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Robustness can be defined as the ability of an individual, or a population, to face a range of biotic and abiotic stressors throughout its productive lifespan (Knap, 2009). Abiotic stress factors can be physical (e.g., temperature, turbidity, and ambient lighting) or chemical (e.g., salinity, pH, and pollutants) characteristics of water and environment, as well as stressors associated
with farming operations (confinement or other manipulations). Biotic stress factors can be nutritious, social, or infectious.
An animal’s robustness may be affected by its genetic background, history of exposure to the above factors, and consequent
physiology (e.g., immune or cardiovascular fitness). Although it would be desirable to improve an animal’s overall robustness,
the complexity of this trait and its causes are likely to make it difficult to achieve significant progress, and therefore, research
efforts generally focus more on narrow traits such as survival when exposed to specific stressors.
Some studies have tried to evaluate the possibility of selecting fish for increased survival over the rearing cycle. For
instance, after a multigenerational survey of 10-year classes of rainbow trout reared in Finland for one growing season in
three test stations (fresh or seawater), Vehviläinen et al. (2008) concluded that overall survival has limited potential to predict general resistance across generations and environments because there are different mortality factors among years and
locations that do not share a common genetic control. Several other studies led to the same conclusion (discussed in later
sections). However, the Vehviläinen et al. study also demonstrated that within a homogeneous environment, there is large
genetic variability and great potential for selection for separate components of survival.
Infectious diseases, caused by viruses, bacteria, fungi, or parasites, are recognized as a major cause of mortality in
farmed finfish worldwide, and constitute a major global threat for the development and sustainability of intensive farming. Disease control strategies combine preventive (prophylaxis, vaccination) and curative measures (use of antimicrobial
drugs and antibiotics). However, commercial vaccines are available for a limited number of diseases, and the use of drugs
raises environmental and consumer health issues. Accumulating evidence indicates that in fish and shellfish species resistance to pathogens is partly under genetic control, as in terrestrial domestic animals, and that selection of brood stock with
genetically improved resistance is a promising strategy. In this chapter, we will mainly focus on the genetic variability
of resistance to specific infectious diseases and how this natural variability can be used in selective breeding programs
and long-term health management strategies in aquaculture. Possible approaches for increased overall robustness will be
reported in the last section of this chapter.

2.1 HOW TO ASSESS DISEASE RESISTANCE IN FISH?
Reliable and quantifiable phenotypes are the key for the estimation and exploitation of genetic variation among individuals.
However, getting relevant phenotypic data may be tricky for complex traits such as resistance or susceptibility to diseases.
Conceptually, individual host response to infectious pathogens involves two distinct and complementary mechanisms,
resistance and tolerance. Resistance refers to the host’s ability to reduce pathogen invasion (limitation of pathogen entry
into the target tissue and replication). Tolerance refers to the host’s ability, once infected, to limit the detrimental effect of
the pathogen (limiting the physiopathogenic effects and promoting repair) which translates into the capacity to maintain
production performance, or to minimize its reduction during the course of the infectious episode. Typically, resistance/
susceptibility can be described by the measure of pathogen burden, while tolerance can be measured as the net impact on
the performance of a given level of infection (Doeschl-Wilson and Kyriazakis, 2012; Bishop and Woolliams, 2014). At the
population level, characteristics involved in disease transmission constitute additional key components of host response and
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disease risk control. These include traits such as shedding, asymptotic carriage and pathogen persistence (an animal has
recovered but not cleared the disease).
In practice, however, it is not easy to disentangle resistance and tolerance. In this chapter, we will use “disease resistance” as a generic term (see Bishop and Woolliams, 2014). At the individual level, the term “resistance” encompasses the
way an individual is less likely to be infected (blocking pathogen entry into host target tissue), limits pathogen proliferation
once infected and prevents the pathogenic effects of the disease and, consequently, overlaps some attributes of tolerance.

2.1.1 Which Traits Can Be Used to Score Disease Resistance at the Individual Level?
Once infected, the host organism will express a range of symptoms that may often not be specific to the pathogen, such as
loss of appetite and reduction of activity, abnormal swimming, skin darkening, skin ulcerations, gill or muscular lesions,
hemorrhages, exophthalmia, etc. Internal organs will also be damaged depending on the nature and severity of the disease.
Ultimately, the fish may die or recover, as a result of the combined efficacy of host defense components acting at different
stages of infection.
There are few diseases in fish where the pathogen burden (level of infection) can be easily measured. For sea louse
infection of Atlantic salmon, for instance, it is possible to count the number of copepods on the body surface (Kolstad et al.,
2005). The pathogen burden in specific tissues (serum, spleen) is also measured for viral or bacterial infections. However,
sampling is often invasive and assays may be expensive and time-consuming. Consequently, pathogen burden is normally
not measured for large-scale experiments, but restricted to thorough analyses aiming to study the host response to the
disease.
The number or extent of lesions on target organs is also indicative of infection severity. For amoebic gill disease (AGD)
caused by the parasite Neoparamoeba sp., a visual scoring of gill lesions proved to be an efficient proxy of more sophisticated histopathology or gill image analyses (Taylor et al., 2009). When available, such external evaluations of infection
level are very convenient as they allow the researcher to carry out large-scale and/or longitudinal studies.
In practice, the dead versus alive status at the end of an infectious challenge is the trait most widely used to assess
individual resistance or susceptibility to a disease, especially in the case of viral or bacterial diseases. Fish that die during
a challenge are classified as susceptible, and fish that survive as resistant. For this measurement, resistance is therefore
scored as a binary qualitative trait. It is often complemented by the measurement of time-until-death (sometimes referred to
as endurance) that aims at better discriminating the potential variation in ability to restrict the disease kinetics and development of pathogenic effects among the dead fish (i.e., a combination of resistance and tolerance characteristics). It should
be emphasized that in many situations, the actual states of surviving fish (infected and recovered, uninfected, or having
cleared the pathogen) remain unknown. We will discuss how this missing information can reduce the accuracy of genetic
parameters in breeding programs further in a later section.
Phenotypic characteristics correlated to resistance that would predict the resistance of an individual without the need of
disease exposure would be convenient alternatives to infectious challenges. In rainbow trout, Quillet et al. (2001, 2007a)
demonstrated that the in vitro proliferation of viral hemorrhagic septicemia (VHS) virus on fin tissue explants is positively
correlated to fish survival after immersion infection with the virus. Similarly, Green et al. (2014) showed that an assay
measuring the antiviral activity of factors present in the hemolymph of Pacific oysters was heritable, and proposed that such
assays can be used as useful markers for selection to improve disease resistance. Such indirect indicators would also solve
the problem of pathogen carriage in surviving challenged animals and the risk that breeders transmit the disease to progeny.
Resistance phenotypes specified at the individual level could then be included in genetic evaluation to improve selection
accuracy. However, although a number of studies have attempted to find such indicators, many of them still do not meet the
requirements for effective use (i.e., consistently correlated to resistance, easy to measure on large number of candidates, and
cheap). We will see in Section 2.4 that high-throughput genomics has the potential to exploit individual genetic variation.

2.1.2 Testing for Resistance: Natural Outbreaks Versus Controlled Challenge Testing
The core issue for genetic evaluation is to be able to compare the selected candidates (individuals or families) for a
target trait. Making use of survival data from a natural outbreak, where thousands of individuals can have phenotypes,
is an attractive option as it provides the large datasets required for meaningful genetic analyses. However, controlling
experimental noise is difficult to achieve with field tests. Previous life history of the fish and environmental conditions
(diet, water characteristics, social interactions, stress, previous infections, and immune status) are likely to interfere with
the host response to infection and should be standardized. It may also be difficult to make a precise diagnostic of the
disease responsible for the epidemic under such conditions (a single pathogen or coinfection with different pathogens)
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and equally difficult to determine when the infection of an individual occurred. Two other important factors should also
be considered; incomplete exposure to infection and incomplete diagnosis of the individual status. Incomplete exposure
results in some animals not being exposed to the disease. In most cases, when incomplete exposure occurs, it is not possible to distinguish unexposed individuals from “true” resistant or recovered ones. Such individuals will be classified as
resistant, regardless of their actual genetic value for resistance. By masking the true extent of genetic variation within
the population, incomplete exposure and imprecise diagnoses of the actual states of animals regarding infection (healthy,
diseased, and recovered) result in lower heritability estimates and lower accuracy of selective breeding when survival
data after a natural outbreak is used (Bishop and Woolliams, 2010, 2014; Bangera et al., 2014). In Atlantic salmon, estimates of the heritability of resistance to infectious pancreatic necrosis (IPN) virus were shown to increase from 0.32 to
0.97 as the level of exposure increased (mortality rates from 10% to 30%, Bishop and Woolliams, 2010). Other examples
are shown in Table 2.1. In some cases, treatments are likely to be administrated to rapidly curb the epidemic, which may
result in the same bias as incomplete exposure.
For a number of pathogens (mainly viruses or bacteria), experimental infectious models have been developed, which
allow disease challenge testing in controlled conditions. Experimental infection can be induced by introducing a small
number of diseased fish into tanks with healthy fish (cohabitation challenge), by introducing a large dose of infectious particles (virus or bacteria) into the rearing water (waterborne or immersion challenge) or by directly inoculating fish through
intramuscular or intraperitoneal injection (injection challenge). In practice, immersion and cohabitation challenges are frequently used to test young fish with parasites, viral, and some bacterial diseases. Injection is efficient for most of the viral
and bacterial diseases, and is usually preferred for testing large-sized individuals.
While cohabitation or immersion challenges are expected to be representative of natural infection, this is clearly not true
for injection challenge because injections bypass the natural external barriers such as mucus, skin, or gills that are likely to
play a protective role during the very first steps of infection (Gomez et al., 2013). However, injection is a tractable route of
infection. It requires low quantities of inoculum and it is usually more efficient for inducing infection in large-sized fish.
Moreover, the process of pathogen entry into the host after immersion is subjected to stochastic variation that contributes
to higher heterogeneity in subsequent pathogen loads than the process of infection by injection (Wargo et al., 2012). In any
case, residual experimental noise (due to individual life history and/or stochastic events during infection) is unavoidable,
as illustrated by the spread of viral load or time-until-death observed within fish clonal lines, despite the fact that all fish
within a line share the same genetic background and history (Quillet et al., 2007b; Wargo et al., 2012).
Controlled challenge testing presents many advantages. Most of the experimental noise can be controlled (water quality
or temperature, health status of fish prior infection, etc.) and a standardized challenge can be optimized and reproduced in
the same manner over time. In a number of host–pathogen interactions, there is a dose–effect response, i.e., an increased
infectious dose leads to increased host morbidity (Kinnula et al., 2015). Therefore, performing a controlled challenge test
makes it feasible to modulate the infectious dose and control the severity of the challenge. This is a critical feature for the
accuracy of genetic studies. When resistance was measured as a binary trait, Vandeputte et al. (2009) demonstrated that
the highest precision of heritability estimates for resistance were obtained with intermediate survival rates (30–70%). In a
controlled infectious challenge, it is also expected that all fish are infected at the same time, making individual time-untildeath relevant for comparing individual relative resistance.
TABLE 2.1 Effect of Exposure Levels on Heritability Estimates for Resistance to Different Diseases: Examples in
Atlantic Salmon
Experimental Infection

Natural Field Outbreak

Pathogen

Infection
Route

Heritability

Prevalencea

Heritability

Prevalencea

References

IPN

Immersion

0.31 ± 0.06

∼36%

0.10

∼15%

Wetten et al.
(2007)

Aeromonas
salmonicida

Cohabitation

0.34 ± 0.13

∼70%

0.23 ± 0.05

∼35%

Gjøen et al.
(1997)

Sea louse,
Lepeophtheirus
salmonis

Immersion

0.26 ± 0.07

75 parasites/
fish

0.06 ± 0.04

<5 parasites/
fish

Kolstad et al.
(2005)

aLevel

of exposure is measured as the overall mortality rate (%) observed in the population or by the infection level (number of parasites per individual).
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There are two main concerns with the use of experimental challenge tests. The first is whether the resistance
observed during the experimental challenge can be correlated with the on-field performance (refer to Section 2.3.4
for examples). The second point concerns the practical implementation of infectious challenge tests. Tests have to
be performed in specific facilities that respect strict ethical and environment regulations (e.g., decontamination of
effluents). Implementing large scale tests with hundreds or thousands individuals for meaningful genetic studies is
expensive.

2.2 BASIC GENETIC PRINCIPLES
2.2.1 DNA, Chromosomes, and Inheritance
The smallest unit in an organism is the cell and each cell (apart from a few types, such as the red blood cells of some organisms) has a nucleus containing DNA molecules. Each individual’s DNA sequence is the basic unit affecting the genetic
or heritable component of all phenotypic traits. Watson and Crick (1953) showed that the structure of the DNA molecule
resembles a ladder twisted into a right-handed double helix. DNA consists of a string of nucleotides, adenine (A), guanine
(G), cytosine (C), and thymine (T). The order of this sequence of nucleotides provides the code, or blueprint, for the development and function of all living organisms. Overlaid on top of this basic unit of inheritance are some epigenetic factors,
which will be described in more detail below, and which act to modulate how the code of nucleotide bases is read. The DNA
nucleotide sequence codes for genes (which are transcribed into RNA that is then translated into proteins). The sections of
DNA sequence that code for proteins make up a small proportion of the overall DNA sequence. DNA sequence close to the
protein-coding sections consists of untranslated but transcribed sequence, which is believed to be important for regulating
the efficiency of translation, stability of the mRNA, and other functions. A large portion of the noncoding DNA consists
of intervening sequence that is never transcribed, but which could be involved in “packaging” of the DNA, or have other
functions which are not known as yet.

2.2.2 Genetic Variation
Most of the DNA in living organisms is packed into bodies called chromosomes (Fig. 2.1). The DNA in each chromosome consists of two strands which split apart and are replicated during mitosis and meiosis. Most fish and shellfish
are diploid, meaning that the chromosomes exist in matching pairs, one of each pair is inherited from the father and
one of each pair from the mother. With the division of cells during mitosis, each new cell receives an entire copy of
all of the chromosome pairs from the parent cell. With meiotic divisions to form gametes, each gamete receives just
one of each chromosome pair (half the DNA from the parent cell). During the process of meiosis, the pairs of chromosomes align, and a shuffling of sections from each chromosome pair can occur in a process known as recombination. Therefore, there are effectively three main processes that affect what variants of each gene are inherited by an
individual from its parents:
1.	the random splitting of chromosome pairs into gametes;
2.	recombination during meiosis shuffling corresponding sections of DNA sequence between chromosome pairs; and
3.	gamete fertilization where new combinations of chromosome pairs form to create a new diploid individual.
In addition, there are occasional mutations that occur to change the sequence of particular genes, and there may be gross
rearrangements of the order, or splitting/fusion of chromosomes, that all could induce genetic variability within a population and the phenotypic variability of particular individuals within the population.
In diploid organisms the chromosomes, and therefore the genes the chromosomes contain, appear in pairs, one copy
of each gene is inherited from the female parent and one copy from the male parent. The effect of the two alleles for each
gene is sometimes additive, in that the total effect of the alleles at each genetic locus approximates the average of the effects
caused by each allele. In other cases, one allele may show complete dominance over another (known as dominant or recessive alleles, respectively) to influence the effect on the trait.
In most instances, traits such as the ability of an individual to resist and/or tolerate disease are likely to be affected by
many genes, most of which have a small overall effect on resistance and a few of which have a moderate to large overall
effect on resistance (Hayes and Goddard, 2001). Because the additive effect of numerous genetic loci determines the extent
of resistance, and because the extent of resistance is continuous, like a sliding scale, the disease-resistance trait is known as
a quantitative trait, even though it can result in a binary phenotype (e.g., dead or alive).
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FIGURE 2.1 Schematic showing a DNA molecule (A) and a set of chromosomes (B). The DNA molecule consists of two polynucleotide strands that are
held and aligned by hydrogen bonds that form between adjacent bases (adenine with guanine and cytosine with thymine which are represented as bases A, G,
C, and T, respectively). In diploid organisms the chromosomes exist in pairs. In the schematic the organism has 2n = 14 pairs of chromosomes. During normal
cell division (mitosis) each chromosome (n = 28 in schematic) can be seen to consist of two chromatids held together by their centromeres.

The development of an animal depends not only on its genes or genotype but also on the environmental conditions
it experiences during its lifespan. So the phenotype (P, which is the appearance of the trait) may be simply described as
follows:
Phenotype (P) = Genotype (G) + Environment (E)

where G is the genotypic effect
( )and E is the environmental effect on the trait. To characterize a trait (x) in a population
of animals the mean or average Ẋ is used to describe its value. The average alone does not give sufficient information
about the trait. We need to know about the difference or variation between animals which is symbolized by sigma (σ2) and
estimated as follows:
(
)2
σ2 = sum of Ẋ − x /N − 1

where N is the number of individuals
( 2 ) measured.
(
)
σ P can be simply described as the sum of the genetic σ2 G and environmental variance
The
total
phenotypic
variance
( 2 )
σ E components as follows:
σ2 P = σ 2 G + σ 2 E
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The total genetic variance can be further divided into several parts:
σ2 G = σ 2 A + σ 2 D + σ 2 I

where σ2 A is the additive genetic variance, σ2 D is the dominance variance, and σ2 I is the epistatic variance (allelic interactions between different loci). The sum of dominance and epistatic variance is called nonadditive genetic variance, the
majority of which is due to dominance (Falconer and Mackay, 1996).

2.2.3 Heritability
Traits included in the breeding goal are usually quantitative traits controlled by a number of genes each with small effects.
However, some major genes have been recently found for some diseases. Heritability (h2) which ranges from 0 to 1,
describes the ratio of genetic variance to total phenotypic variance:
h2 = σ2 G /σ2 P

The heritability in the broad sense will not describe breeding values correctly since a part of σ2 G can include nonadditive
genetic variance, which is not transmitted to offspring. Of greater relevance to animal breeding is heritability in the narrow
sense, which describes the ratio of the additive genetic variance to the phenotypic variance:
h2 = σ2 A /σ2 P

Heritability is an important parameter in breeding theory because it expresses the amount of additive (heritable) genetic
variation for a trait. High heritability indicates that it is possible to obtain high genetic gain for a trait when that trait is
included in the goal of a breeding program. Some estimates are shown in Table 2.2.

2.2.4 Inbreeding
Inbreeding is defined as the mating of animals that share a recent common ancestor, e.g., mating parents with offspring,
mating full- or half-siblings. Mating relatives leads to an increased homozygosity in the population (an animal is homozygous at a particular locus when its genotype has identical alleles, e.g., AA or aa). Inbreeding has two detrimental effects.
It makes the animals more similar and thus reduces the genetic variation in the population such that the population has a
reduced potential for genetic gain. Inbreeding also results in reduction of overall performance (including robustness and
survival) and may uncover undesirable recessive genes, which may be lethal when homozygous (Fjalestad, 2005). It is
therefore important to keep records of relationships between animals and avoid mating relatives in a breeding population.

2.2.5 Correlation Between Traits
In some cases, the variation in one trait is associated (positively or negatively) with the variation of another trait, i.e.,
traits are correlated. This correlation between phenotypes (phenotypic correlation) is caused by the underlying correlation
between genotypes (genetic correlation) and between environments (environmental correlation). Some estimates are given
in Table 2.3. A high genetic correlation means that selection for one trait will modify the genetic value for the second trait,
in a favorable or adverse direction according to the sign of the correlation.

2.3 SELECTIVE BREEDING TO IMPROVE RESISTANCE
2.3.1 General Processes in Relation to Diseases
For a breeding program, we first need to determine if the traits of interest are heritable and can be selected, and we then
need to estimate the underlying additive genetic effect on disease resistance for the animals that have been “earmarked”
for breeding (known as the breeding candidates). It is not possible to determine the relative resistance or susceptibility of
animals if they have not been exposed to the disease. It is therefore particularly difficult to assess the level of resistance of
potential breeders because such animals need to be maintained in a healthy (preferably, disease-free) condition for reproduction and to avoid the transmission of the disease to the broader selected population. The resistance measured for the near
relatives (full- and half-siblings) of potential breeders after controlled exposure to the disease (a challenge test) provides
data that can be used to predict the genetic value of the potential breeders for resistance.
Challenge testing of both fish and shellfish yields useful data for making breeding value predictions because such species typically have high fertility and can produce both full- and half-sibling families.
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TABLE 2.2 Heritability for Survival and Resistance to Diseases
Species and Traits

Heritability

References

Atlantic cod:

0.00

Gjerde et al. (2004)

Atlantic salmon:

0.08

Standal and Gjerde (1987)

0.08 (0.02)

Rye et al. (1990)

Common carp:

0.34 (0.09)

Nielsen et al. (2010)

Nile tilapia:

0.08

Eknath et al. (1998)

0.03–0.14

Charo-Karisa et al. (2006)

0.12

Rezk et al. (2009)

Rainbow trout:

0.16 (0.03)

Rye et al. (1990)

Rohu carp:

0.16

Gjerde et al. (2002)

Black tiger shrimp, Penaeus monodon:

0.21 (0.06)

Krishna et al. (2011)

Pacific white shrimp, Penaeus vannamei:

0.04

Gitterle et al. (2005a)

0.00–0.06

Caballero-Zamora et al. (2015)

0.11

Jonasson et al. (1999)

Vibriosis, Vibrio anguillarum

0.08–0.17

Kettunen et al. (2007a)

VNN

0.43–0.75

Ødegård et al. (2010b)

ISAV

0.21–0.32

Ødegård et al. (2007a)

Vibriosis:

0.12 (0.05)

Gjedrem and Aulstad (1974)

Vibrio salmonicida

0.13 (0.08)

Gjedrem and Gjøen (1995)

Furunculosis, Aeromonas salmonicida

0.48 (0.17)

Gjedrem et al. (1991)

Furunculosis

0.16 (0.12)

Gjedrem and Gjøen (1995)

Furunculosis

0.59–0.63

Ødegård et al. (2006)

Furunculosis

0.43 (0.02)

Ødegård et al. (2007b)

Furunculosis

0.59 (0.06)

Olesen et al. (2007)

Furunculosis

0.62

Kjøglum et al. (2008)

Furunculosis

0.47

Gjerde et al. (2009)

BKD

0.23 (0.10)

Gjedrem and Gjøen (1995)

Sea louse, Lepeophtheirus salmonis

0.25 (0.07)

Kolstad et al. (2005)

Sea louse, Caligus elongatus

0.22

Mustafa and MacKinnon (1999)

AGD, first infection

0.14 (0.02)

Kube et al. (2012)

AGD, second infection

0.23–0.40

Kube et al. (2012)

0.51 (0.03)

Perry et al. (2004)

General Survival

Red abalone, Haliotis rufescens:
Resistance to Specific Diseases
Atlantic Cod:

Atlantic Salmon:

Brook Char:
Furunculosis, A. salmonicida

Continued
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TABLE 2.2 Heritability for Survival and Resistance to Diseases—cont’d
Species and Traits

Heritability

References

Furunculosis, A. salmonicida

0.14 (0.11)

Beacham and Evelyn (1992)

Vibriosis, V. anguillarum

0.08 (0.05)

Beacham and Evelyn (1992)

Vibriosis, V. ordalii

0.10 (0.06)

Beacham and Evelyn (1992)

Furunculosis, A. salmonicida

0.07 (0.05)

Beacham and Evelyn (1992)

Vibriosis, V. anguillarum

0.06 (0.16)

Beacham and Evelyn (1992)

Vibriosis, V. ordalii

0.14 (0.11)

Beacham and Evelyn (1992)

Furunculosis, A. salmonicida

0.00 (0.12)

Beacham and Evelyn (1992)

Vibriosis, V. anguillarum

0.00 (0.07)

Beacham and Evelyn (1992)

Vibriosis, V. ordalii

0.11 (0.10)

Beacham and Evelyn (1992)

VHSV

0.69 (0.25)

Chevassus and Dorson (1990)

NHIV

0.05–0.51

Yamamoto et al. (1991)

Red mouth disease, Yersinia ruckeri

0.42

Henryon et al. (2005)

BCWD, Flavobacterium psychrophilum

0.43

Henryon et al. (2005)

BCWD

0.39

Silverstein et al. (2009)

BCWD

0.22 (0.03)

Leeds et al. (2010)

BCWD

0.45

Vallejo et al. (2010)

Columnare disease, F. columnare

0.17 (0.09)

Evenhuis et al. (2015)

Helminth, Diplostomum spp.

0.35 (0.09)

Kuukka-Anttila et al. (2010)

0.04 (0.03)

Ødegård et al. (2010a)

0.03–0.39

Das Mahapatra et al. (2008)

012–0.45

Antonello et al. (2009)

0.28 (0.14)

Argue et al. (2002)

Chinook Salmon:

Chum Salmon:

Coho Salmon:

Rainbow Trout:

Common Carp:
Aeromonas hydrophila
Rohu Carp:
A. hydrophila
Gilt-head Sea Bream:
Pasteurellosis, Photobacterium damselae
Pacific White Shrimp, P. vannamei:
Taura syndrome virus
Taura syndrome virus:

•

Susceptibility

0.41 (0.07)

Ødegård et al. (2011)

•

Endurance

0.07 (0.03)

Ødegård et al. (2011)

White spot syndrome virus

0.03–0.07

Gitterle et al. (2005b)

Survivala

0.52 (0.03)

Degremont et al. (2015b)

OsHV-1 virus

0.49–0.61

Degremont et al. (2015a)

Pacific Oyster:

aSurvival

associated to OsHV-1 viral infection.

TABLE 2.3 Genetic Correlations Among Disease Resistances and Between Production and Disease Resistance Traits in Some Species
Traits Diseases

ISA

IPN

−0.10a

IHN

Furunculosis

Vibriosis, Vibrio
salmonicida

BCWD

Growth

Feed Efficiency

0.12–0.15b

−0.14 to −0.33c

−0.01 to −0.22c

−0.11a
NSl

VHS

Red Mouth
Disease

−0.06 to −0.11b
0.07a; 0.15i −0.05
to −0.11d

ISA

−0.24d

−0.03g
−0.55 to −0.64k

WSSV
0.10 to 0.18d

Furunculosis
−0.05d

BCWD

Columnaris

0.10–0.36d

0.91d

−0.07 to −0.23b

0.09 to −0.10,
NSf; −0.15 to
−0.18l
0.35m

−0.16 to −0.19,
NSm

Pasteurellosis,
Photobacterium
damselae

0.61h

Eye fluke,
Diplostomum sp.

0.08 to 0.72j

aAtlantic

salmon (Kjøglum et al., 2008).
trout (Henryon et al., 2005).
trout (Henryon et al., 2002).
dAtlantic salmon (Gjøen et al., 1997).
eBrook trout (Perry et al., 2004).
fRainbow trout (Silverstein et al., 2009).
gAtlantic salmon, Sissel & Kløglum, cited in (Moen et al., 2007).
hGilt-head bream (Antonello et al., 2009).
iAtlantic salmon (Ødegård et al., 2007b).
jRainbow trout (Kuukka-Anttila et al., 2010).
kWhite shrimp (Gitterle et al., 2007).
lRainbow trout (Verrier et al., 2013b).
mRainbow trout (Evenhuis et al., 2015).
bRainbow
cRainbow
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2.3.2 Heritability of Disease Resistance and Survival Traits
Table 2.2 provides some estimates of heritability for resistance to different diseases for a number of species. Overall heritability of general survival in the absence of controlled challenge testing is low (0.12, 14 estimates), which is not surprising
because, as discussed previously, many environmental factors affect the health of animals during their lifetime.
Of the 45 estimates of heritability for resistance to specific diseases listed in Table 2.2 most are for bacterial or viral diseases, but
some parasitic diseases have also been studied (AGD, sea lice, etc.). Altogether, the diseases exhibit moderate to high heritability (overall
average 0.27, ranging from 0.00 to 0.69) in most cases giving good prospects for efficient selection to improve resistance.

2.3.3 Response to Selection for Survival and Disease Resistance
Most estimations of response to selection have been obtained for experiments using family-based selection and controlled infectious challenge tests. However, the first successful selection for resistance to a disease may be the mass
selection carried out in Japan, after a sudden outbreak of IPN virus among rainbow trout in 1965 (Okamoto et al.,
1993). More than 90% mortality was recorded among the affected brood stock. Survivors and their progeny were used
for reproduction until 1973. At that time, no mortality was observed, despite the virus being still detected in the farm
environment. A highly resistant line was created using a single pair of parents in 1973, and testing of five generations
derived from this isolate (with comparison to control lines) has shown that the resistance to IPNV is stable and has a
strong genetic basis. The narrow genetic base that has come about as a result of this work could have negative consequences (loss of genetic variation and inbreeding depression for fitness) and this may be why further dissemination
of this line was hindered.
Table 2.4 gives estimates of genetic gain for some disease-resistance traits. The genetic gain achieved with selection for
survival averages 7.6% per generation. The average genetic gain achieved for resistance to the six diseases listed is relatively high at 14.3% per generation, excluding resistance to the white spot syndrome virus (WSSV) in shrimp (1.7% per
generation, which can be explained by the strong negative genetic correlation between growth rate and WSSV, see Section
2.3.4). This high average genetic gain in disease resistance is consistent with heritability estimates and is very promising
for the future development of aquaculture production.

2.3.4 Combining Resistance to Diseases and Production Traits in Breeding Objectives
It is important to consider the genetic correlations among traits of interest when designing a selection strategy. In the ideal
case, if two target traits share some common genetic determinism, then the correlation will be positive and selection for one
trait will provide genetic gain for the other. Genetic progress is still possible when the genetic correlation is negative, but
this requires special care and, in any case, will lower the genetic gain for both traits.

2.3.4.1 Correlations With Production Traits
In most selective breeding programs production traits (such as growth rate, fillet yield, and meat quality) are the primary
traits considered for selection. Fortunately, most reports of correlations between growth rate and resistance to different
diseases are positive (such that as growth rate increases, disease resistance also increases, Table 2.3).

2.3.4.2 Correlations Among Resistance to Different Diseases
The nature of the genetic correlation between resistances to different diseases is another issue. It is possible that different pathogens will trigger different host immune mechanisms with possible antagonism depending on the pathogens involved. In such a situation, selecting for increased resistance to a given pathogen might increase the genetic
susceptibility to another pathogen. However, as shown in Table 2.3, there is no current evidence to support the occurrence of such negative correlations in fish or shellfish. In most of the studied cases, correlations are weak, indicating that resistances for different diseases (whether viral, bacterial, or parasitic) can be selected independently. Two
cases of positive correlation have been recorded, between diseases caused by close bacterial species [Flavobacterium
sp. responsible for bacterial cold water disease (BCWD) and columnaris, and Vibrio sp., responsible for vibriosis,
Table 2.3].
Another important consideration is that genetic variability is present not only in the host populations but also in the
pathogen populations. It is well known that viral or bacterial isolates exhibit variable virulence (affecting the severity of the
disease in a given host). Differences in virulence reflect differing virulence mechanisms (McBeath et al., 2015, for example)
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TABLE 2.4 Examples of Genetic Gain Obtained
Genetic Gain (% per
Generation)

Number of
Generations

References

Pacific white shrimp, Litopenaeus vannamei

5.7

4

Gitterle et al. (2007)

Nile tilapia

8.8

2

Rezk et al. (2009)

Blue tilapia

8.4

4

Thodesen et al. (2012)

Red tilapia

5.0

4

Thodesen et al. (2013)

Giant freshwater prawn, Macrobrachium rosenbergii

1.1

6

Luan et al. (2014)

Small abalone, Haliotis diversicolor

4.1

4

Liu et al. (2015a)

20.2

4

Degremont et al. (2015b)

18.7

1

Storset et al. (2007)

19.0

2

Leeds et al. (2010)

White spot syndrome

1.7

4

Gitterle et al. (2007)

White spot syndrome

6.3

4

Huang et al. (2012)

Taura syndrome

12.4

1

Fjalestad et al. (1997)

Taura syndrome

18.4

1

Argue et al. (2002)

11.0

2

Nell and Hand (2003)

Trait, Species
General Survival:

Pacific oyster, G.

gigasa

Resistance to Specific Diseases:
Atlantic Salmon:
IPN
Rainbow Trout:
Vibriosis, Vibrio salmonicida
L. vannamei:

Sydney Rock Oyster, Saccostrea glomerata:
QX parasite, Marteilia sydneyi
aSurvival

associated to OsHV-1 viral infection.

which are likely to trigger specific host immune responses. Genetically improved stocks selected for resistance may therefore not express all the expected improvement if they are distributed in geographic areas where the genetic characteristics
of the pathogen differ to the isolate used for experimental challenge tests. So far, only a few studies have addressed this
issue.

2.3.4.3 Correlation Between Survival in the Field and Survival After Experimental Disease
Challenge
Breeding values for resistance estimated using challenge test data will be of little value if they are not highly correlated
with the performance of animals exposed to the disease under farm conditions. Although few results are available so
far, high correlations (∼0.8 or higher) have been recorded between field mortality and viral (Wetten et al., 2007; Storset
et al., 2007), bacterial (Gjøen et al., 1997), and parasitic (Kolstad et al., 2005) diseases. In the same line, a farm trial performed with rainbow trout lines selectively bred for varying resistance to BCWD in laboratory challenge provided evidence of genetic improvement under production conditions (Wiens et al., 2013a). Lower correlations between response
to experimental and field challenges may occur because of differences in the overall environment, or due to differences
in the conditions under which the animals became infected (prevalence of the pathogen, uniformity of exposure, differences between pathogen strains or isolates, and the possibility of the existence of specific virulence mechanisms) as
exemplified by Wiens et al. (2013a).
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TABLE 2.5 Disease Resistance in Breeding Objectives for Selection of Atlantic Salmon: The Example of AquaGen AS
Breeding Program
Year

Disease Traits

Selection Criteria

1990

Furunculosis

Sibs survival (experimental challenge)

1995

Furunculosis, ISA

Sibs survival (experimental challenge)

2001

Furunculosis, ISA, IPN

Sibs survival (experimental challenge)

2013

Furunculosis, ISA, IPN, sea lice

Sibs survival and lice count (experimental challenge)

2015

ISA, IPN, sea lice, Piscirickettsiosis, winter sore

Sibs survival (experimental challenge), lice count (experimental challenge) + individual molecular information for IPN

In 2002, there had been seven generations of selection. Altogether, disease resistance represented 30% of selection index. The first molecular information
(QTL markers) was introduced in 2007 for IPN and the first generation of QTL-IPN fish from AquaGen was introduced in 2009.
According to Midtlyng, P.J., Storset, A., Michel, C., Slierendrecht, W.J., Okamoto, N., 2002. Breeding for disease resistance in fish. Bulletin of the European
Association of Fish Pathologists 22, 166–172; Moen, T., Baranski, M., Kent, M., Kjøglum, S., Lien, S., 2009b. Quantitative trait loci (QTL) for use in the
AquaGen breeding programme for Atlantic salmon. In: Tenth International Symposium on Genetics in Aquaculture. Bangkok, Thailand; and http://aquagen.
no/en/.

2.3.5 Resistance to Diseases in Selection Programs Worldwide
The first large-scale breeding programs for aquaculture species were implemented in Norway for Atlantic salmon and
rainbow trout (Gjedrem, 2010). Rye et al. (2010) and Neira (2010) surveyed fish breeding programs worldwide and cataloged multiple breeding programs running for Atlantic salmon (Norway, Canada, Ireland, Scotland, Chili, and Iceland) and
rainbow trout (Norway, France, USA, Chili, and Finland). Breeding programs have also been implemented for coho and
chinook salmon, Arctic char, and for several marine species (sea bass, sea bream, cod, turbot, etc.). For warm water species,
tilapia (25–30 programs) and common carp (8 programs) were the most selected species, but selection is also being implemented for other species such as catfish and rohu. 1 mussel, 11 shrimp, and 5 oyster breeding programs were identified by
these surveys. Gjedrem et al. (2012) estimated based on the previous reviews that about 8.2% of aquaculture production
was based on family-based breeding programs.
The first generations of the Atlantic salmon and rainbow trout selective breeding programs focused on growth rate and
quality traits. Disease-resistance traits were first included in the 1990s, with the beginning of family selection for furunculosis in Atlantic salmon and more diseases (infectious salmon anemia or ISA, IPN, Piscirickettsiosis, and winter sores) have
been gradually included since then (Table 2.5).
Selection for disease resistance is most often a form of family selection, where the breeding value of candidate breeders
is estimated using data from the survival of siblings during an experimental infectious challenge. The first trait, for which
individual molecular information was introduced, is resistance to IPN in Atlantic salmon, for which candidates are genotyped for markers associated to resistance (Table 2.5, discussed in Section 2.4.6).

2.4 APPLICATION OF NEW BIOTECHNOLOGIES
Major advances over the last decade have made it more feasible to search the entire genome for genetic associations with
disease resistance and other traits. A number of companies offer services to sequence whole genomes, or transcriptomes, at
a price and speed that was unimaginable 10–20 years ago. The new sequencing technologies can also be used to resequence
or genotype large families of individuals for multiple single nucleotide polymorphisms (SNPs) which are single base variants in the genome, some of which could be associated with, or directly affecting, the trait of interest. Modern computer
systems have capacity and power of analyzing many terabytes of data using complex algorithms and many software packages for the analysis of genomic data are becoming available.
These developments in high-throughput genomic biotechnologies have great potential for improving the accuracy and
accelerating the rate of genetic improvement. They could make it possible to directly assess the genetic value of breeding candidates. For traits that can be directly measured on candidate breeding individuals at low cost, and before animals reach sexual
maturity (such as growth rate in most instances), the benefit–cost ratio associated with the development and application of the
new technologies is probably low (Jonas and De Koning, 2015; Hayes et al., 2007). However, in the case of disease resistance,
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individuals that were challenge-tested with the stress, even if they survive the challenge, are generally compromised, and
cannot normally be used for breeding. Therefore, the economic benefits from the improved genetic gain in disease resistance
achieved by applying these technologies could outweigh the costs in instances where disease resistance is concerned. Such
technologies could also lead to a greater understanding of the genetic architecture of disease resistance and help to identify
genes involved in immune defense mechanisms and consequently result in new developments for the treatment of sick fish,
prevention of infection, or reduced transmission of disease.
In this chapter, we will use examples to outline some of the major approaches that are under development or being taken
to apply new biotechnologies to the improvement of disease resistance in fish. First, it is necessary to perform experiments
to find genes or markers that are associated with disease resistance. The most effective way to do this is by using linkage
mapping analysis or genome-wide association testing. Gene expression analysis could be informative as the expression
of whole pathways of genes can be regulated in response to infection, or could differ between susceptible and resistant
individuals. Indirect ways through which the molecular data can facilitate the improvement of disease resistance include
utilizing information about genomic relationships to apply tighter limits on inbreeding (Sonesson et al., 2012) and provision of population genetic data which can be utilized to maximize the genetic diversity captured when initiating a breeding
program (Gibson and Bishop, 2005).

2.4.1 Measuring Variation in the Nucleotide Sequence of DNA
Variation in the DNA sequence can directly affect the phenotype or disease resistance of an individual. It can also be used
as a “marker” to map where on the chromosomes the causative mutations affecting the phenotype occur and to select animals containing favorable variants at the loci affecting disease resistance. A number of methods have been used to assay
DNA variation in the genome. Probably the most popular way to find DNA variation is now to use one of the numerous
forms of high-throughput genome sequencing to compare the nucleotide sequence at the same positions of the genome
between a number of different individuals in the population. Complete genome sequencing might be the most popular
option in the future for both finding genetic variants, and for genotyping large numbers of individuals for these variants,
depending on how low the cost of sequencing can go. Options that are often employed for detecting variation (at the time
of writing this chapter) are to sequence all the transcribed sequences (e.g., mRNA-seq used to detect polymorphisms in
rohu, Robinson et al., 2012), to limit the sequencing to the ends of a set of fragments created using restriction enzyme
digestion of the DNA (e.g., RAD-sequencing), or combinations of such approaches (Houston et al., 2014).
The sequencing can be used to identify variation in the occurrence of bases (A, C, G, or T) at single base positions in the
DNA molecule, otherwise known as single nucleotide polymorphisms (SNPs). In some cases (such as RAD-sequencing) it
might be worth sequencing all the individuals in the experiment in a single pass and using the sequence itself as genotypes,
in other cases (such as mRNA-seq) it is usually more efficient to use the first pass sequence from a few individuals to
design a number of assays, and to test the variants inherited by numerous individuals in the experiment using an alternative
methodology (e.g., SNP chip methods).
The output from the DNA sequencer consists of many short contiguous stretches of DNA sequence. If paired ends
are sequenced, the DNA (or RNA) fragment is sequenced from both ends. The stretches of sequence overlap in many
cases, and the areas of common overlap allow the sequence to be assembled into contiguous longer stretches of sequence
known as contigs (Fig. 2.2A). In cases where paired ends of the fragments of DNA have been sequenced, although there
may not be complete overlap of sequenced ends, some of the contigs can be further assembled into common scaffolds.
The assembly process can make use of an existing “reference” sequence, which might be a whole genome or transcriptome sequence for the same or a related species, to provide a template for guiding the assembly, or the assembly can be
performed “de novo,” in which case there is no reference sequence, and each stretch of sequence must be compared with
every other stretch of sequence to look for areas of alignment. There needs to be some allowance made for redundancy
built into the assembly criteria so that sequence containing polymorphisms (e.g., at single base positions) can be aligned,
and so that occasional sequencing errors do not disrupt the alignment. After the assembly, and some quality control,
information will be available about the sequence called at each position in each unique contiguous stretch of sequence.
Variation in the call of the sequence at particular positions in a contig could be due to true genetic variation between chromosome pairs or individuals, or could be due to sequencing or assembly error. A number of criteria are used to select positions that
are most likely to contain true genetic variants (or single nucleotide polymorphisms, SNPs). These include limits on the frequency
of the less frequent allele, number of occurrences of the less frequent allele and quality score at the sequence position. Animals
can then be genotyped using a set of putative SNPs to determine which are true genetic variants and these validated SNPs can
be used for further testing and analysis. A putative SNP is highlighted by a yellow box in Fig. 2.2B. The minor allele frequency
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FIGURE 2.2 Assembly of paired end sequence. With paired end sequencing, small regions of the two ends of each RNA or DNA fragment are
sequenced [shown in green (gray in print versions)]. Assembly software searches through the sequenced end regions of each DNA fragment for areas
of alignment with other sequenced fragments. The connection between each paired end to the same RNA or DNA fragment is taken into account when
assembling the sequence. The final assembly consists of contiguous stretches of sequence (contigs) which are sometimes linked to other contigs by a
matching pair end into what is called a scaffold (A). The result for each contig (B) is a consensus sequence (top) and its member paired end sequence
fragments (below) which can be used to detect likely single nucleotide polymorphisms [highlighted in a yellow box (light gray in print versions) with
alternative bases in red (dark gray in print versions) and green (gray in print versions)].

(of the G allele in this example) is 0.47, close to 50%. Also, the minor allele was sequenced nine times, giving some confidence
that this is a true SNP. Fourteen bases to the right, the consensus base is a C, and a G is called for one sequence fragment at this
position (minor allele frequency 0.05). This difference is therefore less likely to be a true SNP and may be caused by a sequencing
error or error in the call of the base by the program.

2.4.2 Linkage Mapping and Genome-Wide Association
An undergraduate student of Thomas H. Morgan, Alfred H. Sturtevant, discovered that genes are positioned along
chromosomes and made the first genetic linkage map (Sturtevant, 1913). This was one of the key discoveries that now
allows us to find genetic variation associated with traits of interest such as disease resistance. The closer two SNPs are

Improvement of Disease Resistance by Genetic Methods Chapter | 2

35

positioned on the chromosome, the less the chance that recombination will occur between the two, and the tighter the
linkage between the SNPs. This relationship between the distance along the chromosome and the frequency of recombination, coupled with the ability to find and genotype different individuals for large numbers of genetic variants spaced
throughout the genome, is what allows us to map the position of genes, SNPs, or quantitative trait loci (QTL) affecting
disease resistance along the chromosome (the unit of measurement known as a centimorgan, cM, is the distance at which
the frequency of recombination is 1%). Two general forms of analysis are commonly used to map variation affecting
traits such as disease resistance, linkage analysis (LA), and genome-wide association (GWAS) (Londin et al., 2013).
Fig. 2.3 gives a simplified case to illustrate how LA or GWAS works. In the case of linkage analysis, large full- or
half-sibling families are used to look for associations between the measure of disease resistance (e.g., days survival)
and the inheritance of alleles at loci spread throughout the entire genome (e.g., evenly spaced SNPs mapping to every
chromosome). The example shows a chromosome containing an SNP and its inheritance in relation to a gene affecting
the trait disease resistance. The sire possesses SNP alleles C and G. One allele (e.g., C) occurs on the paternally derived
chromosome. The alternative allele (G) occurs on the maternally derived chromosome. Mapping near the position of
the SNP on this chromosome is a gene affecting disease resistance. The progeny of this sire inherit either the favorable
(+ve) allele which boosts disease resistance or the unfavorable (−ve) allele which makes animals more susceptible to
the disease. If the SNP on this chromosome maps very closely to the gene affecting resistance, such that there is no
recombination breaking the link between the SNP and the gene, then all of the progeny inheriting the C allele at the SNP
locus will also inherit the +ve allele at the gene locus. Conversely, all progeny inheriting the G allele at the SNP locus
will inherit the −ve allele at the gene locus. If the size of the effect of this particular gene on disease resistance is large,
it should be possible to detect a strong association between the level of disease resistance (number of days of survival
postinfection) and the inheritance of alleles at the SNP locus. If the SNP and the gene are very close, there may be no or
little recombination between the SNP and the gene, and this lack of recombination between the SNP and the gene could
go back several generations, so the same relationship between the SNP and the gene (same linkage phase) exists even
among distant relatives in the general population.
However, if the SNP is located further away from the gene on this chromosome there may be a low level of recombination breaking the linkage between the SNP and the gene. For instance, if recombination occurs in 10% of cases of
meiosis, such that the SNP and the gene map 10 cM apart, then about 10% of the progeny inheriting the C allele will
receive the −ve form of the gene and about 10% of progeny inheriting the G allele will inherit the +ve form of the gene.
So, the further the SNP maps from the gene, the greater the chance that recombination will break up the linkage between
the SNP and the gene, and the weaker the association will be with disease resistance. Linkage analysis uses information
about the distance between the markers and the gene, and the strength of association between the SNPs and the gene to
estimate the position of the gene on a chromosome map. Fig. 2.4 shows an example of QTL associated with hours of
survival to white spot syndrome virus resistance infection in Penaeus vannamei (Robinson et al., 2014b). One QTL was
found to map to a position 55 cM along linkage group 17 and was closely linked to an SNP coding for mitogen activated

FIGURE 2.3 Schematic showing the inheritance of a chromosome containing an SNP mapping close to a gene affecting disease resistance. In
this example, progeny inheriting the “C” allele at the SNP are likely to also inherit a closely linked gene allele with a positive effect on disease resistance,
whereas, progeny inheriting the “G” allele at the SNP inherit a gene allele making them more susceptible to the disease.
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FIGURE 2.4 Detection of quantitative trait loci affecting white spot syndrome virus resistance in Penaeus monodon. Result of linkage analysis on
linkage group 17 showing statistical significance marked on the y-axis and position in centimorgans on the x-axis (A), position [red boxes (dark gray in
print versions)] of SNP loci significantly associated with resistance on linkage group 17 relative to an SNP in the mitogen activated protein kinase gene
[green box (light gray in print versions)] (B) and boxplot of hours survival for animals with alternative SNP genotypes (AA, AC, or CC) for an SNP mapping to linkage group 22 (C). Data from Robinson, N.A., Gopikrishna, G., Baranski, M., Katneni, V.K., Shekhar, M.S., Shanmugakarthik, J., Jothivel, S.,
Gopal, C., Ravichandran, P., Gitterle, T., Ponniah, A.G., 2014b. QTL for white spot syndrome virus resistance and the sex-determining locus in the Indian
black tiger shrimp (Penaeus monodon). BMC Genomics 15, 731.

protein kinase (Fig. 2.4A and B). Resistance to this particular disease is likely to be controlled by many genes and a
noticeable trend in hours survival for different genotype combinations across families was observed for some SNPs (e.g.,
SNP, 18472_352, Fig. 2.4C).
Because there are likely to be many genes affecting resistance, and because most of these genes will have weak effects
on the trait, we need to genotype many animals for many SNPs to detect associations with disease resistance. This increases
the chance of having an SNP that maps near the gene affecting disease resistance and increases the power of the experiment
for detecting association between disease resistance and the inheritance of alleles for one or more SNPs.
If a very dense set of markers is available, then it will be likely that the genes with a strong effect on the trait will have
a nearby mapping SNP in complete linkage disequilibrium with the gene. This means that if we trace back through history
to the common ancestors of the individuals in this population, there will have been no recombination between the gene and
the SNP. The history of the population determines the extent of the linkage disequilibrium in the mapping population. If the
extent of linkage disequilibrium is relatively high, and if large numbers of individuals and SNPs are included in the experiment, it will be possible to use a population for mapping where there are quite distant relationships between individuals to
find what are known as genome-wide associations (reviewed by Slatkin, 2008).
Research to find QTL associated with disease resistance in fish and shellfish over the last 15 years is summarized
in Table 2.6. Most published research to date has been concerned with viral diseases in Atlantic salmon, but the same
approaches are applicable to all species. Many QTL controlling disease resistance have been identified so far. In a number
of cases, genes that are believed to affect immune function map closely to QTL, although in the vast majority, the causative
genes/mutations are not precisely identified yet.

TABLE 2.6 Summary of Research Over the Last 15 Years (2000–15) to Find QTL Affecting Disease Resistance in Fish and Shellfish
Disease Agent

Approach

Associations Detected

References

B1 backcrosses.

10 Regions.

Gilbey et al. (2006)

39 Microsatellite markers.

Explained 27.3% of total phenotypic variation.

Linkage disequilibrium–based test for deducing QTL allele.

Putative causal SNP identified in gene cdh1.

Moen et al. (2015)

Genome-wide scans:
1.	Sire-based QTL analysis used to detect
linkage groups with significant effects, 2–3
microsatellites/linkage group.
2.	Female-based analysis using additional
markers for significant linkage groups.

A single QTL on linkage group 21 was found to
explain almost all the genetic variation in IPN
mortality.

Houston et al. (2008a,b),
Gheyas et al. (2010),
and Houston et al.
(2010)

Genome-wide scan using microsatellite
markers distributed across the genome.

1 Major QTL.

340 amplified fragment length polymorphisms. Three stage screen:
1.	Transmission disequilibrium test (TDT)
using dead offspring from a challenge test.
2.	Mendelian segregation test using genotyped survivors.
3.	Significant TDT markers used for withinfamily survival analyses using all offspring.

2 Markers were significant at p < .05.

Moen et al. (2004)

Follow-up validation of Moen et al. (2004)
using more family material and interval
mapping.

Previous QTL confirmed in the new data set.

Moen et al. (2007)

Follow-up of Moen et al. (2004, 2007) using
bacterial artificial chromosome (BAC) clones
and three contigs from the Atlantic salmon
physical map.

Identified candidate genes based on differential
expression profiles from ISA challenges or on the
putative biological functions of proteins. Gene
HIV-EP2/MBP-2 was implicated.

Li et al. (2011)

Looked for association between MHC
genotypes and survival of semi-wild Atlantic
salmon.

Significant association between survival to
both pathogens and MH class I and class II
polymorphisms.

Grimholt et al. (2003)

Atlantic Salmon (Salmo salar)
Gyrodactylus salaris

Infectious pancreatic necrosis virus (IPNV)

Complete genome sequencing of individuals
with deduced QTL genotypes.

Infectious salmon anemia virus (ISAV) and
furunculosis (Aeromonas salmonicida bacteria)

Continued
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Explained 29% and 83% of the phenotypic and
genetic variances, respectively.
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Disease Agent

Approach

Associations Detected

References

Pancreas disease (salmonid alphavirus)

2 Populations genotyped for 69 SNPs.

6 QTL identified. One mapped to the same location on chromosome 3 in both populations.

Gonen et al. (2015)

Each explained 4–9% of the within family phenotypic variance.
Proliferative kidney disease-induced mortality

Natural outbreak.

5 Markers.

Cauwelier et al. (2010)

30 Random RAPD primers in disease resistant
and disease susceptible populations.

1 Marker.

Dutta et al. (2014)

7 Full-sibling tiger shrimp families.

9 Regions.

Robinson et al. (2014b)

3959 Mapped transcribed SNPs.

Genes with putative immune functions of interest.

F2 backcross.

1 Region.

250,000 SNP array.

Genes mapping to region with known immune
function.

8 Sires and 6 dams in a single mass-spawning
event.

2 Regions.

Massault et al. (2011)

1 Region.

Fuji et al., (2006, 2007)

9 Regions.

Shao et al. (2015)

34 Microsatellites and five RFLPs from different genetic linkage groups in the species’
genome.
Black Tiger Shrimp (Penaeus monodon)
White spot syndrome virus (WSSV,
Whispovirus sp.)

Channel Catfish and Blue Catfish
Columnaris (F. columnare)

Geng et al. (2015)

Gilthead Sea Bream (Sparus aurata)
Fish pasteurellosis [Photobacterium damselae
subsp. piscicida (Phdp)]

151 Microsatellite loci.
Japanese Flounder (Paralichthys olivaceus)
Lymphocystis disease

F2 backcross.
50 Microsatellite markers.

Vibriosis, Vibrio anguillarum

12,712 Mapped SNPs.

Explained 5.1–8.38% of the total phenotypic
variation.
F1 family, pooled DNA.

2 Markers.

170 Simple sequence repeat (SSR) markers.

Explained >60% phenotypic variance.

Wang et al. (2014)
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TABLE 2.6 Summary of Research Over the Last 15 Years (2000–2015) to Find QTL Affecting Disease Resistance in Fish and Shellfish—cont’d

Rainbow Trout (Oncorhynchus mykiss)
Bacterial Cold Water Disease (Flavobacterium
psychrophilum)

322 Pedigreed families (n = 25,369 fish).

1 Region.

Wiens et al., 2013b

Follow-up of Wiens et al. (2013b).
QTL further evaluated in additional F2 backcross families.
270 Microsatellites.

9 Region.
Largest effect explained 40% of the phenotypic
variance.

Vallejo et al. (2014a)

Follow-up of Vallejo et al. (2014a) and Wiens
et al. (2013b).

Confirmed QTL.

Vallejo et al. (2014b)

Follow-up of Vallejo et al. (2014a,b) and
Wiens et al. (2013b).
2 Families.
Selective genotyping of SNPs to validate QTL.

Validated previous QTL detected.
More QTL detected.

Palti et al. (2015)

Follow-up of Palti et al. (2015), Vallejo et al.
(2014a,b) and Wiens et al. (2013b).
298 Offspring from the 2 half-sibling families.
RAD-seq resulted in 7849 informative SNPs.

18 SNPs.
3 Regions.

Liu et al. (2015b)

F-2 generation of two families.

3 Regions.

Rexroad et al. (2013)

1 Double-haploid family.

2 Regions.

Drew et al. (2007)

432 AFLP markers.

Explained 43% of phenotypic variation of cortisol
level.

5 F2 full-sibling families (F2 cross between
high and low cortisol responsive lines).

10 Significant or highly significant and 10 suggestive QTL. Individual QTL explained no more than
10% of phenotypic variance.

Quillet et al. (2014)

2 Regions.

Ozaki et al. (2001)

2 Induced mitogynogenetic doubled haploid
F2 families.

1 Region.

Verrier et al. (2013a)

Selective genotyping.

Explained up to 65% of phenotypic variance.

F(2) family (n = 480) and results confirmed in
three outbred F(2) families (n = 96 per family).

1 Region.

336 Microsatellites.

7 Microsatellite markers for one region.
800 Offspring from 4 full-sib matings.

321 Microsatellites.
Fishing stress

Confinement stress

∼1000 Offspring genotyped with 268 microsatellite and SNP markers.
Infectious pancreatic necrosis virus (IPNV)

Backcross.
51 Mapped microsatellites.

Viral Haemorrhagic Septicaemia Virus or
Rhabdovirus (VHSV)

Whirling disease (Myxobolus cerebralis)

Baerwald et al. (2011)

Explained 50–86% of the phenotypic variance.
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Crowding Stress

Disease Agent

Approach

Associations Detected

References

21 Full-sibling families.

21 SNPs. Several homologous to genes of known
immune function or in close linkage to such genes.

Robinson et al. (2014a)

7 Regions.

Rodriguez-Ramilo et al.
(2011)

Rohu Carp (Labeo rohita)
Aeromonas hydrophila

6000 SNPs.
Turbot (Scophthalmus maximus)
Furunculosis (Aeromonas salmonicida)

4 Turbot families.

Some explained up to 17% of the phenotypic variance. Genes of putative immune function located
in regions.
Philasterides dicentrarchi

4 Turbot families.

Several markers.
One explained up to 22% of the phenotypic
variance.

Viral Haemorrhagic Septicaemia (VHSV)

3 Full-sibling families (90 individuals each).

Several regions.

93 Microsatellites.

Explained up to 14% of the phenotypic variance.

F-1 (n = 90 per family). 860 Microsatellite and
142 SNP markers.

2 Regions.

Rodriguez-Ramilo et al.
(2013)

Rodriguez-Ramilo et al.
(2014)

Yellowtail Kingfish (Seriola quinqueradiata)
Monogenean Parasite (Benedenia seriolae)

Explained 32.9%–35.5% of the phenotypic
variance.

Ozaki et al. (2013)
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TABLE 2.6 Summary of Research Over the Last 15 Years (2000–2015) to Find QTL Affecting Disease Resistance in Fish and Shellfish—cont’d
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2.4.3 Gene Expression
Transcription of the gene (conversion of DNA into RNA, or gene expression) is controlled in a temporal and spatial fashion
so that the quantity of RNA produced by each gene varies depending on tissue type, cell type within the same tissue, stage of
development, or occurrence of environmental stressors. In this way, the phenotype “disease resistance” is not only affected by
the types and configuration of the proteins coded by genes, but also by where, when, and how much of each gene is transcribed
and translated into protein. It is the interaction of all of these different quantities and types of proteins in different tissues and
cell types at various stages of development, or in response to different stimuli, that determines the final phenotype. Because
of this complexity at multiple levels, we are still a long way from understanding the underlying mechanisms affecting disease
resistance, or any other quantitative trait for that matter. However, there are some very effective tools available for studying
the simultaneous expression of genes in the genome, and when such approaches are combined with positional information for
QTL, they can take us closer to identifying the causative mutations affecting disease resistance.

2.4.4 Epigenetics
Most genetic studies have focused on how the order of nucleotide bases in the genome influences, or is associated with,
phenotype. However, there is evidence to suggest that other genomic modifications can affect the transcriptional regulation
of genes in somatic and/or germ cells, thereby affecting phenotype. These processes are generally referred to as “epigenetic.” Epigenetic changes are triggered by environmental stimuli which modify the structure of histone or chromatin, or
result in changes to levels of DNA methylation. Epigenetic changes have been shown to persist throughout the life or across
multiple generations under some circumstances (e.g., control of expression of agouti locus in mice, Morgan et al., 1999).
There is a growing interest in the study of epigenetics and its effect on major traits of importance, such as disease resistance. Epigenetic modification could affect the penetrance of particular causative variants, for instance with the “masking”
or “unmasking” of the Hsp90 gene mutation in Drospohila melanogaster (Rutherford and Lindquist, 1998). Masking due to
the epigenetic state of the animals in a gene mapping experiment might affect the association between the disease resistance
phenotype and the inheritance at marker loci, and consequently our ability to detect and utilize marker-assisted or genomic
selection. Genomic selection accounting for epigenetic effects was proposed by (Moghadam et al., 2015; Goddard and
Whitelaw, 2014). New technologies are found to be accurate for measuring genome-wide epigenetic changes, such as relative levels of DNA methylation (Harris et al., 2010; Bock et al., 2010), and our understanding of the influence of epigenetics
is therefore likely to significantly advance in the near future.

2.4.5 Marker-Assisted and Genomic Selection
The value of a marker depends on heritability, proportion of the total genetic variance explained by the marker (or set of markers), and how closely linked each marker is to the causative mutation affecting the trait. In most cases disease resistance is
likely to be affected by many genes of small effect and few genes of large to moderate effect, and thus markers for more than
one gene (preferably those with the largest affects) will be needed for marker-assisted selection to be significantly more beneficial than phenotypic selection. There are three general ways in which genotype information can be applied to speed the rate
of genetic improvement. If the causative mutations affecting disease resistance are known (for example, with the discovery of
the causative mutations for epithelial cadherin affecting resistance to infectious pancreatic necrosis as described in more detail
below, Moen et al., 2015), then a form of gene-assisted selection can be applied. This is a best-case scenario, as there is no need
to calibrate marker tests to determine linkage phase and only a few tests (one per causative mutation) are needed. If the causative mutations are unknown, but markers that are linked to the causative mutations have been identified, then marker-assisted
selection can be used. With marker-assisted selection it is necessary to determine the phase of linkage between the marker
alleles and the favorable allele for the causative gene within each family. This involves some additional testing to calibrate the
markers. Normally 2–3 markers known to flank each locus affecting the trait are used. In this section we will focus on the third
and latest approach which is known as genomic selection (GS). GS is starting to be routinely used for the genetic improvement
of some livestock (such as dairy cattle, Dekkers, 2012), but is only at its infancy in aquaculture.
GS uses genome-wide marker associations to estimate the breeding value and genomic relationships of candidate individuals (Meuwissen et al., 2001). In the first step, validation using a population of disease challenge–tested and genotyped
individuals (a “training” population) is necessary to estimate the marker effects at each genomic interval. In a second step,
those estimates are used to select breeding candidates according to their genotype at markers. The accuracy of GS is dependent on the availability of precise genomic breeding values for training population individuals (Taylor, 2014; Meuwissen
et al., 2001). Greatest accuracy can be achieved by updating or reforming training populations in each generation and ensuring that the training population is closely related to the breeding candidates.
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For most aquatic species, the breeding populations are large and both sexes are considered as selection candidates.
This makes it costly to perform GS with a dense marker coverage across large numbers of candidate and training (reference) individuals. Therefore, innovative approaches are required to reduce the costs of GS for aquatic species. Selective
genotyping of candidates and training animals using sparse marker panels to estimate identity-by-descent (IBD, where
identity is determined using knowledge about common ancestry or family structure), is a low cost way of performing GS
for aquaculture applications. IBD–GS has been predicted to improve the rate of genetic gain by 13–32% compared to
traditional selection for traits like disease resistance (Ødegård and Meuwissen, 2014). IBD–GS is less sensitive to marker
density than is identity-by-state GS (IBS–GS, comparison without knowledge of family structure) (Luan et al., 2012).
Computer simulations have also predicted that the use of GS could provide 15% reduction of inbreeding over conventional methods due to its high accuracy and ability to distinguish the best individuals within families (Lillehammer et al.,
2013). Inbreeding depression may be exacerbating the susceptibility and spread of disease through some aquaculture sectors (e.g., shrimp in Asia, Doyle, 2016), so that the ability with the use of GS to place more stringent limitations on inbreeding could be especially important in some cases.
Example: Discovery and Application of a Suspected Causative Gene Mutation With a Major Effect on Resistance
to Infectious Pancreatic Necrosis
The most successful application of gene mapping and marker-assisted selection to date is for resistance to infectious pancreatic necrosis (IPN) which is a viral disease causing significant mortality and loss of production in salmonid aquaculture.
Early work by researchers in the United Kingdom and Norway using microsatellite markers simultaneously detected a locus
on linkage group 21 of Atlantic salmon whose effect on resistance explained approximately 83% of the genetic variance for
resistance to this disease, indicating that there was one major gene of importance affecting the trait (Houston et al., 2008b;
Moen et al., 2009a). Using a four-marker haplotype, the genotype of the underlying gene could be deduced in 72% of animals in the Norwegian breeding nucleus (Moen et al., 2009a). The mean mortality rate was reduced from 49% to 13% when
offspring inherited two copies of the favorable underlying allele (Q) compared to those inheriting two copies of the alternative allele (q). The frequency of Q allele in the Norwegian population at this time was approximately 0.3.
Research then focused on finer mapping in an effort to find closer markers in complete linkage disequilibrium with the
gene. The advantage of having closer markers, or knowledge about the causative mutation affecting IPN resistance, is that
marker-assisted selection could be performed across many generations without having to assess the linkage phase between
the marker and the gene. A linkage disequilibrium–based test for the gene was developed, applied to a selective breeding
program for Atlantic salmon in Norway, and shown to reduce the incidence of IPN mortality in freshwater from 47% (seven
outbreaks) to 0%, to reduce mortality during the crucial first 90 days at sea from 6.4% to 1.1% for transfers in autumn 2010,
and from 9% to 4.6% for transfers in spring 2011 (Moen et al., 2015).
In an effort to find the causative gene mutation affecting IPN resistance in Atlantic salmon, a 7.8 Mb long scaffold containing the
QTL was sequenced (Moen et al., 2015). Two-time coverage was obtained for 22 individuals deduced to be homozygous for the
resistant allele at the QTL, 23 individuals were deduced to be homozygous for the susceptible allele of the QTL, and the sequence
was analyzed to identify polymorphisms showing large allele differences between the resistant and susceptible fish. The polymorphisms showing the strongest associations with the QTL mapped to a region containing two epithelial cadherin (cdh1) genes.
One of these polymorphisms (in the second extracellular cadherin domain of cdh1-1) causes a serine to proline amino acid shift
which was suspected to be the causative mutation for the effect on resistance. Cellular studies found that IPNV binds to cdh1-1
and clathrin light chains on the cell membrane of hepatocytes of susceptible qqQTL individuals in pits (developing endosomes), implying that IPNV enters the cell bound to cdh1-1 and clathrin by clathrin-mediated endocytosis (Moen et al.,
2015). As this occurrence of the bound IPNV in pits was not observed in QQQTL resistant individuals, this finding provided
strong support for a role of the QQQTL genotype of cdh1-1 in providing IPN resistance.

2.5 ROLE OF SELECTIVE BREEDING IN AN OVERALL HEALTH IMPROVEMENT STRATEGY
Genetic improvement of disease resistance has obvious economic benefits for fish and shellfish aquaculture. If the incidence
and severity of disease outbreaks can be reduced by making genetic improvement in disease resistance, there will be a greater
willingness to reduce the use of chemical treatments. This will benefit consumer health and aquatic environments, preserve
water quality, and limit the threat of disseminating antibiotic resistance in microorganism populations. By improving the health
and welfare of the fish in this way we not only generate a more positive perception of aquaculture, but also produce a more
consistent and higher quality product of higher value in the market place. Selective breeding for improved disease resistance
is undoubtedly an important piece of the puzzle for health management in aquaculture, though not the only one. On the one
hand, genetic improvement is cumulative over generations and substantial gains are expected. On the other hand, the rate of
genetic progress depends on the generation interval of species of interest, which may last 2 years or more for several of them
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(e.g., salmonids, sea bass, and turbot). It is therefore important that the role of genetic improvement in health improvement
strategies is given attention and that aquaculture sectors anticipate what should be the objectives of selection in order to implement sustainable improvement in the resistance of fish that are farmed for food production.

2.5.1 Combining Different Health Management Strategies
A selection index is a combination of several traits for which genetic improvement is desired. The total selection pressure (the
proportion of selected individuals/families in the population of candidates) is then spread according to the weight given to
each trait in the overall breeding objective. Consequently, the greater the number of traits in a breeding objective, the lower the
selection pressure for each of them. Giving priority to the most beneficial disease and robustness-related traits considering the
tool box available for health management (prophylactics, vaccinations, use of probitotics, etc.) is therefore needed.

2.5.1.1 Genetic Resistance and Vaccination
Interaction between genetic resistance and vaccination deserves special attention. Breeding for resistance could focus initially
on diseases for which the development of vaccines is difficult, such as BCWD in salmonids (Gomez et al., 2014). Combined
strategies, such as the selection of fish that develop a high antibody response to vaccination so that the protective effect of
vaccines is enhanced, could therefore be considered in cases where the protective effects of vaccination are found to be incomplete. Little has been done in this field, although past data showed low heritabilities for antibodies levels after vaccination
against Aeromonas and Vibrio in Atlantic salmon (Fjalestad et al., 1996; Strømsheim et al., 1994a,b). More recently, intermediate heritabilities were recorded for negative vaccine side effects (visceral and peritoneal adhesions and melanin deposits) but
there was no correlation between these responses and survival after infection (Gjerde et al., 2009; Drangsholt et al., 2011b).
Moreover, in Atlantic salmon, Drangsholt et al. (2011a) showed a low correlation between resistance to furunculosis of vaccinated and unvaccinated fish. In this case a strategy that selects for resistance on the basis of data from challenge-tested
unvaccinated fish would produce limited improvements in farm performance while vaccination of the farmed fish population
continues. However, after some generations of selection, the genetic improvement in resistance might become greater than the
resistance afforded by vaccination, and the genetic improvement program could therefore render vaccinations unnecessary.
Such results underline the need for a careful analysis before implementing a global strategy of health management.

2.5.1.2 Stress Response, Cardiovascular Fitness and Disease Susceptibility
It is well established that exposure to stressors (social interactions, environment changes, and rearing operations) interfere
with immune response and occurrence of disease outbreaks (Tort, 2011). In particular, elevation of plasma cortisol level due
to stress activation of the hypothalamic–pituitary–interrenal (HPI) axis is suspected to have suppressive effects on immune
response components. A number of studies have investigated the potential relationship between cortisol response to stress
and susceptibility to bacterial or viral diseases in rainbow trout (Refstie, 1982; Fevolden et al., 1992, 1993, 1994; Weber
et al., 2008), Atlantic salmon (Kittilsen et al., 2009), catfish (Praveen et al., 2001) and Atlantic cod (Kettunen et al., 2007b).
With one exception in Atlantic salmon, where a strong and negative genetic correlation (approximately −0.7) between stress
cortisol and behavior responsiveness and resistance to IPNV (Kittilsen et al., 2009) was found, no clear evidence of consistent genetic correlations between stress and disease responses has yet been established in fish. Altogether, it seems that
disease resistance and stress response are different traits, and that it should be possible to genetically improve resistance to
specific diseases without impairing susceptibility to stress.
It has also been shown that animals gain a greater ability to resist disease as their general level of cardiovascular fitness
is improved by exercise and training (Castro et al., 2011) and that resistance to disease is positively associated with swimming performance (Castro et al., 2013). More research is needed to determine whether there is a genetic component to this
relationship and whether selection for cardiovascular fitness traits could improve resistance.

2.5.2 Selection for Sustainable Resistances: Integrating New Facets of Host Response
2.5.2.1 Targeting General or Specific Immune Responses?
In farmed conditions, fish are generally exposed to a range of pathogens. Improving resistance to one or two specific
diseases, even the most prevalent ones, may not be the most sustainable solution. The pathogen may evolve to adapt
to the increasing selective pressure inflicted by the host resistance or new pathogens may arise. An option, therefore,
could be to select for “general” components of the immune response that could improve resistance to a wide range of
pathogens, rather than for resistance to specific diseases. Research in terrestrial vertebrates has established that distinct
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components of innate or adaptive immunity are heritable (Biozzi et al., 1984 in mouse, Minozzi et al., 2008 in chicken,
Flori et al., 2011 in pig). However, the actual benefit for health improvement and disease resistance in the farm environment has not yet been established, and this is probably why little attention has been paid so far to the genetic control of
such immune effectors in fish.

2.5.2.2 Toward New Desirable Traits to Improve Resistance
In the first section of the chapter, we described the different components of the host response to pathogens, including traits
important for individual fitness, such as resistance and tolerance, and traits like infectivity.
As described previously, tolerance is the host ability, for a given level of infection, to reduce the detrimental effects
of pathogen on performance. There is an increasing interest in the use of tolerance as a relevant trait for selection to limit
the effects of diseases on farmed animals (Doeschl-Wilson and Kyriazakis, 2012; Kause and Ødegård, 2012; Kause et al.,
2012). Tolerance captures host immune mechanisms other than those related to the reduction of the pathogen burden
(resistance). By uncoupling resistance and tolerance we would be better able to discriminate between the effects of different components of host defense against pathogens. This could lead to a more accurate estimation of breeding values and
more efficient breeding strategies. The measurement of tolerance might allow us to quantifying the effects of genotypeby-pathogen burden interactions. These interactions are likely to contribute to phenotypic variation for production traits
depending on environmental and infectious farm conditions. Finally, by breeding for greater tolerance the host is likely to
put less pressure on the pathogen to evolve into a more virulent form than if breeding was focused on improving resistance
mechanisms (Gibson and Bishop, 2005).
Tolerance and resistance have been found to be poorly, or even negatively, correlated in some studies (Råberg et al.,
2009 in mouse, Kause et al., 2012 in chicken). The genetic correlation between susceptibility and endurance to the Taura
syndrome virus in shrimp was found to be 0.22 ± 0.25 (Ødegård et al., 2011), while in the Atlantic salmon, the correlation
was strong and negative (−0.61 ± 0.15) between resistance (survival after infection with Piscirikettsia salmonis) and tolerance (growth rate difference between infected and uninfected host, Yàñez et al., 2010).
However, disentangling resistance and tolerance remains a challenge, especially at the individual level because it is
not possible to measure the performance of an individual for two alternative disease statuses (infected/noninfected) at the
same time point. In practice, studies could be performed at the group (family) level. A simulation study indicates that the
large-sized families that can be produced in fish would make this type of study possible and reasonably powerful (Kause,
2011). Studies are underway to develop mathematical and statistical models to distinguish resistance and tolerance from
phenotypes that can be collected in practice, the aim being to devise experiments that will provide informative parameters
amenable for genetic analyses (Doeschl-Wilson et al., 2012).
Other desirable traits relate to disease control at the population level. Asymptotic carriage (an animal has recovered but
not cleared the disease) may constitute a threat as carriers may be a starting point for future disease outbreaks. However,
the relevance of carriage should be assessed in fish and shellfish according to the biology of the pathogen and conditions
of production. In the open environment, the main source of pathogens may well be the environment itself (such as other
fish species, sediments, or biofilms). Infectivity is the propensity of an infected individual to transmit the infection to
other individuals in the population. Simulation studies have shown that selection incorporating resistance and infectivity traits would provide higher reduction of disease risk than selection for resistance traits only (Lipschutz-Powell et al.,
2012). Again, measuring infectivity and the underlying genetic variability is challenging, but theoretical studies are being
developed (Lipschutz-Powell et al., 2014) that should help incorporating this attribute in future breeding objectives. In the
future, it will be necessary to obtain more knowledge on the variability and genetic control of these desirable traits in order
to take advantage of their potential for making genetic improvement and to be able to devise more sophisticated breeding
objectives.

2.6 CONCLUSION
Disease is a major issue affecting the profitability of aquaculture worldwide. The use of genetic methods to improve resistance to disease should be a major focus for consideration in any animal health program for aquaculture species. Moderate
heritability exists for disease resistance in most instances, and significant genetic improvement has been achieved using
experimental challenge-testing to estimate breeding values for selective breeding. Benefits from new technologies, such as
high-throughput sequencing, are promising, should accelerate the rate of genetic improvement achievable in the future, and
should greatly improve our understanding of fish and shellfish immune function. There is a need for research that will lead
to a better understanding of more detailed and complex traits such as tolerance, infectivity, and robustness. Facets of the

Improvement of Disease Resistance by Genetic Methods Chapter | 2

45

biology and culture of fish and shellfish, such as the ability to produce and challenge-test large full-sibling families under
controlled environmental conditions, make these species more amenable to the study and application of technologies and
methodologies for improving disease resistance than livestock. Genetic progress should therefore be large, and this should
reduce the need for chemicals and antibiotics, make aquaculture more profitable and sustainable and lead to greater health
benefits, public acceptance, and consumption in the future.
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