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Breeding for disease resistance in fish
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Abstract
This paper consists of a summary of oral contributions and discussions from a workshop con-
ducted during the Xth EAFP Conference in Dublin, September 10-14, 2001. Results were pre-
sented from systematic breeding of Atlantic salmon for increased resistance against furunculo-
sis, infectious salmon anaemia, and infectious pancreatic necrosis, and from attempts to breed
rainbow trout for increased resistance against viral haemmorrhagic septicaemia and furunculo-
sis. Results were also presented showing the existence of indirect markers of disease resistance
in the rainbow trout and in the Altantic salmon, and the first successful attempt to employ marker-
assisted selection for resistance against viral diseases in rainbow trout.

Introduction

Systematic breeding for increased innate re-
sistance constitutes a potential strategy for
control of infectious diseases in all segments
of animal and plant production. As compared
to zoo-sanitary measures, chemotherapy (me-
dicinal treatment) and vaccination, however,
it is likely the youngest and still the least ex-
ploited, not only in aquaculture. The aim of
the EAFP workshop conducted in Dublin in
September 2001 was therefore to promote sci-
entific knowledge of the subject among fish
health workers, and to stimulate the interest
in this aspect of fish disease control for the
future.

Several studies have been published showing
the existence of genetically determined vari-
ation in resistance to infectious diseases, both
within and between fish stocks (see reviews

by Fjalestad et al. (1993) and Chevassus and
Dorson (1990)). The existence of this phenom-
enon allows for selective breeding efforts, ei-
ther by producing specific disease resistant
strains of fish, or by including disease resist-
ance parameters into a composite breeding in-
dex. The summaries below present some of
the results obtained from both approaches.

There are numerous genetic aspects of host-
pathogen relations and the development of
infectious disease in fish. What may be char-
acterised as the “applied side” of disease ge-
netics has a strong basis in quantitative ge-
netic science. Up to now, traits like disease re-
sistance have been measured directly using
functional assays (challenge trials) whereas
indirect traits such as non-specific immune
parameters or stress parameters have shown
only limited promise (Fjalestad 1993,
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Lorenzen et al. 1999). Molecular genetics is,
however, offering insight into new aspects of
host responses, and offering potential new
instruments for selection. If major functional
effects may be associated with particular re-
gions of the genome, such loci are named
quantitative traits loci (QTLs).  Marker as-
sisted selection (MAS), the use of gene mark-
ers linked to QTLs for selection and match-
ing of parents, is the application of molecular
technology when breeding for traits that are
expensive or difficult to measure by other
means. The following summary also gives
some recent results in this field of research.

Selective breeding of Norwegian salmon for
increased resistance against furunculosis, ISA
and IPN

Aqua Gen AS is running a family breeding
program for Atlantic salmon and rainbow
trout where selection of individual broodfish
is based on the performance of full-sibs and
half-sibs that have been tested and scored for
specific traits. Results from all tests are in-
cluded in the so-called breeding index for each
family. The trait-specific rate of genetic im-
provement when following such a program

(Dg) can be expressed as a product of several
factors:

Dg = i • h2 • sp/t, where
i= intensity of selection
h2 =heritability (additive genetic variance/
phenotypic variance)
sp= phenotypic standard deviation of the
trait
t= generation interval

With a generation interval of four years, Aqua
Gen’s Atlantic salmon breeding operation
consists of four subpopulations, all originat-
ing from broodfish caught in Norwegian riv-
ers in the early 1970s (Gjedrem et al. 1991).
This stock is now in the 7th generation of se-
lection. Currently, the genetically determined
resistance to specific diseases is given a 30 %
weight when calculating the composite breed-
ing index (Table 1).:

Testing for disease resistance is being con-
ducted at VESO Vikan AkvaVet, which is a
large-scale facility for infectious disease ex-
periments in fish. 30 individually tagged pre-
smolts from each of approximately 400 fami-
lies adjoined into two large tanks are being
challenged with ISA and furunculosis, respec-

tiarT ecnisdedulcnI

etarhtworgdesaercnI 6791

ylimafrepeslirg-nonfoegatnecreP 2891

ruoloctaeM 4991

egenllahcsisolucnuruflatnemirepxetsniagalavivruS 5991

egenllahcASIlatnemirepxetsniagalavivruS 5991

elcsumninoitubirtsid/tnetnoctaF 6991

egenllahcVNPIlatnemirepxetsniagalavivruS 1002

Table 1: Selection traits for the Aqua Gen family breeding scheme, including the year each trait was first
included in the selection index
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tively. For IPN, 120 alevins (approx. 0,2 g)
from each family are held in separate tanks
and challenged by bath exposure. The mor-
tality per family typically varies from 10-20
% to 80-90 %.  Heritability estimates vary from
low (0.15) to high (0.5), being fairly consist-
ent between yearclasses (A. Storset, pers. ob-
servation)

The opportunity to validate the results from
challenge tests against the outcome of natu-
ral field outbreaks has occurred twice. With
respect to furunculosis, the correlation be-
tween experimental and field mortalities in
parallel family groups were r2=0.95 (Gjøen et
al. 1997) whereas a correlation of r2=0.56 has
been observed for experimental challenge and
field outbreak of IPN (A. Storset, unpublished
results). These observations confirm that the
experimental results are fairly representative
and may be extrapolated to the real-life situ-
ation in industrial salmon farming. In conclu-
sion, selection for specific disease resistance
is held consistent with sustainable breeding
provided that other genetic parameters (nega-
tive correlations with other traits, preserva-
tion of genetic variation within the breeding
stock) are controlled.  Although this approach
does not allow for rapid development of re-
sistant strains, the fact that improvements are
accumulated over generations of selection al-
lows for substantial benefits in a long-term
perspective.

Breeding for disease resistant rainbow trout
in Denmark
From 1988 to 1995, a breeding programme was
carried out at the Danish Trout Culture Re-
search Station, Denmark. The aim of this pro-
gramme was to develop rainbow trout strains

with different resistance to viral haemorrhagic
septicaemia (VHS) and to investigate param-
eters involved in disease resistance. The first
generation, produced in 1988 consisted of
normal crosses between one male and one fe-
male. These fish were used to produce
gynogenetic fish in 1991 and 1992 (first
gynogenetic generation and second genera-
tion in the breeding programme). These
gynogenetic fish were used again in 1994 and
1995 as broodstock for the next gynogenetic
generation. Challenge tests for VHS per-
formed on full-sib groups from the first gen-
eration showed significant differences in me-
dian survival time between families and a
negative sire effect (Kaastrup et al. 1991). One
gynogenetic family, amongst many, showed
an increased survival in VHS challenge ex-
periments in 1991 and 1992. Individuals from
this high-resistance family were used to pro-
duce the second generation of gynogenetic
offspring in 1994 and 1995 and showed either
very high survival or the same or higher mor-
tality than the outbred trout from the original
population (Slierendrecht et al., 2001). The
families from this breeding programme were
used to study a possible relation between VHS
resistance and complement component C3
(Slierendrecht et al., 1996) or major histocom-
patibility complex (MHC) class II genotypes
(Slierendrecht et al., 2001).

Another research programme funded by the
government was initiated in 1994. In 1994 and
1995, rainbow trout fry from 7 broodstock
farms were challenged with VHS-virus and
the bacterium Yersinia ruckeri, the causative
agent of Enteric Redmouth disease (ERM).
Due to Danish veterinary rules, these fish
farms had been genetically isolated (i.e. had
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not imported eggs, sperm or fish) for more
than 30 years. In all trials, substantial differ-
ences in mortality were observed between the
different strains, but the ranking of strains was
not consistent between the different trials.
These results confirmed the existence of sub-
stantial genetic component in resistance to
both diseases, but did not allow for a clear
conclusion regarding specific strain perform-
ance (M. Henryon pers. comm.).  Despite
breeding in closed units for many years it was
observed that the genetic diversity within
each of the 7 broodstocks was very high and
it was therefore decided that a breeding pro-
gramme should rely upon genetic material
from only one of the broodstocks  by using a
partly factorial design..

 In the new breeding programme, VHS resist-
ance was included in the evaluation of rain-
bow trout originating from a genetically iso-
lated and VHS/IHN/IPN-free population.
Fish from 52 families were tested for several
traits using a partly factorial design. Correla-
tion between traits that expressed additive
genetic variation (body weight, body length,
and feed conversion efficiency) was generally
favourable and moderate to very strong (r2=
0.55-0.99).  There were, however, some unfa-
vourable correlations (r2= -0.01 to -0.33) be-
tween the predicted breeding value for VHS
resistance and the predicted breeding values
for body weight, body length, and feed con-
version efficiency (Henryon et al. in press).
The results once again confirmed that there
is a potential for successful selective breed-
ing for growth rate, feed conversion efficiency,
and VHS resistance in rainbow trout. In 1997,
fish from this programme became the found-
ing broodstock at the new Danish breeding

station for rainbow trout, which is funded by
the fish farming industry with support of the
Danish government.  Further challenge ex-
periments with VHS, Enteric Redmouth dis-
ease, Rainbow Trout Fry Syndrome (RTFS),
caused by Flavobacterium psychrophilum, and
vibriosis, caused by Vibrio anguillarum, will be
used to evaluate the genetic resistance of the
next generations in the breeding programme.

Criteria for resistance against furunculosis
and VHS in rainbow trout
In France, studies on innate VHS and furun-
culosis resistance were conducted on 3 gen-
erations of rainbow trout, using half-sib fami-
lies produced by divergent selection after ex-
perimental infection. Homozygous
gynogenetic offspring and clones prepared
from the same stocks were also obtained. In
the case of furunculosis, innate resistance was
demonstrated both in immersion and paren-
tal challenges, with heritability estimates
about 0.35 (Hollebecq et al. 1991). The only in
vitro trait that showed a consistent association
with disease resistance (Hollebecq et al. 1995)
was the bactericidal effect of serum (BES). In
large-scale factorial cross experiments, how-
ever, only slight correlation was found be-
tween the parents BES and the resistance of
the offspring to the disease whereas no corre-
lation was established between the BES in the
parents and the BES in their progeny (unpub-

lished results). Trials with clonal fish did not
provide useful results due to severe and non-
specific mortality occurring in the early life
stages. An interesting finding was the bimo-
dal distribution of BES values observed in
homozygous fish populations, which may
suggest that this trait is controlled by a single
gene locus.  BES, however, is a complex trait
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that may express seasonal variations, and it
was found to require too numerous and cum-
bersome measurements to be of practical
value in resistance breeding.

VHS resistance studies provided more en-
couraging results. Heritable resistance was
demonstrated and this resistance was strongly
correlated to the relative inability of VHSV to
replicate in excised fin tissues, either from
adipose or ray fins (Dorson et al. 1995). The
correlation was especially high in clonal fish,
even in individual comparisons. Analysis of
the variability of viral replication in explanted
fin tissues showed a disymmetric distribution,
a strong between-groups component, and
high heritability. Conversely to BES, viral rep-
lication in excised fin tissues produces reli-
able information and appears as a good in

vitro assay for selection of broodfish being
resistant to VHS (Quillet et al. 2001).

Identification of QTLs associated with
disease resistance and marker-assisted
selection in rainbow trout
As a result of extensive studies over several
years, major variation in genetically deter-
mined resistance to IPN has been found
among cultivated rainbow trout in Japan
(Okamoto et al. 1987a). This variation has fa-
cilitated the selection of IPN- resistant
(Okamoto et al. 1993) or –susceptible strains
(Okamoto et al. 1987b), respectively, and the
utilisation of these strains in molecular genetic
research to perform linkage analysis.

 In a recent study, QTLs for IPN resistance
were identified in a segregated population of
backcrosses derived from outbreeding the re-
sistant strain of rainbow trout, YN-RT-201 and
a susceptible strain, YN-RT-101(Ozaki et al.

2001).  Phenotypic scores of 1 (dead/suscep-
tible) or 0 (survivor/resistant) were assigned
to individual fish exposed to experimental
infection with IPNV.  QTL analysis was car-
ried out using a framework linkage map
based on microsatellite markers.  Two puta-
tive QTLs affecting IPN resistance were de-
tected on two different chromosomes, sug-
gesting that this trait is polygenic in rainbow
trout.  These two loci were responsible for a
significant portion (27 - 34 %) of the total phe-
notypic variation. Groups of rainbow trout
inheriting these markers were substantially
less susceptible than marker-negative groups
when being experimentally challenged with
IPN virus.  In the families analysed,  MHC
class I was not associated with IPN resistance.
The same Japanese group has also identified
a putative microsattelite marker for resistance
against infectiuous haematopoietic necrosis
(IHN) in rainbow trout (Okamoto, unpub-
lished results).

MHC genes are potential QTLs for disease
resistance in Atlantic salmon
An European research project (FAIR CT 97-
3643) has recently been carried out in order
to assess the usefulness of the major histocom-
patibility complex (MHC) genes as QTLs for
disease resistance in fish. Using pre-existing
knowledge of the heritability of resistance to
furunculosis and ISA, and of MHC gene se-
quences, the studies were conducted in the
Atlantic salmon as the model species
(Grimholt et al. 2001).

Data and tissue materials from furunculosis,
ISA and IPN challenge tests performed on a
large family material from the  Aqua Gen
breeding pool was utilised for the studies. The
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parents from 50 fullsib families were assessed
for MHC class I and MHC Class II alpha and
–beta genes using sequence based typing.
Parental information was subsequently used
for typing 40-50 offspring from each family
after experimental challenge with either fu-
runculosis, ISA or IPN.  Strong associations
between the outcome of the challenge tests
(death/survival) and specific allele combina-
tions were found for both MHC class I and
class II (U. Grimholt, pers. comm.), suggest-
ing certain MHC gene variants in the Atlan-
tic salmon may be associated with resistance
or susceptibility to bacterial and/or viral dis-
eases.

Discussion
Following the above overviews, discussion
arose about experiences with disease resist-
ance breeding from other animal species.
Among examples mentioned by participants
were mastitis in dairy cows and footrot in
sheep.  It was mentioned, however, that be-
cause of the high reproduction rate and the
opportunity to score families by use of chal-
lenge tests, fish has a much higher potential
for improving resistance to infectious diseases
through selective breeding than most other
food producing animals.

A further aspect put forward in the discus-
sion was the use of zebrafish (Danio rerio) for
functional studies on MHC and other
immunogenes, taking advantage of numerous
and advanced methods for molecular research
available in this model species, and of the fact
that the zebrafish genome soon will be fully
sequenced.
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