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Genetically influenced resistance to stress and disease in salmonids in relation
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Abstract
While intensive fish production has many advantages, it also has a number of drawbacks as
regards disease and stress. To date, there has been no conclusive review of disease resistance at
Czech fish farms. The aim of the study was to describe briefly the existing salmonid breeding
practice in the Czech Republic and to point out the trends and new possibilities gaining ground
around Europe. However, the present situation in the Czech stocks is not rare at all and therefore it
is used here as a model example representing numerous breeding practices in Europe. Stress and
disease resistance in fish is polygenic and quantitative, making selection for such traits difficult.
In recent years, however, fish breeding methods have developed rapidly, with the use of genetic
analysis tools, for example, now allowing much greater selection accuracy. Gradual progress in
understanding the importance of individual genetic markers offers many new options that can
be utilised in breeding practice. New selection methods, such as quantitative trait loci (QTLs)
and genomic selection, are increasingly employed in European aquaculture. Next generation
sequencing techniques now help in the finding of new and promising QTLs that can be used in
assisted selection. This review maps the current progress in improving salmonid resistance to
stress and disease in aquaculture and at the same time provides the breeders with a short overview
of the latest tools of genetically controlled breeding and of the newest products available at the
European market.
Disease resistance, quantitative trait loci, marker assisted selection, genomic selection, molecular
breeding, rainbow trout, brook trout

Over the past few decades, aquaculture, and especially intensive aquaculture, has grown
considerably as a source of food production, both in the Czech Republic and around the
world. At 4 % of total fish production (ca 700 tonnes p.a.), intensive aquaculture plays
a relatively minor role in Czech fish production, which is primarily based on semi-intensive
culturing of carp (Cyprinus carpio) in open earth ponds at relatively low stocking densities
(Horký 2016). In intensive Czech trout aquaculture, the main species farmed are the
non-native salmonids rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus
fontinalis), other species being of negligible importance. In addition to a wide range of
other issues, such as oxygen depletion, flooding, increased predation, chemical poisoning
and theft (Palíková et al. 2015a), intensive fish production has greatly increased the risk of
spreading infectious diseases. Many infectious and parasitic diseases have the potential to
cause economically important losses in salmonid fish farming, some of the most important
being infectious haematopoietic necrosis (IHN), viral haemorrhagic septicaemia (VHS),
bacterial diseases such as flavobacteriosis, furunculosis and enteric redmouth disease
(ERM), and parasitic diseases such as proliferative kidney disease (PKD) (Palíková et
al. 2015b).
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While disease prevalence has been widely studied in the Czech Republic and elsewhere,
there has been no conclusive review of disease resistance in Czech farmed salmonids, nor
any review of the traits associated with pathogen resistance. Similar issues arise in relation
to stress response and its role as an important fitness trait. Stress, which has been associated
with pathogen infection, fish manipulation and vaccination, can directly or indirectly affect
disease resistance (Iversen et al. 1998; Barton 2002). Finally, in temperate regions, the
role of thermo-tolerance in particular is growing in importance due to long-term global
warming and short-term climatic fluctuations.
Fish breeding methodologies have developed rapidly in recent decades (Janssen
et al. 2017). In addition to improvements in nutrition, welfare and water quality, modern
genetic methods using immunological and molecular markers have largely overtaken
more traditional methods for improving disease resistance based on direct selection of
individual fish showing these economically important traits (Gjedrem 2012). While
such breeding techniques have the potential to increase breed efficiency, they are still
relatively underused, with genetically-modified fish representing less than 10% of global
fish production (Gjedrem et al. 2012). Location of the genomic regions influencing stress
response and disease resistance has great potential for improving fish management and
production.
In the following review, we provide a short overview of both historical and modern
methods used for increasing disease resistance in salmonid strains, lineages and populations
in breeding facilities.
Conventional methods of selection for stress and disease resistances
Breeding practices aimed at improving the production characteristics of salmonids,
and especially those of artificially bred rainbow trout, have a long tradition outside of the
Czech Republic. In the past, two methods of genetic improvement were mainly used: purebreeding and cross-breeding. Pure-breeding relies on the additive component of genetic
variance, whereas cross-breeding between breeds and lineages utilises both the additive
and non-additive components and development of a heterotic effect. In the case of charr
(Salvelinus fontinalis, Salvelinus alpinus and their hybrids), interspecific hybridisation has
also been used (e.g. “Elsässer Saibling” or “Sparctic charr”; Dumas et al. 1996; Reiter
2006). During artificial selection, both stabilisation and directional selection are commonly
used (Gjedrem 2005), followed by selection for one or more quantitative traits, especially
growth characteristics. Regarding selection of individuals, either individual selection,
family selection or a combination of both has been used (Janssen et al. 2017). The
individuals selected are then subjected to either single-stage or multiple-stage selection. As
an example, when evaluating health status, ill individuals are eliminated during negative
selection and only individuals meeting the selection criterion are kept during positive
selection. During direct selection, individuals with the required trait are selected on the
basis of phenotypic values, while a trait in genetic correlation is used during indirect
selection as it can be measured more easily. In selection for disease resistance, for example,
immuno-physiological indicators, such as haemolytic activity, antibody titre and cortisol
level are used (Fevolden et al. 1992; Roed et al. 2002; Weber and Vallejo 2008).
Selective breeding is commonly based on challenge testing for specific pathogens
(Ødegård et al. 2011) on individuals showing genetic variance (Brännäs 2000).
Selection is expected to be highly effective due to high fish fecundity and high heritability
of disease traits (Ødegård et al. 2011), which leads to better disease resistance (Table 1).
Older literature describes achievements in improving the resistance of rainbow trout and
brook trout to furunculosis (Ehlinger 1977) and the production of rainbow trout lineages
strongly resistant against pancreatic necrosis (Okamoto et al. 1993). Other authors
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Table 1. Overview of selected diseases and disease resistance heritability in rainbow trout (Oncorhynchus mykiss)
and brook trout (Salvelinus fontinalis).
Fish species
Causative agent (disease)
		
Brook trout
Rainbow trout

Heritability of disease
resistance (h2 ± SE)

References

Aeromonas salmonicida
Yersinia ruckeri (ERM)

0.51 ± 0.03
0.21 ± 0.05

Perry et al. 2004
Henryon et al. 2005

Flavobacterium psychrophilum
Flavobacterium psychrophilum
Flavobacterium psychrophilum
Flavobacterium psychrophilum
VHS
VHS

0.35 ± 0.09
0.23 ± 0.03
0.53 ± 0.09
0.07 ± 0.02
0.63 ± 0.26
0.11 ± 0.10

Silverstein et al. 2009
Leeds et al. 2010
Vallejo et al. 2010
Henryon et al. 2005
Dorson et al. 1995
Henryon et al. 2005

ERM – enteric redmouth disease; VHS – viral haemorrhagic septicaemia

point to a positive genetic correlation in resistance to a range of bacterial diseases, with
improved resistance to a single disease positively influencing resistance to other diseases
(Vehviläinen et al. 2008; Ødegård et al. 2011). On the other hand, a negative genetic
correlation has been observed as regards viral diseases (Henryon et al. 2005). Positive
genetic correlations have also been noted between resistance and other traits, such as
growth (Overturf et al. 2010).
The breeding practice in the Czech Republic was, and in most cases still is, based on
an estimation of the breeding value of strains and populations according to observed
phenotypic values in related individuals using simple statistical methods (i.e. conventional
phenotypic selection). This is also true for the intensive breeding of rainbow trout in the
Czech Republic, which is mainly performed on several populations from which historical
lineage stocks also originate (Flajšhans et al. 2013):
1) Pd M (rainbow trout, local form), characterised (among other things) by high stress
resistance;
2) PdD 66 (imported from Denmark in 1966; original source Lake Kamloops), characterised
by low stress resistance;
3) PdD 75 (imported from Denmark in 1975), characterised (among other things) by
differing genetic traits than the two preceding forms, and by eggs that show increased
resistance to low water temperatures.
These three historical strains are presently long-term sustained by the Ministry of
Agriculture under the ‘National Programme on Conservation and Utilisation of Plant,
Animal and Microbial Genetic Resources for Food and Agriculture’. About four stocks
with these strains are presently supported in the Czech Republic (Flajšhans et al. 2009).
Compared with stocks of rainbow trout, which represent the greater part of salmonid
market production in the Czech Republic, the breeding of charr plays a minor role. As such,
no national breeding programmes have been developed and no concrete lineage stocks
founded or financially supported.
At present, it is up to Czech breeders whether they keep their own breeding nucleus or use
imports from domestic or foreign suppliers. Similarly, Czech breeders may use improved
breeding material with or without any knowledge of genetics. Indeed, salmonid selection
programmes using molecular genetics are still in their infancy in the Czech Republic.
Aquacultural breeding programmes for improving the genetic make-up of fish are not
a new phenomenon in Europe. The first “modern” national fish breeding programme
based on selective breeding took place in Norway in the 1970s with the aim of supporting
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the growing commercial production of rainbow trout and Atlantic salmon (Salmo salar
L.) (Gjedrem 2000; Janssen et al. 2017). The first breeding programmes using family
selection focused on growth, sexual maturation, skin colour, body shape, fillet colour and
fillet yield (Fig. 1). Only recently have breeding programmes aimed at increasing disease
resistance, with a programme focused on infectious pancreatic necrosis (IPN) resistance
starting in 2009, and another one on flavobacteriosis resistance in 2016. Since 2015, both
studies have been controlled using quantitative trait loci (QTLs) selection (AquaGen
2017a). Rather than being restricted to local use, however, these resistant lineages are
already being offered for export to other countries (AquaGen 2017b).

Fig. 1. Main traits measured, selected and controlled in the breeding programme in relation to year of
implementation and selection method (AquaGen 2017a)
IPN – infectious pancreatic necrosis; QTL – quantitative trait locus

Selection for improved disease resistance based on genomic analysis
It should be noted that we are not discussing the development of genetically modified
organisms (GMOs) here (i.e. the development of genetically improved aquaculture stocks
using genetic engineering techniques); rather, we discuss selective breeding based on
natural processes and the latest molecular genetic monitoring methods.
While the present level of knowledge needed to develop effective salmonid breeding
programmes is relatively extensive, it is still insufficient. This is mainly due to the widely
held belief that disease resistance is a polygenic trait in fish, including salmonids (Rye 2012;
Sea 2008). Unfortunately, the actual number of genes responsible is still unknown and there
is some uncertainty regarding the actual share of individual genes in the representation of
traits. By gradual mapping of the whole genomes, specific deoxyribonucleic acid (DNA)
regions (genetic markers) displaying classic Mendelian heredity, measurable degrees of
length polymorphism and specific structures can be detected on chromosomes. These
regions, with their wide genome distribution and high rates of polymorphism (Das and
Sahoo 2014; Jingou and Xiaowen 2015), may serve as substitutes for traits, which may
otherwise be too expensive or difficult to measure.
While field studies using traditional breeding and selection methods can provide
important information as regards the breeding of resistant stock, new genomic and
molecular approaches are providing additional information with great potential to improve
selective breeding programmes (e.g. the Danish Company AquaSearch; AquaSearch 2017)
and improve selection accuracy and intensity in many traits (Rye 2012). Examination
of phenotype/genotype variance and variance in traits associated with resistance could
increase our knowledge of the basic genetic architecture of fish resistance to stress and

39
disease (Ozaki et al. 2001; Cauwelier et al. 2010; Rexroad et al. 2012). Such genomic
resources have already been used for identifying the genetic factors associated with disease
resistance in salmonids (Yáñez et al. 2014), the results having been used for identifying
QTLs and marker assisted selection (MAS). Quantitative trait loci have now been detected
for a variety of economic traits of evolutionary importance in fish, including life history,
meristic and morphological, behavioural and thermal tolerance traits as well as traits
bestowing disease and parasite resistance through development of the various linkage
maps (Nichols et al. 2003b; Wenne et al. 2007).
Significant interdependence observed between variance in phenotype values of some
quantitative traits and DNA polymorphism in specific genetic markers in individual
populations is now being gradually implemented into breeding programmes through gene
assisted selection or MAS (Ødegård et al. 2011; Rye 2012; Janssen et al. 2015, 2017),
including those aimed at enhancing resistance to disease (Ozaki et al. 2001). The MAS
generally consists of two steps, detection of molecular markers associated with QTL
(Table 2) and application of those markers for genetic improvement of local lineages,
stocks or populations (Laghari et al. 2014). The MAS has a number of economic and
practical advantages for QTL checking, and is especially useful for traits that are difficult
to breed using traditional means (Wenne et al. 2007). To date, the majority of breeding
programmes utilising relationships between QTL and disease resistance have focussed on
rainbow trout, rather than species of the genus Salvelinus (Table 2). On the other hand, the
most intensive breeding programme taking place at present focusses on Atlantic salmon,
with commercial product lines of fish eggs originating from QTL and genomic selection
available since 2016 (AquaGen 2017c).
In recent years, a number of new molecular genetic approaches have been developed for
detection of genetic markers associated with QTLs, including allozyme markers, random
amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP)
and amplified fragment length polymorphism (AFLP), along with fragmentation analysis
of microsatellites and single nucleotide polymorphism (SNP) analysis (Laghari et al.
2014). Most recently, next generation sequencing (NGS) methodologies have been used
over a range of identification process phases. The NGS technologies are capable of rapidly
identifying thousands of genomic markers, in a cost-effective manner, across almost any
genome of interest in a single step (Laghari et al. 2014). At present, only a restricted
number of QTLs are known in aquaculture and their utilisation for MAS is mostly still
at the stage of experimental programmes in various countries (in the case of salmonid
breeding without participation of the Czech Republic). Nevertheless, the first scientific
results of this research have already been commercialised and introduced into product lines
(see internet sources to AquaGen and AquaSearch above).
Further major advances are expected from the European research project FishBoost
(Janssen et al. 2015; FishBoost 2017), supported under the 7th EU Framework Programme.
Based on cooperation between 14 research and development partners, 11 industrial
partners and the Federation of European Aquaculture Producers (FEAP), this international
project aims to increase disease resistance (amongst other aims) through selective
breeding of the six most important European commercial species (i.e. Atlantic salmon,
rainbow trout, gilthead seabream Sparus aurata, European seabass Dicentrarchus labrax,
turbot Scophthalmus maximus and common carp Cyprinus carpio), thereby improving
the efficiency and profitability of European aquaculture. Many of the project’s goals are
related to the topic of this review, including the evaluation of genetic relationships between
disease resistance and production traits; quantification of genetic variation in important
traits, including disease resistance; and use of the latest genomic techniques to uncover
the genetic architecture of resistance to major viral, bacterial and parasitic diseases
(e.g. flavobacteriosis in rainbow trout). Thus far, FishBoost has successfully performed

Sauvage et al. 2012

Nichols et al. 2003a
Liu et al. 2015
Paltia et al. 1999
Rodriquez et al. 2004

Ozaki et al. 2001
Ozaki et al. 2001
Khoo et al. 2004

Jackson et al. 1998
Danzmann et al. 1999
Perry et al. 2001
Perry et al. 2005
Ozaki et al. 2007

Drew et al. 2007

References
Baerwald et al. 2011
Barroso et al. 2008

QTL – quantitative trait locus; AFLP – amplified fragment length polymorphism; RFLP – restriction fragment length polymorphism; IHN – infectious haematopoietic
necrosis; IPN – infectious pancreatic necrosis; SNP – single nucleotide polymorphism

Species
Disease/stress factor
QTL identity
Phenotypic variation
Genetic marker
Rainbow trout
Whirling disease
WDRES-9
50–86%
AFLP, microsatellite
Rainbow × cutthroat
IHN
RC2, RC7, RC11
32.5%
AFLP, microsatellite
trout hybrid
Rainbow trout
Cortisol level
cort-1
16.9%
AFLP
		
logcort-1, logcort-2
43%
Rainbow trout
Upper temperature tolerance
Omy325UoG, Ssa14DU
9–13%
microsatellite
Rainbow trout
Upper temperature tolerance
Ssa20.19NUIG
7.5%
microsatellite
					
Rainbow trout
Upper temperature tolerance
OmyFGT19TUF
9.7%
microsatellite
Rainbow trout
IPN
RT-3, RT-11, RT-12,
8–15%
AFLP, microsatellite
		
RT-17, RT-22, RT-23,
		
RT-26, RT-29, RT-31
Rainbow trout
IPN
IPN R S-1, IPN R/S-2
27–34%
microsatellite
Rainbow trout
IHN
OmyFGT3TUF,
microsatellite
		
OmyFGT25TUF,			
		
OmyRGT35TUF,
		
BFRO0001			
Rainbow trout
Ceratomyxa shasta resistance
Multiple genomic loci		
AFLP
Rainbow trout
Cortisol level
26 SNPs
SNP
Rainbow trout
IHN
3 DNA fragments
RFLP
Rainbow trout
IHN
22 AFLPs,		
AFLP, microsatellite
		
12 microsatellites
Brook trout
Cortisol level
sf003382, sf004319		
SNP
Osmolality
SAL5UoG		
microsatellite
Plasma chloride
MM-5312i		
microsatellite

Table 2. Quantitative trait loci identified for stress and diseases in rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis).
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large-scale disease challenge experiments on rainbow trout regarding the rainbow trout
fry syndrome (RTFS). Individual fish samples have been genotyped using a range of
restriction-site associated DNA sequencing approaches (RAD-seq), which combine the
use of genome complexity reduction with restriction enzymes and the high sequencing
output of NGS, with the aim of mapping genes for disease resistance traits and calculating
genomic breeding values.
Major histocompatibility complex
Parasite hosts have developed numerous mechanisms to resist infection, including the
major histocompatibility complex (MHC), which allows the host’s acquired immune
system to recognise foreign molecules. As such, the MHC system plays a key role in
interactions between the host’s immune system and that of the pathogen, being involved
in the induction and regulation of immune responses (Lamaze et al. 2014). The MHC
genes encode MHC molecules that display a considerable range of polymorphism. The
MHC molecules themselves are antigens (glycoproteins) situated on the surface or
plasma membrane of cells (Liu et al. 2013). The MHC system contains class I, II and III
genes, with class I producing mainly viral antigens and class II mainly bacterial antigens
(Markrigiannis and Anderson 2003). Alleles closely related to disease resistance can
be used as genetic markers (Liu et al. 2013) and those for IHN (Paltia et al. 2001; Liu
et al. 2013), temperature regulation (Nath et al. 2006), bacterial cold water disease
(BCWD; Johnson et al. 2008) and IPN resistance (Ozaki et al. 2007) have all now been
determined for rainbow trout.
Vaccination
One of the most common ways to increase fish resistance to pathogens is vaccination
with either recombinant proteins, DNA or inactivated pathogens (Corbeil et al. 2000;
Melamed et al. 2002; Sommerset et al. 2005; Plant et al. 2009). In recent years the
number of pathogen vaccines available has increased dramatically, with many commercial
vaccines now available on the market (Sommerset et al. 2005; Magnadottir 2010). The
effectiveness of vaccines is higher for viral diseases than for bacterial diseases. At present,
however, there are no vaccines available against fish parasites (Sommerset et al. 2005).
In the Czech Republic, vaccination is still at a relatively low level. Vaccination is possible
only against selected diseases, but not against dangerous diseases (listed on OIE) according
to the legislative rules. Rainbow trout, for example, can be vaccinated against furunculosis
and ERM, but not against VHS or IHN (Palíková et al. 2015a).
One problem related to vaccination, however, is the possibility that resistance heritability
is reduced. In a study of resistance to furunculosis in Atlantic salmon, genetic analysis
indicated a low genetic correlation (0.32 ± 0.13) for disease resistance in vaccinated and
unvaccinated fish (Drangsholt et al. 2011).
Conclusion
In this review, we examined selective breeding and modern molecular techniques used
for improving salmonid resistance to stress and disease in aquaculture, with emphasis
on salmonid farming in the Czech Republic. Genetic improvement programmes based
on such methods tend to be expensive and time-consuming; hence, foreign breeders and
fish farmers (including those from the Czech Republic) often join international breeding
programmes, from which they can gain up-to-date information and try new commercial
products with the potential to make aquaculture more efficient, profitable and sustainable.
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The main task for the future is to incorporate molecular information into breeding
programmes. Recent advances in molecular biotechnology have revolutionised the
aquacultural industry, the use of molecular markers allowing for the identification of
increasing numbers of QTLs connected with stress and disease resistance. At present, there
is a clear need to focus on the most common fish diseases in the Czech Republic, i.e.
VHS and IHN, BCWD, furunculosis and yersiniosis, PKD and a range of ectoparasitic
infections (e.g. ichtyobodosis, ichthyophthiriosis and monogeneans). It is now widely
accepted that investment in effective breeding programs results in a high long-term return,
with cumulative and permanent selection responses in the target population (Rye 2012).
Identification of potential genetic loci and their active use in selection processes, therefore,
will be of fundamental importance for the future health and competitive ability of salmonid
stocks in the Czech Republic, allowing them to compete on an equal basis with fish farmers
and breeders around the world.
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