate ectoparasites. Subsequently, 
the fi sh were transferred to Veterinary Research Institute (VRI) in Brno (Czech Republic) to 
perform the KHV disease challenge test. A small (n = 215) sample of koi carp were challenged 
alongside the Amur mirror carp as a positive control, since Koi carp are highly susceptible to 
KHV.

A cohabitation challenge was performed in a 1,400 L tank equipped with recirculation and 
biological fi ltration. Koi carp received an intraperitoneal injection with 0.2 mL culture medium 
containing 104 TCID 50 / mL KHV at day 0 and were added into the tank with challenged fi sh. 
Mortality of individual fi sh was recorded twice a day for a period of 35 days post infection 
(dpi). Presence of KHV on a sample of dead fi sh (n = 100) was confi rmed by PCR according 
to guidelines by the Centre for Environment, Fisheries & Aquaculture Science, UK (Cefas) 
(Pokorova et al., 2010). Th e experiment was run until mortalities were negligible, implying 
that survivors were resistant. Th e entire experiment was conducted in accordance with 
the law on the protection of animals against cruelty (Act no. 246/1992 Coll. of the Czech 
Republic) upon its approval by Institutional Animal Care and Use Committee (IACUC) of the 
VRI and appropriate state authority. All people conducting the experiment hold a certifi cate 
about qualifi cation to conduct experiments on the live animals, and the VRI is accredited for 
the culture of experimental animals according to the aforementioned law. 

2.2. Library preparation and sequencing

Th e RAD library preparation protocol followed the methodology originally described in Baird 
et al. (2008) and presently in detail in Palaiokostas et al. (2018a). Briefl y, template DNA was 
digested using the SbfI (recognizing the CCTGCA|GG motif) high fi delity restriction enzyme 
(New England Biolabs; NEB). DNA shearing was conducted with a Pico bioruptor (Diagenode). 
Following a fi nal gel elution step into 20 μL EB buff er (MinElute Gel Purifi cation Kit, Qiagen), 
66 libraries (24 animals each) were sent to BMR Genomics (Italy), for quality control and high-
throughput sequencing. RAD libraries were run in fourteen lanes of an Illumina NextSeq 500, 
using 75 base paired-end reads (v2 chemistry).

Whole genome sequencing libraries (n = 4) from pooled DNA samples (30 animals each 
library) of susceptible and resistant animals were constructed using the Illumina TruSeq DNA 
PCR free kit (350bp insert). Sequencing was performed in Edinburgh Genomics facilities using 
two lanes of Illumina HiSeq 4000. Th e reads were deposited at the NCBI Sequence Read 
Archive (SRA) under the accession PRJNA414021.

2.3. SNP discovery and genotyping

Th e process of obtaining the SNP genotype data from the RAD-seq reads was described 
in detail in Palaikostas et al. (2018). Briefl y, sequenced reads were aligned to the common 
carp reference genome assembly version GCA_000951615.2 (Xu et al., 2014) using bowtie2 
(Langmead and Salzberg, 2012). Th e aligned reads were sorted into RAD loci and SNPs were 
identifi ed using the Stacks software 1.4 (Catchen et al., 2011). Th e SNPs were detected 
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using a minimum stack depth of at least ten or fi ve for the parental and off spring samples 
respectively. SNPs with minor allele frequency (MAF) below 0.01, greater than 20 % missing 
data, and deviating from expected Hardy-Weinberg equilibrium in the parental samples (P 
< 1e-06) were discarded. R/hsphase (Ferdosi et al., 2014) software was used for parentage 
assignment allowing for a maximum genotyping error of 4 %. Th e pedigree obtained was 
further validated for possible erroneous assignments using FImpute (Sargolzaei et al., 2014). 
In total, 1,214 off spring were uniquely assigned, forming 195 full-sib families (40 sires, 20 
dams). Since the carp reference genome assembly is currently very fragmented, a medium 
density linkage map of 12,311 SNPs grouped in 50 linkage groups was created (Palaiokostas 
et al., 2018a), and used to orientate the results from the GWAS.

2.4. Heritability estimation 

Th e probit link function was used to connect the observed binary phenotype (0 = dead, 1 
= alive) with the underlying liability scale. Variance components were estimated using the R/
BGLR (Pérez and de Los Campos, 2014)e.g., the number of marker eff ects software with the 
following animal model:

l = Xb + Zu + e, (1) 
where l

 
is the vector of latent variables, b is the vector of the fi xed eff ects (intercept, tank), 

X is the incidence matrix relating phenotypes with the fi xed eff ects, Z is the incidence matrix 
relating phenotypes with the random animal eff ects, u is the vector of random animal eff ects ~ 
N(0, Aσ

g
2) [where A corresponds to the pedigree-based relationship matrix and is replaced by 

G for analyses using the genomic relationship matrix (VanRaden 2008)967 bulls and 50,000 
markers distributed randomly across 30 chromosomes. Estimation of genomic inbreeding 
coeffi  cients required accurate estimates of allele frequencies in the base population. Linear 
model predictions of breeding values were computed by 3 equivalent methods: 1 and σ

g
2 is 

the additive genetic variance], e the vector of residuals ~N(0, I) where  is the residual variance.
Th e parameters of this model were estimated through Markov chain Monte Carlo (MCMC) 

using Gibbs sampling (11 M iterations; burn-in: 1 M; thin: 1,000). Convergence of the resulting 
posterior distributions was assessed both visually (inspecting the resulting MCMC plots) and 
analytically using R/coda v0.19-1 (Plummer et al., 2006)Bayesian inference with Markov Chain 
Monte Carlo (MCMC. Heritability for the trait of survival during the KHV challenge (on the 
underlying liability scale) was estimated using the following formula:

σ
g

2

σ
g

2+σ
e
2h2 =

where σ
g

2 is the previous estimated additive genetic variance and  the residual variance. 
Residual variance on the underlying scale is not identifi able in threshold models (Goldstein et 
al., 2002; Nakagawa and Schielzeth 2013) and was therefore fi xed to 1.

2.5. Genome wide association analysis (GWAS)

To test the association between individual SNPs and resistance to VNN, a classical genome 
wide association study (CGWAS) was performed using R/gaston (Perdry and Dandine-
Roulland, 2018). Th e mixed model applied for overall survival had the same format as in (1) 
with the addition of including each SNP as a fi xed eff ect. Th e variance components were 
estimated using the penalized quasi-likelihood approach (Chen et al., 2016). Th e genome-
wide signifi cance threshold was calculated using a Bonferroni correction (0.05 / N), where N 
represents the number of tested SNPs. 
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Weighted genomic best linear unbiased predictor (WGBLUP) was performed (Wang et al., 
2012) using windows of ten adjacent SNPs for estimating SNP eff ects and direct genomic 
values (DGV) instead of genomic estimated breeding values (GEBV) to reduce bias (Lourenco 
et al., 2015; Zhang et al., 2016)almost 3.4 million on postweaning gain (PWG. Th e weighted 
genomic relationship matrix was initially created following VanRaden (2008) as: 

G* = ZDZ′q 

where Z is the design matrix relating genotypes of each locus, D is a weight matrix for all 
SNPs, and q is a weighting vector derived from observed SNP frequencies. SNP weights were 
calculated using the nonlinearA method (VanRaden, 2008). Briefl y the steps for performing 
WGBLUP were as follows (Wang et al., 2012): 

a) Initialize D = I and t=1, where I the identity matrix and t is the iteration number.
b) Calculate G*.
c) Estimate DGVs.
d) Estimate SNP eff ects from GEBVs:  =  , where   the vector of SNP eff ects and 

 the vector of DGV
e) Calculate the weight for each SNP: ( +1 )= 1.125

| |

( )
2
, where   the estimated SNP 

eff ect (VanRaden 2008)967 bulls and 50,000 markers distributed randomly across 
30 chromosomes. Estimation of genomic inbreeding coeffi  cients required accurate 
estimates of allele frequencies in the base population. Linear model predictions of 
breeding values were computed by 3 equivalent methods: 1.

f) Normalize SNP weights so the total genetic variance remains constant. 
g) Loop to step d) until convergence (10-14).

Convergence of SNP weights was tested using the convergence criterion BLUPF90 uses for 
variance components estimation  

C = 
(  )2

2  

 

Var( ai  )
2  ×  100%=   

Var( zi  u  
i= 10
i )

2  ×  100% 

Percentage of additive genetic variance was estimated by non-overlapping windows of 10 
adjacent SNPs as follows:

Th e weighted GBLUP analyses were performed using THRGIBBSF90 for estimating DGVs 
(Misztal et al., 2002) combined with of PreGSF90 and PostGSF90 (Aguilar et al., 2011) until 
convergence (10-14).

2.6. Pooled whole genome sequencing analysis

Pools of genomic DNA (25 ng / ul) from 60 survivors and 60 mortalities from the disease 
challenge experiment were prepared. Th ese animals originated from 20 full-sib families, and 
the family structure was balanced between the resistant and susceptible pools. Libraries were 
prepared using the TruSeq DNA PCR free kit (350 bp insert size) and sequenced in two lanes 
of an Illumina HiSeq 4000 using paired-end sequencing by Edinburgh Genomics.

Reads were QC-fi ltered (phred score above 30) and trimmed to 140 bp long using 
Trimmomatic v0.36 (Bolger et al., 2014). Reads were aligned to the carp reference genome 
GCA_000951615.2 (Xu et al., 2014) using bowtie2 (Langmead and Salzberg, 2012). SNP 
identifi cation was performed using Burrows-Wheeler Aligner v0.7.8 (BWA-mem, Li 2013). 
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Pileup fi les describing the base-pair information at each genomic position were generated 
from the alignment fi les using the mpileup function of Samtools v1.6 (Li et al., 2009) requiring 
minimum mapping and base quality of 20. A Cochran-Mantel-Haenszel test was performed to 
test the signifi cance of the allele frequency diff erences using Popoolation 2 v1.201 (Kofl er 
et al., 2011). Only those genomic positions with at least 6 reads of the alternative allele 
across all pools and a maximum coverage of 50 reads and a minimum of 8 in all pools were 
considered SNPs. All QC-fi ltered SNPs were annotated using SNPeff  (Cingolani et al., 2012).

2.7. Data availability

Raw reads were deposited in the National Centre for Biotechnology Information (NCBI) 
repository under project ID SRP081498. 

3. RESULTS

3.1. Disease challenge

Mortalities began at 12 dpi reaching a maximum between 21 and 24 dpi (98 – 130 
mortalities per day) decreasing thereafter with no mortalities observed after 35 dpi (Figure 
1). Th e overall mortality in the KHV challenge experiment for the Amur Mirror Carp was 66 
%. All observed mortalities displayed typical KHV symptoms (e.g. weakness, lethargy, loss 
of equilibrium, erratic swimming, sunken eyes, excessive mucous production, increased 
respiratory rate, discoloration, and hemorrhagic lesions on the skin and gills). Th e presence of 
KHV was confi rmed in all tested samples (n = 100).  

Figure 1. Daily mortality levels of fi sh during the KHV challenge experiment.
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3.2. Heritability estimation

Th ere was marked between-family variation in survival rate for both sires (6 – 83 %) and dams 
(0 – 52 %), suggesting the existence of considerable genetic variation for host resistance. 
Heritability estimates of overall survival for the pedigree and genomic relationship matrix on 
the underlying scale were 0.61 (HPD interval 95%: 0.42 – 0.80) and 0.50 (HPD interval 95%: 
0.38 – 0.63) respectively.

3.3. Genome wide association approaches - SNP annotation in QTL region

Th e three SNPs with the highest association (exceeding genome wide signifi cance level) 
according to classical GWAS were located on linkage group 44 (chromosome 33; P < 1e-07; 
denoted by stars in Figure 2). Th is QTL was also identifi ed using the WGBLUP approach (Figure 
3) suggesting it accounted for approximately 7% (convergence obtained after 5 iterations) of 
the additive genetic variance on the underlying scale. In addition the WGBLUP identifi ed QTLs 
explaining more than 1% of the additive genetic variance in linkage groups 34 ( ~ 2.5%) and 
42 (~ 1.1%). Whole genome sequencing data from the pools of resistance and susceptible 
animals was used to discover and annotate additional SNPs in the QTL region (Figure 4), 
and potential candidate genes were identifi ed. Further, SNPs with signifi cant allele frequency 
diff erences (P-value < 0.05) between the two groups were identifi ed. A SNP coding for a 
putative premature stop codon was identifi ed in gene TRIM25 (Glu258*), an E3 ubiquitin 
ligase with a major role in initiation of intracellular antiviral response to herpesviruses (Gupta 
et al. 2018).

Figure 2. Classical Genome wide association plot for overall survival during the KHV challenge.
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Figure 3. WGBLUP for resistance to KHV. Th e additive genetic variance explained was calculated using 

windows of 10 adjacent SNPs.

Figure 4. Annotation of the QTL region on LG 44 including identifi cation of putative genes in the 

region, functional annotation of SNPs.

4. DISCUSSION

In the current study, high throughput sequencing was applied to study genetic resistance 
of common carp to KHV. While genomic data in the form of genetic markers can be a valuable 
addition to selective breeding for disease resistance, how to apply this data depends on the 
underlying genetic architecture. In the case of traits controlled by a major QTL, it may be 
most eff ective to use marker-assisted selection, while in the case of polygenic traits genomic 
selection is likely to be preferable. Modern genomic tools also facilitate high resolution 
study of the genomic regions underpinning genetic resistance, facilitating identifi cation and 
annotation of promising functional candidate genes which may play a direct role in diff erential 
host response to infection.

Following pedigree reconstruction using the RAD SNP data, the heritability of resistance as 
measured by survival on the underlying scale was estimated to be 0.61 (pedigree) and 0.50 
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(genomic). Th is is an unusually high heritability estimate, but is comparable to the estimated of 
0.79 that was previously documented for this trait (Ødegård et al., 2010). Th ese independent 
high estimates of heritability of resistance to KHV highlight that selective breeding has major 
potential for producing carp with increased resistance. Additionally, in a recent study of 
introgression of KHV resistance from a wild carp strain to a farmed carp strain, signifi cant 
additive genetic variation in resistance was detected (Tadmor-Levi et al. 2017). Furthermore, 
the authors showed that resistant carp do become infected, implying that resistance is due to 
an eff ective host response to infection (Tadmor-Levi et al., 2017). Early stage host response 
to KHV infection is likely to have a major interferon pathway component, with Interferon αβ, 
and interleukin 12 suggested to play a major role in Koi and Red common carp (Hwang et al., 
2017). 

Th e CGWAS resulted in the identifi cation of genome-wide signifi cant QTL on linkage 
group 44. While this test is the most commonly used association analysis, it fails to utilize 
all available information since it does not consider linkage disequilibrium between adjacent 
SNPs, resulting in reduced statistical power as opposed to methods where all SNPs are used 
simultaneously (Wang et al., 2012).  Th e WGBLUP approach incorporates multiple SNPs and 
combines the computational effi  ciency of GBLUP with an increased statistical power for QTL 
detection (Zhang et al., 2016). However WGBLUP has limitations as well, like the heuristic 
infl uence regarding optimal number of iterations and the diffi  culty to determine appropriate 
signifi cance levels for the identifi ed QTL (Wang et al., 2012; Lourenco et al., 2015; Zhang et 
al., 2016). Th e recent implementation of nonlinearA (VanRaden, 2008) in PostGSF90 (Misztal 
et al. 2018) may help circumvent the issue of optimal number of iterations due to its better 
convergence properties. NonlinearA benefi ts particularly in situations where a non-normal 
prior distribution more accurately describes the trait under study (VanRaden, 2008). In the 
current study, both CGWAS and WGBLUP provided signifi cant evidence for the existence of 
a QTL associated with resistance to KHV on linkage group 44, explaining approximately 7% 
of the genetic variation in a highly heritable trait. Th e SNP with highest association in the 
CGWAS was located ~6.5 Kb upstream of TRIM25, an E3 ubiquitin ligase with a major role in 
initiation of intracellular antiviral response to herpesviruses. Autoubiquitinisation of TRIM25 
is a viral strategy for functional inactivation of the pattern recognition protein RIG1, and 
subsequent cellular interferon response (Gack et al., 2008). In the PWGS, majority of the 
SNPs with signifi cant allele frequency diff erences between the resistant and susceptible pools 
were annotated as ‘intergenic’. However, interestingly, a putative premature stop mutation in 
position 258 of the carp TRIM25 protein was identifi ed. TRIM25 has 649 - 682 amino acids 
(isoform dependent), and therefore this stop mutation is highly likely to result in loss of 
function. Th e premature stop causing allele is rare in the population, but reads of this allele 
were more common in the susceptible (n = 11) than the resistance (n = 3) pools, albeit the 
Cochran-Mantel-Haenszel test p-value for this SNP was only nominally signifi cant (0.049). 
Th is may fi t with a loss of function of TRIM25 in susceptible fi sh, being unable to trigger an 
appropriate antiviral response.

It will be interesting to study whether this single genome-wide signifi cant QTL for resistance 
to KHV has an eff ect in other carp populations and strains. Follow up functional studies of 
candidate genes in the QTL region, including assessment of gene expression response to 
infection and the diff erential response between alternate QTL types, may be a fruitful avenue 
to shortlist functional candidate genes. Currently, TRIM25 and its premature stop mutation 
seem to be the most promising candidates, and additional genotyping of this SNP alongside 
directed functional studies may help to test if it may be causative for the QTL. While the 
QTL identifi ed in the current study was highly signifi cant, the proportion of genetic variation 
explained was relatively moderate, implying multifactorial causal mechanisms underlying host 
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resistance. Nonetheless, it is plausible that genetic markers within the QTL region may have 
value for marker-assisted selection, either directly or via a genomic prediction strategy with 
increased weighting on QTL-region SNPs. 

5. CONCLUSIONS

In conclusion, the results from the current study demonstrate that SNP markers generated 
via RAD-seq are eff ective at studying the genetic variation in resistance to KHV in a common 
carp breeding population. Th e RAD-derived SNPs facilitated the identifi cation of a genome-
wide signifi cant QTL on LG 44 aff ecting resistance to KHV. Th e sequencing and annotation 
of the QTL regions provided candidate functional genes and polymorphisms for future study 
to understand the mechanisms underlying the QTL. Th is QTL may have value for selective 
breeding via incorporation into marker-assisted or genomic selection, albeit genetic resistance 
to KHV in common carp appears to be multifactorial in nature.
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1. GENERAL DISCUSSION

Amur mirror carp (AM) were chosen for studying the potential of selective breeding 
approaches in improving most performance traits in common carp under pond management 
conditions. Accordingly, overwintering performance (winter survival, lipid deposition, loss of 
lipid and change in growth), and its link to the market size traits was studied (Chapter 2). 
Th e same batch of fi sh was also used to study i) the potential of morphological predictors in 
genetic improvement of carp slaughter yields (Chapter 3) and ii) genomic mapping for deeper 
insight into the potential of marker-assisted (MAS) and genomic (GS) selection in growth and 
resistance to KHV on juvenile common carp (Chapter 5, 6). In addition, Hungarian synthetic 
mirror carp (HSM) were used for studying the genetic parameters of the composition of fatty 
acids and their relation to production traits at market size (Chapter 4).

1.1. GENETIC VARIATION

Genetic variation of all analysed traits across all studies was also estimated using additional 
random eff ect common to dams (non-genetic maternal eff ect) to assess the impact of 
maternal eff ect on heritability estimates. However, this eff ect was negligible for all traits 
similarly as in the previous experiments where early communal rearing of common carp 
families was applied (Vandeputte et al., 2008; Ninh et al., 2011). However, sex and mating had 
signifi cant eff ect on several traits, and were involved in the genetic model when applicable. It 
was observed that most performance traits (including survival and resistance to KHV) across 
experiments showed suffi  cient heritability in Amur mirror carp (Chapters 2,3,5 and 6) and 
Hungarian synthetic mirror carp (Chapter 4) with a clearly increasing pattern over the studied 
age of the fi sh (Chapter 2). In general, our estimates  were in the upper range when compared 
to the previous studies made on various breeds, strains and lines of common carp under 
various rearing and climatic conditions (Vandeputte et al., 2004, 2008; Kocour et al., 2007; 
Nielsen et al., 2010; Ødegård et al., 2010; Ninh et al., 2011; Dong et al., 2015; Nguyen, 2016;  
Hu et al., 2017; Tadmor-Levi et al., 2017), suggesting interesting potential for the genetic 
improvement of most performance traits via selective breeding. Moreover, genetic variation 
of performance traits in common carp is on the same level or even higher in comparison with 
other fi sh species (Vandeputte, 2003; Gjedrem and Baranski, 2009; Wang, 2009; Gjedrem et 
al., 2012; Gjedrem and Robinson, 2014; Nguyen, 2016). However, carp selection programs 
are still at the beginning unlike other fi sh species in which selection for growth performance, 
processing yield, product quality and disease resistance is commonly applied (Chavanne et 
al., 2016; Janssen et al., 2017). In the past, Vandeputte et al. (2008), Ninh et al. (2013) 
and Dong et al. (2015) applied mass selection for growth in common carp and reported 
response to upward selection (7% – 21.4%). Likewise, considerable selection response was 
also reported for survival to dropsy (Ilyassov, 1987; Kirpichnikov et al., 1993) and furunculosis 
(Schäperclaus, 1962). Th us, selective breeding in common carp could be successful.

Based on the results, the optimal stage for selection of several performance traits under 
Central European climatic conditions seems to be after the second overwintering. At this 
stage, the fi sh are still small enough for easy handling and short-term storage, and in particular, 
there is a high genetic correlation between traits at this stage and traits at market size (e.g. 
body weight, fat content, condition factor). Th is is important as it shows solid potential for 
a successful selection program in common carp. However, this issue should be under further 
research interests in order to verify our conclusion after applied selection through realized 
heritability and real genetic gain. 
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1.2. OVERWINTERING PERFORMANCE AND ITS IMPACT ON TRAITS AT HARVEST

Winter is known to be a critical period in the production of common carp (Bauer and 
Schlott, 2004). Each winter, around 10-50% fi sh die under commercial production conditions. 
Th is causes signifi cant economic losses to producers and reduces animal welfare (Horváth et 
al., 1992). Common carp use lipid stores to maintain their body functions, and thus lipids are 
taken as essential reserves for winter survival (Steff ens, 1996). Th us, the main research item 
was to verify if a certain level of muscle fat and its dynamics is also genetically related to the 
winter survival of carp.

We found that muscle fat content before overwintering is negatively correlated to winter 
survival (r

g
 = -0.59), and thus selecting for higher muscle fat before winter would lead to lower 

survival. Th is is contradictory to our original hypothesis and also to previous observations in 
which fi sh with less energy reserves before overwintering burn those reserves more rapidly 
and this results in higher mortalities in common carp (Steff ens, 1996) as well as other fi sh 
species (Sogard and Olla, 2000). Nevertheless, it was previously observed in some studies 
that larger/fatter individuals of rainbow trout, unlike smaller/leaner ones, consumed more 
of their lipid reserves than predicted by standard metabolic allometry (Biro et al., 2004). We 
observed that heavier fi sh before winter were slightly fatter (r

p
 = 0.28) and that selection 

for heavier fi sh would lead to a slight increase in muscle fat content (r
g
 = 0.32). However, 

phenotypic correlations between muscle fat before winter and winter fat change (both in 
absolute and relative values) were negative. Th us, it also shows that fatter fi sh burned their 
lipid reserves more than leaner ones. Accordingly, it is assumed that due to the mild winter 
fi sh were more active than normally, they needed more energy, and thus they looked more for 
food as seen from the slight weight gain after the winter. Similar winter foraging behaviour 
was observed by Bauer and Schlott (2004) in three-year-old carp. Nevertheless, it should be 
pointed that our fi ndings might be relevant only for the mild winter conditions that appeared 
during the study. On the other hand, milder winter periods may be expected more often in 
Europe in the future due to climate changes (IPCC, 2014). 

Likewise, other results support the negative eff ect of high muscle lipid level on overwintering 
performance. Selection on higher muscle fat content before winter may lead to spending 
more muscle fat during winter in absolute value together with lower winter growth (lower 
SGR). Accordingly, the results showed that selection for lower decreases in weight and muscle 
fat content may lead to better winter performance similarly as in previous studies (Bernard 
and Fox, 1997; Pratt and Fox, 2002). As already mentioned, during a mild winter, leaner fi sh 
may perform better, so they can maintain their lipid stores and weight more eff ectively. A 
similar strategy of leaner fi sh was also reported in Atlantic salmon (Johansen et al., 2002). 
Conversely, fatter fi sh without stimulation to look for food would be disadvantaged during a 
mild winter and, due to higher metabolic activity, they would lose more lipid stores and body 
weight, which may aff ect their winter survival. In any case, our research points to the fact 
that fi sh may be able to identify their lipid reserves status, termed as lipostatic regulation 
(Th ompson et al., 1991; Jobling and Johansen, 1999; Johansen et al., 2002; Ali et al., 2003; 
Eckmann, 2004; Bell, 2012; Brodersen et al., 2014) and that being fatter does not necessarily 
mean having a greater chance of surviving the winter period.

Interestingly, a similar negative genetic correlation was also found between muscle fat after 
winter and survival during the last growing season. It may be concluded that while a certain 
lipid level plays an important role in several biological functions of fi sh (Steff ens, 1996; Ali et 
al., 2003; Tocher, 2003; Kause et al., 2016), a lipid excess may have a contradictory negative 
eff ect for further survival. Likewise, selection leading to increasing of the level of muscle fat 
could also negatively infl uence fl esh fatty acid composition as observed in Chapter 4.
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With regard to survival and other traits, the condition factor (FC) may be an interesting 
selection trait. Selecting for higher FC in the second spring would lead to an increase in i) 
growth (SGR) and survival during the third growing period and ii) weight at harvest. A similar 
positive correlation between FC and harvest weight was observed by Haff ray et al. (2012) in 
rainbow trout and European seabass (Saillant et al., 2009). Furthermore, FC could be also 
a valuable selection trait for increasing the yield of edible parts as seen from the genetic 
correlations in Chapter 4. Likewise, SGR during overwintering was positively genetically 
correlated to harvest weight (r

g
 = 0.62) and condition factor (r

g
 = 0.54). Accordingly, Hu et al. 

(2017) observed that selection for lower relative weight loss during winter should gradually 
enhance growth performance in the successive growing period. On the other hand, selection 
for higher SGR would also result in a slight decrease in muscle fat content and slaughter 
yields. A similar trend with muscle fat and slaughter yields would be visible when selecting 
for higher absolute fat change during winter (lower decrease or slight increase). A possible 
explanation is that fi sh which lost more muscle fat during winter compensated the muscle fat 
during the growing season. In addition, higher muscle fat content also negatively aff ected the 
growth (protein biosynthesis; Kause et al., 2016) but had slight positive impact on slaughter 
yields. However, if selection  for winter SGR were in the breeder’s interests,  the negative 
eff ect with dress-out yields may be overcome  by the use of multitrait selection ,  for instance, 
predictors of edible part yields similarly as in rainbow trout (Kause et al., 2007; Haff ray et al., 
2013), European seabass (Vandeputte et al., 2017), and common carp (Chapter 3).

Our observations could contribute towards enhancing overwintering performance in 
common carp. However, due to the warmer winter in this study a repeat of the study design 
under diff erent winter conditions could bring additional information that may lead to a deeper 
insight into the genetics of overwintering including genotype by environment interactions. 

1.3. SLAUGHTER YIELD PREDICTORS

Th ough important performance traits in common carp could be genetically improved as 
seen above, genetic improvement of slaughter yields is much trickier. It can be done only 
indirectly using either sib selection based on values of slaughtered fi sh, or selection on 
correlated traits recorded in vivo (Kause et al., 2007; Gjedrem and Rye, 2016). Morphological 
predictors that can be measured on live fi sh and that correlate with real slaughter yields 
hence remain another attractive alternative (Haff ray et al., 2013; Vandeputte et al., 2017). As 
a result, external (phenotyping, 2D imaging) and internal measurements (ultrasound imagery) 
were combined by linear regression to predict log-log residuals (Logr) of slaughter yields 
(headless carcass and fi llet yields) in common carp (Chapter 3). We observed that phenotypic 
prediction was high for headless carcass yield (R2 = 0.63) and intermediate for fi llet yield (R2 

= 0.49). Our predictions were generally higher when compared to similar-constructed studies 
on rainbow trout (Haff ray et al., 2013) and European seabass (Vandeputte et al., 2017). 
Hence, slaughter yields may be solidly predicted on live breeding candidates in common carp. 
In addition, the headless carcass is both easier and more accurately predicted, and strongly 
phenotypically and genetically correlated to fi llet yields (both in real and predicted form). 
Th erefore, the headless carcass may be recommended as a trait to be predicted to select for 
improved fi llet yields.

From the genetic point of view, slaughter yields expressed as log-log residuals achieved high 
heritability estimates (0.46 – 0.50). Interestingly, heritability estimates of predicted yields 
were higher (0.48 – 0.63) in comparison with the previous heritability estimates of predicted 
slaughter yields (Van Sang et al., 2012; Haff ray et al., 2013; Vandeputte et al., 2017). Th e 
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results show that there is a good possibility of using predicted yields as an indirect selection 
criterion. Th is is also supported by high genetic correlations between Logr and predicted 
yields (0.84 – 0.88). Likewise, some individual predictors, of which the prediction models 
were constructed, were highly heritable and favourably correlated to the Logr slaughter yields. 
Hence, it suggests their alternative application for slaughter yield improvement. Th e best 
predictor seems to be the ratio between the ultrasound measurement of abdominal thickness 
(E8) and external belly height (2D points), that was highly positively associated to Logr yields 
(r

g
 = 0.76 – 0.83). Similarly, in rainbow trout (Haff ray et al., 2013), the ratio between the 

ultrasound measurements E8 and E23 (depth of body cavity) was recognized as an effi  cient 
slaughter yield predictor. However, in our case, 2D digitization of morphological landmarks is 
time-consuming work (approximately one month in this study) that should be done by the 
same person to eliminate the individual eff ect during point picking. Th erefore, we could also 
indicate just the simple ultrasound measurements as other potential predictors that were 
both highly inherited and correlated to Logr edible part yields. Th e high potential of using 
yield predictors in genetic improvement is also seen from the expected genetic gains. Both 
predicted yields and individual predictors achieve almost the same genetic gain in comparison 
to hypothetical mass selection, and even higher gain in comparison to gains obtained by 
sib selection. Th us, selection on trait predictors has an interesting perspective for in vivo 
genetic improvement of slaughter yields that will become more and more actual with the 
increasing rate of common carp sold in processed form. However, our study was done only on 
market size Amur mirror carp. Th erefore, it raises further research question for phenotypic and 
genetic validation of the predictors before their utilization on other carp breeds, strains, lines, 
and size categories. Moreover, real response to selection, focused on indirect improvement of 
slaughter yields, would show true impact of predictors in a carp breeding program. 

1.4. SELECTIVE BREEDING AND CHANGE IN FLESH QUALITY

Carp fl esh is an important source of omega-3 polyunsaturated fatty acids (n-3 PUFAs, mainly 
eicosapentaenoic acid – EPA and docosahexaenoic acid – DHA) with a favourable ratio of 
omega-6/omega3 PUFA ratio (n-6/n-3) and thus, it is part of a healthy human diet (Mráz et 
al., 2012ab). Unfortunatelly, current carp pond management depends on cereal feeding that 
worsens the fatty acid (FA) composition of carp fl esh. Th erefore, high attention has been paid 
to the improvement of FA content in the fl esh of common carp through nutrition (Mráz et al., 
2012ab; Steff ens, 2016). Nonetheless, data has been missing about the genetic variation of 
market size common carp FA composition and its relation to performance traits. To fi ll this 
gap we focused on this problem in Chapter 4. Despite a potential limitation when a relatively 
small sample size was used (n = 158), moderate and signifi cant heritability estimates were 
observed (h

2
 = 0.24 – 0.47) for several FA groups presented as relative values (e.g. PUFA, n-3 

PUFA, EPA, n-6/n-3) and moderate (muscle fat, condition factor, slaughter yields) to high (body 
weight) for performance traits (h2 = 0.23 – 0.62). Results in other fi sh diff er. In Nile tilapia low 
and insignifi cant heritability was found in FA groups (Nguyen et al., 2010). Conversely, high 
heritability was found in the fl esh for n-3 PUFAs (relative value) in Atlantic salmon (Leaver et 
al., 2011), and for EPA and DHA in rainbow trout (Overturf et al., 2013).

Genetic correlations among FA groups and performance traits seemed to be much 
interesting information. Our results across all studies show that performance traits (e.g. body 
weight, slaughter yields, condition factor, muscle fat) may be improved by selection. However, 
such selection would also most likely lead to worse fl esh quality as the relative amount of n-3 
PUFAs would decrease and the n-6/n-3 PUFA ratio would increase. Th is is in accordance with 
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similar unfavourable phenotypic and genetic correlations observed between performance 
traits (growth-related traits, fi llet weight and yield) and EPA, n-3 PUFA and n-3/n-6 ratio in 
Atlantic salmon and Nile tilapia (Nguyen et al., 2010; Leaver et al., 2011). It indicates that 
the fl esh quality of farmed fi sh may shift towards an unfavourable direction when selection 
for improved performance is applied (Janhunen et al., 2017). Th e reason for this eff ect in 
common carp is likely the fact that better performed fi sh feed more on supplemental feeds 
(wheat, barley, triticale). It was proven several times that the fatty acid profi le of fi sh feed 
signifi cantly aff ects the fi nal composition of FA composition in fi sh fl esh (Mráz and Pickova, 
2011; Marković et al., 2016; Trbović et al., 2017). Th e supplemental feeds lack n-3 PUFAs, and 
this makes the FA profi le in fi sh of lower quality – lower level of n-3 PUFAs, higher n-6/n-3 
ratio (Mráz et al., 2012b). On the other hand, natural food (zooplankton and zoobenthos) is 
rich in n-3 PUFAs (Horváth et al., 1992). Weight gain of common carp should be created by 
natural food and supplemental feeding in a ratio of 1:1 in order to sustain unchanged carp 
fl esh quality. It is unclear whether genetically improved carp stocks could also utilize natural 
food more eff ectively than unimproved stocks. If not, fi sh would require more supplemental 
feeding, leading to a decrease in fl esh quality. It seems that selection for better growth will 
require modifi cation of the feeding strategy. Such a diet should be composed of EPA and DHA 
precursors (rapeseed, linseed or hempseed) during the last growing season before reaching 
market size (Mráz et al., 2012ab). Th en, the carp stocks could positively respond to selection 
for better performance (body weight, slaughter yields) and to keep high quality fl esh within a 
sustainable selection program. 

Correlations between growth-related traits and carp fl esh quality show that a change in 
breeding strategy without a complex approach to the whole production cycle and product 
quality may have unfavourable consequences. Good examples may be seen in worsening of 
the fl esh quality in cattle (Feitosa et al., 2017) or loss of fl avour in tomatoes (Tieman et 
al., 2017). Moreover, the cost-eff ectivity of carp farming depends on the carp biomass yield 
per area unit of a pond. Th e biomass yield is essentially linked to the mutual relationship 
among natural productivity of the pond (natural food), the stocking density of fi sh and the 
average weight gain of fi sh (Horváth et al., 1992; Kocour et al., 2007; Vandeputte et al., 2008). 
Th us, this phenomenon must be taken into account when setting up the carp production 
technology when selective breeding approaches are applied. Th erefore, it would be valuable 
to analyse the fatty acid profi le of carp the next generation after selection and to verify the 
sustainability of selective breeding. In addition, future research could focus on genotype by 
nutrition interactions that could also contribute towards adjusting production technology of 
genetically improved carp stocks.

1.5. MODERN GENOMIC TOOLS 

Th e studies presented above showed a relatively solid view to selective breeding strategy 
in common carp under pond conditions. However, modern genomic approaches may give 
an even deeper insight into the potential of genetic variation in performance traits. Th us, 
genetic markers can be valuable tools for modern breeding methods but the optimal strategy 
for their application depends on the underlying genetic architecture of the trait of interest. 
Th us, if variation of any trait is signifi cantly related to only one or several QTLs or candidate 
genes, marker-assisted selection (MAS) may be eff ective. Otherwise, genomic selection 
(GS) is another possible tool for utilizing genetic information for the improvement of traits 
(Sonesson, 2007; Yáñez et al., 2015; Robledo et al., 2017). Th e utilization of restriction-site-
associated DNA sequencing (RAD-seq; Baird et al., 2008) for growth improvement (Chapter 5) 
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and Koi herpesvirus (KHV) resistance (Chapter 6) in common carp was investigated. RAD-seq 
generated SNP markers (single nucleotide polymorphism) that enabled pedigree assignment, 
genetic parameter estimation, construction of a medium density genetic map (12,311 SNPs) 
and for a fi rst time estimation of eff ectivity of genomic selection. 

It was found that juvenile growth (Chapter 5) is of polygenic genetic architecture (no 
signifi cant QTL – quantitative trait loci). However, genomic prediction of breeding values 
outperformed pedigree-based prediction, resulting in an 18% improvement in prediction 
accuracy in genetic improvement in common carp breeding programs. Such a result point 
to the potential for GS to improve economically important traits in common carp breeding 
programs. In previous studies, several growth-related QTLs have been detected (Lv et al., 
2016; Peng et al., 2016; Wang et al., 2018) but none of them was signifi cant enough to be 
used in MAS. Similarly, no major QTLs for feed conversion (Lu et al., 2017) and muscle fat 
content (Zheng et al., 2016) have been found until now. 

Regarding the resistance to KHV (Chapter 6), heritability measured by survival on the 
underlying scale was very high (0.61 – pedigree; 0.50 – genomic) but in accordance to the 
previous estimates (Ødegård et al., 2010; Tadmor-Levi et al., 2017). In addition, signifi cant 
QTL aff ecting resistance to KHV was identifi ed on linkage group (LG) 44. Th e QTL explains 
approximately 7% of the additive genetic variance. Conversely, the majority of genetic 
variation of resistance to the infectious pancreatic necrosis (IPN) virus in Atlantic salmon was 
explained by a single QTL (Houston et al., 2008; Moen et al., 2009). 

Hence, it seems that genetic improvement of investigated traits via simple marker-assisted 
selection would be most likely less effi  cient. Th us, genomic selection may be a more promising 
breeding method for exploiting overall genetic variation of traits under polygenic control 
(Sonesson, 2007; Yáñez et al., 2015; Robledo et al., 2017). Interestingly, using pooled whole 
genome resequencing of a subset of resistant (n = 60) and susceptible (n = 60) animals, 
a putative premature stop mutation in position 258 of the carp TRIM25 protein (Gack et 
al., 2008) was identifi ed within the same QTL region of LG 44. Th e premature stop causing 
allele was more common in susceptible fi sh. Th is may fi t with a loss of function of TRIM25 in 
susceptible fi sh, being unable to trigger an appropriate antiviral response. 

1.6. CONCLUSIONS AND FUTURE PROSPECTS

Th e results presented in this Ph.D. thesis support and extend recent knowledge concerning 
the potential of selective breeding in common carp and show more complex insight into 
relationships among various traits during the whole production cycle of common carp 
under semi-intensive pond conditions. In addition, the thesis proposes some strategies for 
introducing novel fi ndings into the breeding program of common carp. Th e specifi c conclusions 
are as follows:

• Heritability estimates of most investigated traits were high enough to propose genetic 
improvement of such traits by selective breeding. 

• Muscle fat content plays an important role in the biological functions of common carp 
during winter and growing period. Surprisingly, selection for i) lower fat content before 
and after winter, ii) lower decrease in muscle fat content and/or body weight during 
winter, may both lead to better survival and growth of fi sh during the third growing 
season. 

• Selection for higher condition factor (after winter – Chapter 2 or at harvest – Chapter 4) 
may result in better performance during the winter, and mainly during the third growing 
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season and at market size. However, it should be remembered that this would lead to a 
slow change in the appearance of fi sh to a less favourable square-like body shape. 

• Th ere is potential for genetic improvement in processing yields through in vivo indirect 
selection (Chapter 3). 

• Genetic improvement in growth via selective breeding under Central European pond 
conditions without changing production technology would very likely negatively aff ect 
carp fl esh quality with respect to FA composition (Chapter 4).

• Genomic data analysed by restriction-site-associated DNA sequencing (RAD-seq) did not 
reveal any signifi cant QTL for growth (Chapter 5), but genomic prediction of its breeding 
value may outperform traditional pedigree-based prediction. On the other hand, 7% 
of additive genetic variation in KHV resistance (Chapter 6) may be explained by QTL 
located on LG 44. In this case the TRIM25 gene was found as a promising positional and 
functional candidate within the QTL region. Nonetheless, construction of a SNP array is 
likely the only possibility for prediction of KHV resistance in carp individuals. 

Although the obtained results are interesting and in most cases unique and useful for common 
carp breeding, potential weaknesses might be seen in a relatively smaller (one generation) 
data set in comparison to studies performed previously on larger (multigenerational) data 
sets e.g. in rainbow trout, tilapia or Atlantic salmon. Th erefore, future prospects should be 
mainly focused on verifi cation of the accuracy of genetic parameters by calculation of realized 
heritabilities, real genetic gains and total fi sh biomass production from a pond area unit of 
carp stocks established through selective breeding. In addition, results of this Ph.D. thesis 
have raised further possibilities for optimizing the future breeding program of common carp. 
Hence, the genetics and breeding strategy enhancing overwintering performance should be 
verifi ed by a new study under diff erent winter conditions. Likewise, the effi  ciency of slaughter 
yield predictors should be validated on other carp strains with a diff erent body shape. 
Furthermore, as predictors combine several sources of information, further information on 
the resulting responses to selection would be valuable in the future to quantify the expected 
progress. Another important area of further research should also concern modifi cation of 
rearing technology in order to maximally utilize the advantages of selective breeding in 
common carp production, to maintain or improve the product quality with respect to fatty 
acid composition and to set up processes in broodstock management to minimize inbreeding. 
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ENGLISH SUMMARY

Estimation of genetic variation of performance traits in common carp to predict potential of 
selective breeding under pond management conditions

Martin Prchal

Selective breeding is the most common breeding method used in the genetic improvement 
of European fi sh stocks. Unfortunately, for genetic improvement of common carp intra / 
interspecifi c crossbreeding is widely used. On the other hand, several research issues that could 
contribute towards establishing a selection program in common carp are still unaddressed. Th e 
main aim of this thesis was to study the genetic variation of several performance traits under 
pond management conditions and to estimate future perspective of sustainable selective 
breeding program in common carp. In the present study, Amur mirror carp (AM) and Hungarian 
synthetic mirror carp (HSM) were used. Partial or full factorial mating schemes were used to 
establish experimental stocks. Furthermore, communal rearing of families was applied and 
the pedigree was reconstructed by microsatellite or by single nucleotide polymorphic markers 
(SNPs). Th e genetic and genomic parameters were estimated using common statistical 
software by multivariate mixed models.

Most of the studied performance traits showed suffi  cient genetic variation (h2 = 0.12 – 1.0), 
suggesting a good potential for genetic improvement of traits through selective breeding. 
It was shown that selection of common carp under pond management conditions should 
be optimally applied after the second overwintering. At this stage, handling and short-term 
storage of fi sh is much easier, and in particular, there is high genetic correlation between traits 
at this stage and at the market size.

Winter survival is often a bottleneck for common carp production. As a result, the genetic 
background of winter survival and traits that might be correlated to the survival was studied. 
Main focus was given to the muscle fat and body weight and their dynamics through winter 
period. Moreover, correlation of traits between winter period and successive growing period 
was estimated. It was found that selection for i) lower fat content before and after winter, 
ii) lower decrease in muscle fat content and/or body weight during winter, may both lead to 
better survival during both winter and the third growing period and growth of fi sh during the 
third growing season. Likewise, we found in two studies that the condition factor could be 
an important selection trait supporting better performance during winter, the third growing 
period and at market size. However, selection on the condition factor would indirectly lead to 
a less favourable square-like body shape.

Slaughter yields of edible parts are also of high economic importance, and thus they are 
interesting traits for a breeding program. However, direct selection for slaughter yields is 
impossible on live breeding candidates. Th erefore, morphological predictors that can be 
measured in vivo are considered as an interesting alternative. As a result, external and internal 
measures were combined on 1553 fi sh by linear regression to predict log-log residuals (Logr) 
of slaughter yields. It was found that the accuracy of the prediction of slaughter yields may be 
solid. From the genetic point of view, model-predicted (h2 = 0.48 – 0.63) and even individual 
predictors (h2 = 0.34 – 0.72) of slaughter yields were highly heritable and favourably genetically 
correlated to the Logr yields. In addition, the predicted headless carcass yield may be used 
as an effi  cient surrogate (easier and more precise to predict, high genetic correlation to fi llet 
yields) for improvement of fi llet yield. Hence, selection on trait predictors has an interesting 
perspective for genetic improvement of slaughter yields in common carp. 
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For a sustainable selection program it is also essential to know how genetic improvement of 
performance traits under certain management conditions aff ect the fl esh quality represented 
by fatty acid (FA) composition. As a consequence, genetic parameters of fi llet fatty acid 
content and performance traits in market size common carp cultured under semi-intensive 
pond conditions were estimated. For fl esh FA composition analysis 158 individuals were 
dressed out and selected. Heritability estimates of total muscle fat, some FA groups and most 
performance traits were moderate to high (0.23 – 0.62). Interestingly, genetic correlations 
showed that genetic improvement of growth via selective breeding under Central European 
pond conditions without changing the production technology would very likely negatively 
aff ect carp fl esh quality with respect to FA composition. Th e results should be remembered 
when selecting for faster growth in order to maintain the quality of carp meat.  

Deeper insight into genetic variation of performance traits may be further studied using 
genotyping by sequencing (GBS) techniques. Hence, restriction-site-associated DNA 
sequencing (RAD-seq) was used to identify and genotype SNPs markers for subsequent 
parentage assignment, construction of a medium density genetic map (12,311 SNPs), and 
testing of effi  ciency of marker-assisted (MAS) and genomic selection (GS) for growth and 
Koi herpes virus (KHV) resistance. No genome-wide signifi cant QTL was identifi ed for growth. 
However, genomic prediction of its breeding value may outperform the traditional pedigree-
based prediction, resulting in an 18% improvement in prediction accuracy. On the other hand, 
genome-wide signifi cant QTL aff ecting resistance to KHV was identifi ed on linkage group 
(LG) 44 explaining approximately 7% of the additive genetic variation. Importantly, using 
pooled whole genome resequencing of a subset of resistant and susceptible fi sh, a promising 
positional and functional candidate gene (TRIM25 protein) within the same QTL region was 
identifi ed. 

Th e presented results add further evidence supporting the application of selective breeding 
in common carp cultured even under traditional pond management conditions.  However, 
it is evident that the rearing technology will need suitable modifi cations. In addition, real 
economic impact of selective breeding on carp culture should be verifi ed by calculation 
of realized heritabilities, real genetic gains and the total fi sh biomass yield of genetically 
improved stocks from a pond area unit. 
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CZECH SUMMARY

Odhad genetické variance užitkových vlastností kapra obecného s  cílem předpovědět 
potenciál selekčního šlechtění v rybničních podmínkách chovu

Martin Prchal

Selekční šlechtění je nejběžnější šlechtitelskou metodou, která se používá pro tzv. „genetické 
zlepšování“ evropských druhů ryb. Bohužel u kapra obecného se pro genetické zlepšování 
používá především vnitrodruhové / mezidruhové křížení. Nicméně několik otázek, které by 
mohly přispět k založení selekčního programu kapra obecného, zůstalo stále nezodpovězených. 
Hlavním cílem této práce bylo prostudovat genetickou varianci užitkových znaků kapra 
obecného v  rybničních podmínkách chovu a na jejich základě odhadnout perspektivy 
dlouhodobě udržitelného selekčního programu. Ve všech prezentovaných studiích byl použit 
Amurský lysec (AL) a syntetická linie maďarských lysců (HSM). Experimentální obsádky 
byly založeny s  využitím částečného či úplného faktoriálního schématu páření. Rodiny byly 
chovány ve společných podmínkách a jejich rodokmen byl vytvořen s využitím mikrosatelitů či 
jednonukleotidového polymorfi smu (SNP). Genetické a genomické parametry byly odhadnuty 
běžnými statistickými programy pracujícími s multivariačními smíšenými modely.

Většina studovaných užitkových znaků vykázala dostatečnou genetickou varianci (h2 = 0.12 
– 1.0), což ukazuje na dobrý potenciál pro jejich genetické zlepšování s využitím selekčního 
šlechtění. Navíc se ukázalo, že selekce kapra obecného by měla být v rybničních podmínkách 
optimálně prováděna po druhém zimování. V této fázi umožňuje velikost ryb snazší manipulaci 
i krátkodobé držení ryb mimo chovné prostředí a je zde vysoká genetická korelace mezi znaky 
v tomto období a v tržní velikosti. 

Zimní období (přezimování) je často kritickým obdobím v chovu kapra. Z  tohoto důvodu 
bylo studováno genetické pozadí znaků, jež mohou mít vliv přezimování. Nejvyšší pozornost 
byla věnována obsahu tuku ve svalovině a hmotnosti ryb a jejich dynamice v průběhu zimního 
období. Rovněž byla sledována závislost znaků mezi zimním a následným (třetím) vegetačním 
obdobím. Bylo zjištěno, že selekce na i) nižní obsah tuku před a po zimě, ii) nižší pokles obsahu 
tuku a hmotnosti těla během zimy mohou vést k obecně lepšímu přežití ryb a také k lepšímu 
růstu během třetí vegetační sezony. Dále jsme zjistili ve dvou studiích, že kondiční faktor (FK, 
Fultonův kondiční koefi cient) by mohl být důležitým selekčním znakem podporujícím vyšší 
užitkovost během zimy, vegetační sezony i v tržní velikosti. Nicméně selekce na FK by nepřímo 
vedla k méně žádoucímu čtvercovému tvaru těla. 

Jateční výtěžnosti jedlých podílů těla mají také velký ekonomický význam a jsou tak 
zajímavými znaky pro šlechtění. Bohužel přímá selekce na výtěžnost není možná na živých 
kandidátech. Nicméně morfologické prediktory, které se mohou měřit in vivo, jsou považovány 
za zajímavou alternativu. Z tohoto důvodu byla zkombinována externí a interní měření z 1 553 
ryb a pomocí lineární regrese byly předpovězeny log-log reziduály (Logr) výtěžnostních 
ukazatelů. Bylo zjištěno, že přesnost předpovědi jateční výtěžnosti může být spolehlivá. 
Z genetické hlediska jsou kombinované modely pro odhad výtěžnosti (h2 = 0.48 – 0.63) a 
dokonce i jednotlivé prediktory h2 = (0.34 – 0.72) vysoce dědivé a příznivě korelované s Logr 
jatečními výtěžnostmi.  Kromě toho zle předpokládat, že výtěžnost opracovaného trupu těla 
může být použita (jednodušší a přesnější předpověď, vysoký genetický vztah k fi letům) i pro 
zlepšení výtěžnosti fi letů. Lze tedy říci, že selekce s  využitím předpovězených hodnot má 
zajímavou perspektivu pro genetické zlepšování jateční výtěžnosti kapra obecného.

Pro udržitelný selekční program je rovněž nezbytné znát, jak zlepšení užitkových vlastností 
v určitých chovatelských podmínkách ovlivní kvalitu produktu vyjádřenou složením mastných 
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kyselin ve svalovině ryb. Z  tohoto důvodu byly studovány genetické parametry obsahu 
mastných kyselin ve fi letě a užitkových vlastností tržního kapra obecného chovaného 
v polointenzivních podmínkách. Pro analýzu mastných kyselin bylo zpracováno a vybráno 158 
jedinců. Míra dědivosti obsahu tuku ve svalovině, některých skupin mastných kyselin a většiny 
užitkových znaků byla střední až vysoka (0.23 – 0.62). Genetické korelace ukázaly, že genetické 
zlepšování růstu selekčním šlechtěním ve středoevropských podmínkách chovu by bez změny 
technologie chovu pravděpodobně negativně ovlivnilo kvalitu masa. Výsledky by proto měly 
být vzaty v úvahu při selekci na vyšší růst, aby kvalita kapřího masa zůstala zachována. 

Hlubší pohled do genetické variance užitkových znaků může být dále studován pomocí 
genotypování s využitím rozsáhlejšího sekvenování genomu (GBS). Proto byla využita metoda 
založená na náhodném sekvenování úseků po štěpení DNA s využitím restrikčních enzymů 
(tzv. RAD sekvenování). Byly konstruovány středně-husté genetické mapy (12 311 SNPs) a 
nalezené SNPs byly využity pro určení rodičovství a testování účinnosti selekce s  využitím 
těchto markerů (tzv. MAS, marker assisted selection) pro rychlost růstu a odolnost vůči Koi 
herpes viróze (KHV). Pro růst nebyl identifi kován žádný významný lokus (tzv. QTL, quantitative 
trait locus). Nicméně genomická predikce plemenné hodnoty pro rychlost růstu by mohla 
překonat selekci založenou na rodokmenu a zvýšila by efektivitu selekce až o 18%. Na druhou 
stranu byl ve vazebné skupině 44 identifi kován poměrně významný QTL pro odolnost vůči KHV 
vysvětlující přibližně 7% aditivní genetické variance tohoto znaku. Navíc s použitím směsného 
celogenomového sekvenování podskupiny rezistentních a vnímavých ryb ke KHV byl v oblasti 
QTL identifi kován kandidátní gen pro protein TRIM25, jehož sekvence může mít přímou 
souvislost s odolností ryb vůči této nemoci.

Prezentované výsledky v  této práci přinášejí další důkazy podporující využití selekčního 
šlechtění kapra obecného i v tradičních podmínkách rybničního chovu. Je však zřejmé, že 
technologie chovu kapra bude vyžadovat vhodné úpravy. Skutečný dopad selekčního šlechtění 
na ekonomiku chovu by měl být navíc ověřen výpočtem realizovaných dědivostí, skutečným 
genetickým ziskem a celkovým výnosem rybí biomasy geneticky zlepšených populací 
z jednotky plochy rybníka.
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Foreign stays during Ph.D. study at RIFCH and FFPW Year

Antti Kause, Ph.D., Natural Resources Institute, Jokionen, Finland (Luke) (1 month, 
estimation of genetic parameters of performance traits in aquaculture species).
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