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Rainbow trout resistance to bacterial cold-water disease is moderately
heritable and is not adversely correlated with growth’

J. T. Silverstein,** R. L. Vallejo,* Y. Palti,** T. D. Leeds,* C. E. Rexroad IIL*
T. J. Welch,* G. D. Wiens,* and V. Ducrocqt

*US Department of Agriculture, Agricultural Research Service, National Center for Cool and Cold Water
Aquaculture, 11861 Leetown Rd., Kearneysville, WV 25430; and 1UR337 Institut National
de la Recherche Agronomique, Jouy-en-Josas 78352, France

ABSTRACT : The objectives of this study were to 71 full-sib families were challenged with F. psychrophi-
estimate the heritabilities for and genetic correlations lum and evaluated for 21 d. Overall survival was 29.3%
among resistance to bacterial cold-water disease and  and family rates of survival varied from 1.5 to 72.5%.
growth traits in a population of rainbow trout (Onco-  Heritability of postchallenge survival, an indicator of
rhynchus mykiss). Bacterial cold-water disease, a chron- disease resistance, was estimated to be 0.35 4+ 0.09.
ic disease of rainbow trout, is caused by Flavobacterium  Body weights at 9 and 12 mo posthatch and growth
psychrophilum. This bacterium also causes acute losses  rate from 9 to 12 mo were evaluated on siblings of
in young fish, known as rainbow trout fry syndrome. the fish in the disease challenge study. Growth traits
Selective breeding for increased disease resistance is ~ were moderately heritable, from 0.32 for growth rate
a promising strategy that has not been widely used  to 0.61 for 12-mo BW. Genetic and phenotypic correla-
in aquaculture. At the same time, improving growth  tions between growth traits and resistance to bacterial
performance is critical for efficient production. At the  cold-water disease were not different from zero. These
National Center for Cool and Cold Water Aquaculture,  results suggest that genetic improvement can be made
reducing the negative impact of diseases on rainbow  simultaneously for growth and bacterial cold-water
trout culture and improving growth performance are  disease resistance in rainbow trout by using selective
primary objectives. In 2005, when fish averaged 2.4 g, breeding.

Key words: challenge test, disease resistance, genetic correlation, growth, heritability, rainbow trout
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INTRODUCTION are limited, and no licensed vaccine is currently avail-

able.
Bacteria.ul cold-water disease (BCWD), a‘chro.nic dis- There is evidence of genetic variation for resistance
ease of rainbow trout (Oncorhynchus mykiss), is com- g Fp infection in salmonids. For example, Nagai et

mon in US rainbow trout aquaculture and is caused 4], (2004) showed differences in susceptibility to Fp
by Flavobacterium psychrophilum (Fp). This bacterium challenges among 3 stocks of ayu (Plecoglossus altive-
also causes acute losses in young fish, known as rainbow lis), and Henryon et al. (2005) showed significant ad-
trout fry syndrome. Methods for prevention of BCWD ditive genetic variation for resistance to Fp challenge
in a Danish rainbow trout broodstock. This evidence
of genetic variation in resistance to Fp suggests that

'"The authors thank Eric Squires, Jim Everson, Jon Leasor, Josh  selective breeding may improve the survival of rainbow
Kretzer, David Payne, Chris Campbell, and Jennifer Harper (USDA, trout.
ARS, National Center for Cool and Cold Water Aquaculture, Kear-
neysville, WV) for technical assistance; Scott LaPatra (Clear Springs
Foods, Buhl, ID) for the Flavobacterium psychrophilum strain used

Growth performance is another trait of primary im-
portance to many rainbow trout producers, and selec-

to challenge the fish; and Maureen Purcell (Western Fisheries Re- tion for growth is generally included in most breed-
search Center, Biological Resources Discipline, US Geological Sur- ing programs (Gjerde, 2005). Typical harvest BW for
vey, Seattle, WA) for critical review of this manuscript. rainbow trout in the United States is 400 to 500 g, but

2 . K : _ : ' . i
207(1;’51“esent address: 5601 Sunnyside Ave, Rm 4-2106, Beltsville, MD recently the demand for larger fish has increased (Na—

3Corresponding author: Yniv.Palti@ars.usda.gov tional Agric.ultur.al Statistics SerVice’ 2007)
Received May 6, 2008. The relationship between growth-to-harvest BW and
Accepted November 13, 2008. resistance to Fp in rainbow trout has not been report-
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ed previously. Johansen et al. (2006) speculated that
because growth and an active immune system are re-
source-demanding systems, an unfavorable correlation
between disease resistance and growth performance
may exist. However, estimates of genetic correlation
between growth and general survival have typically
been positive, between 0.18 and 0.37 (Fjalestad et al.,
1993). Correlations between growth and specific disease
resistance require empirical testing. Therefore, our ob-
jectives were to determine the phenotypic and genetic
parameters for resistance to Fp in rainbow trout, and
to determine the genetic and phenotypic relationships
between resistance to Fp and growth.

MATERIALS AND METHODS

The institutional Animal Care and Use Committee
protocol used in this research was NCCCWA Animal
Care and Use Committee Protocol Number 029.

Fish

Data were from 71 full-sib families produced in Janu-
ary 2005 from 56 sires and 65 dams from the National
Center for Cool and Cold Water Aquaculture (Kear-
neysville, WV) synthetic population initiated in 2002
and 2003 (Silverstein et al., 2004; Johnson et al., 2007).
The 71 families were composed of 33 paternal half-sib
families, 20 maternal half-sib families, and 18 full-sib
families, with no maternal or paternal half sibs. The
original domesticated strains that contributed to the
synthetic population were 1) University of Washing-
ton, Donaldson; 2) Kamloops/Puget Sound Steelhead
cross; 3) College of Southern Idaho, House Creek; and
4) Ennis NFH Shasta strain. These strains were select-
ed because of their documented domestication. Parents
from the original strains were tested and determined
to be free of viral hemorrhagic septicemia virus, in-
fectious hematopoetic necrosis virus, infectious pancre-
atic necrosis virus, infectious salmon anemia virus, and
Renibacterium salmoninarum, the causative agent of
bacterial kidney disease. Parents of the 2002 and 2003
founding populations were mated in a partly factorial
design (Berg and Henryon, 1998). Approximately one-
half of the 2002 and 2003 families were F, crosses be-
tween different strains, and one-half were pure strains.
Parents for the 2005 population were selected primarily
from the 2003 population based on family growth per-
formance, but some 3-yr-old parents from the fastest
growing families of the 2002 population were also used.
Pedigree data were available beginning with grandpar-
ents of fish hatched in 2005.

Eggs were fertilized over a 5-wk period between Jan-
uary 7, 2005, and February 8, 2005. Each full-sib group
was reared in a separate incubator compartment. The
hatch timing of the families was synchronized by ma-
nipulating the incubation water temperature. All egg
lots hatched within a 4-d period between March 2, 2005,
and March 6, 2005. After hatch, 600 randomly chosen

siblings from each full-sib family were moved to sepa-
rate 200-L family tanks and reared on a flow-through
spring water system. Approximately 66 d posthatch,
three 25-fish groups were weighed from each family to
provide an average fish BW for each family. The aver-
age (SD) over all families was 2.4 (0.3) g. One week
later, between 40 and 80 fish were removed from each
family tank and moved into the challenge facility (see
challenge details below). Fish remaining in the family
tanks were periodically culled randomly to maintain
biomass densities below 50 kg/ m®. At 5 mo posthatch,
when fish averaged 47.1 (9.9) g, between 10 and 50
fish from each full-sib family were tagged with passive
integrated transponder tags (Avid, Norco, CA), and all
families were combined into five 1.3-m circular tanks,
each with a volume of approximately 1,000 L. Fish were
divided into more tanks as they grew, to maintain bio-
mass densities between 30 and 70 kg/m®. Fish were fed
most of their daily ration with Arvotec (Huutokoski,
Finland) automatic feeders, and once each day, the fish
were fed by hand to apparent satiation.

Growth Evaluation

Growth performance measures were individual
BW at 9 and 12 mo posthatch (9BW and 12BW,
respectively) and growth rate, evaluated as the ther-
mal growth coefficient (TGC) between 9 and 12 mo
posthatch. The TGC provides a measure of fish growth
rate on a linear scale for the typical production phase
of most fish species (Iwama and Tautz, 1981; Jobling,
2003; Lankford and Weber, 2006), and is calculated in
relation to degree days (T X t), where T is water tem-
perature in Celsius and ¢ is time in days. Calculation of
TGC is as follows:

TGC = [(*V/W; — >V W) /(T x )] x 1,000,

where W; is the final BW and W; is the initial BW.

Challenge Protocol

The Fp challenge was carried out in the National
Center for Cool and Cold Water Aquaculture challenge
facility, where 120 eight-liter tanks were available. For-
ty full-sib fish were allocated to a single 8-L family tank
(i.e., fish from different families were not commingled).
From 42 of the 71 families, a replicate group of 40 fish
was allocated; thus, 113 tanks were used. The fish were
allowed 1 wk to acclimate before challenge, and were
fed daily by hand to apparent satiation. Fish were chal-
lenged with a virulent strain of Fp CSF-259-93 (Crump
et al., 2001; MacLean et al., 2001) at approximately
80 d posthatch. The bacterial culture was prepared as
described by LaFrentz et al. (2002), and 8.8 x 10° cfu/
fish was administered to each fish by intraperitoneal
injection. The water temperature during challenge was
13.0 £ 0.5°C. Fish that died during the 21-d period
after challenge were recorded for day of mortality and
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examined for clinical signs of disease. We assumed that
the longer a fish survived, the greater was its resistance
to Fp infection (Henryon et al., 2005). Fish that did not
die during the 21-d challenge were recorded as censored
observations.

Survival Analysis

Time to event data (e.g., survival data) arise in sev-
eral applied fields, and events (e.g., death) are gener-
ally considered “failures.” A common feature of sur-
vival data is the occurrence of censored observations.
Censored data arise for individuals that do not have a
failure event during the predefined observation period,
or for individuals arbitrarily withdrawn from the study
before completion of the predefined observation period.
Thus, the only knowledge from a censored record is that
the individual survived for the entirety of its observa-
tion period. Survival data can be right, left, or interval
censored (Klein and Moeschberger, 1999). Observa-
tions available on the failure times of n individuals are
assumed to be independent. Analysis of survival data
that contain censored records requires statistical meth-
ods that 1) incorporate event and censored data jointly
to assess the dependence of failure time on explanatory
variables, and 2) appropriately specify the underlying,
or baseline, hazard function (Kalbfleisch and Prentice,
2002). A classical approach to analyze censored and
uncensored data jointly is to use survival analysis mod-
els, such as proportional hazards models. These can
be either parametric (e.g., assuming a Weibull baseline
hazard) or semiparametric, with an arbitrary hazard
baseline (Cox, 1972).

However, proportional hazard models often assume
that failure times are expressed on a continuous time
scale, with no ties between ordered failure times (Cox,
1972; Kalbfleisch and Prentice, 2002). When survival
after challenging experimental animals with a disease-
causing pathogen is evaluated for relatively short peri-
ods of time (e.g., 21 d) and is measured with limited
precision (i.e., observations are made infrequently), this
assumption is violated. In such cases, the time scale is
discrete with few classes. For these discrete data, sur-
vival analysis using standard proportional hazard mod-
els is a priori incorrect.

In this study, we had many ties between ordered fail-
ure times, because the survival data were collected for
21 d after exposure to the disease-causing pathogen and
observations were made only once daily. Furthermore,
the plot of In(—In[S(#)]) against In(¢), where S(%) is the
Kaplan-Meier survivor function and ¢ is time, did not
produce a straight line (data not shown), which indi-
cated that the Weibull distribution was not a good fit
for the survival data (Kalbfleisch and Prentice, 2002).
A more convenient strategy was to use the grouped
data model of Prentice and Gloeckler (1978). This dis-
crete proportional hazards model is a fully parametric
one for which the baseline hazard is estimated at every

discrete time point and for which the definition of haz-
ard is modified to take into account the discrete time
scale without violating the proportional hazard model
(Ducrocq, 1999).

The survival times of Fp-challenged fish were de-
scribed with a grouped data model, for which the haz-
ard function h(7;x;) within the interval 7, = (1.t
of a particular animal j, characterized by a vector of
explanatory x; variables, can be written as

where hy(7;) is the discrete baseline hazard function and
B is a vector of regression coefficients of the explana-
tory variables on survival times. An extension of the
previous model is obtained by adding random effects
(Ducrocq and Casella, 1996), and the resulting mixed
model (also known as a frailty model) can be written
as

h(Ti;xj,zj) = hy(7,)exp {x; B+ z;u},

where u is a vector of random variables and z; is an
incidence vector.

Model Selection. Preliminary analyses to assess
the significance of the random effect of challenge tank
nested within family and the fixed effect of average
family BW (covariate) on the response variable days
to death (DTD) were performed by using REML and
likelihood ratio tests implemented in the R statisti-
cal package from the Bioconductor Software Project
(Gentleman et al., 2004). To perform these analyses, we
developed an R script by using the statistical methods
outlined by Pinheiro and Bates (2000); this R script is
available online (http://www.ars.usda.gov/Research/
docs.htm?docid=8033). Both effects were significant (P
< 0.05) in the preliminary analyses and were therefore
included in the survival analysis models.

Frailty Models. Bayesian analysis of the frailty
models developed by Ducrocq and Casella (1996) can
be applied to the grouped data model (Prentice and
Gloeckler, 1978) for discrete data (Ducrocq, 1999), and
this method was implemented in the Survival Kit Ver-
sion 3.12 program (Ducrocq and Solkner, 1998) by us-
ing the following discrete failure time frailty models.

e Animal model:
(T % 5,2 5,8y,) = hy(T,;) exp {xlj B+ z‘lja + z;kr},

where /8]. is a vector for the fixed animal BW covariate,
a is the vector of random animal genetic effects with
the assumption a ~ MVN (O,Aa2 ), where A is the

animal

numerator relationship matrix, r is the vector of ran-
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dom tank or family effects, and x;, z,;, and z,, are inci-
dence matrices.

e Sire-dam model:
h(Ti;xj,zlj,z%) = hy(7,)exp {xlj B+ zlljs + z;kr},

where ,8]. is a vector for the fixed animal BW covariate,

s is the vector of random sire-dam effects, r is the vec-
tor of random tank or family effects, and x;, z,;, and z,,
are incidence matrices.

Animal (02 .
animal

2

) and sire-dam (0.
sire—dam

) variance

components and EBV were estimated by using the
Bayesian approach outlined by Ducrocq and Casella
(1996). The reliability (R) for survival EBV when using
the sire-dam model was estimated as

R=1-(SEP*[1x0%, ..
where SEP” is the squared SE of EBV.
Heritability of Survival. The effective heritabil-

ity of survival was estimated from both models by us-
ing expressions modified from Yazdi et al. (2002).

e Animal model:

2 _ 2 1,2
h* = Uarti7rbal/(1 + 4 0(mimal>’

e Sire-dam model:

h? = 20° /(1—|—02

fam sire-dam ) :
where fam is for full-sib families.

Growth Analysis

For growth data, the MTDFREML software devel-
oped by Boldman et al. (1995) was used to analyze the
data, using animal and sire-dam models for an observa-
tion vector y:

y=XpB + Z,a+ Z,u+ e,

where B is a vector of fixed effects, a is a vector of
random animal or sire-dam genetic effects, u is a vector
of random effects of family tank before tagging indi-
viduals and pooling families into larger tanks, and X,
Z,, and Z, are design matrices. Fixed effects included
rearing tank after tagging and sex. Using these models,
we obtained estimates of genetic (Vinima a0d Ve dam),
common environment ( Vi), residual (Vy), and
phenotypic variances (Vi + Vigmiyrant + Vir)-

Genetic and Phenotypic Correlations

The EBV were derived from animal and sire-dam
models for survival, 9BW, 12BW, and TGC. Genetic
correlations among growth traits were estimated from
2-trait animal models in MTDFREML. Genetic cor-
relations between growth traits and survival were esti-
mated by using 2 approaches. First, family mean EBV
were calculated from the animal model EBV, and Pear-
son correlations between family mean EBV were calcu-
lated. Correlations were weighted by the variance of the
growth data attributable to differences in the number
of individuals sampled per family for growth traits. Sec-
ond, Pearson correlations between parent EBV from
sire-dam models were calculated. Phenotypic correla-
tions among growth traits were estimated from MTD-
FREML. Phenotypic correlations between growth and
DTD were estimated as Pearson correlations between
family mean growth and DTD phenotypic data.

RESULTS

In this experiment, 4,656 fish were challenged and
1,350 survived until the termination of the study (i.e.,
71% of the fish challenged with Fp died during the 21-d
challenge), with a mean DTD of 8.1 d. Mortality was
low through d 4 (1.6%-d "), and then increased to more
than 5%-d~' through d 9, resulting in more than 54%
mortality by d 9 (Figure 1). One major peak of mor-
tality was centered at d 6, with a smaller secondary
increase at d 13 to 14. At d 18, mortality declined to
less than 1%-d .

There was substantial variation among full-sib fami-
lies for mortality rates, which ranged from 27.5 to
98.5% (Figure 2). Survival of the Fp challenge had a
clear additive genetic component; survival heritability
estimates were 0.35 £+ 0.09 and 0.43 + 0.03 from the
animal and sire-dam models, respectively. Variance at-
tributable to tank within families accounted for only
1.6% of the phenotypic variance (data not shown).
Body weight at the time of challenge had a significant
effect on survival. Resistance to BCWD increased with
increasing BW; each 1-g increase in BW conferred a 0.7
+ 0.2-d increase in DTD (P < 0.001).

Heritability estimates from animal models for 9BW,
12BW, and TGC were 0.59, 0.61, and 0.32, respective-
ly (Table 1). The common environmental effect (i.e.,
family tank before tagging) accounted for 5 and 2% of
variation in 9BW and 12BW, respectively.

Genetic correlations between survival and 9BW,
12BW, and TGC were <0.10 (absolute value) and were
not different from 0 when estimated by using family
mean EBV from the animal models (Table 2). Simi-
larly, these genetic correlations were <0.09 (absolute
value) when estimated by using parental EBV from the
sire-dam models (data not shown). Phenotypic corre-
lations between survival and growth traits were weak
and were not different from 0 (Table 2). Genetic and
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1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Days post challenge

Figure 1. Daily mortality over time. Each bar represents the number of mortalities for the days after challenge. In 2005, when fish averaged
2.4 g, 71 full-sib families were challenged with Flavobacterium psychrophilum, and survival was evaluated for 21 d.

100

60

% Mortality
a1
o
]

10 -

2005 Year Class families (n = 71)

Figure 2. Percentage mortality of the groups challenged. Replicated families are represented by the average of the 2 replicates. In 2005, when
fish averaged 2.4 g, 71 full-sib families were challenged with Flavobacterium psychrophilum, and survival was evaluated for 21 d.
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Table 1. Sample sizes (n), means and their SD (g), and
heritabilities and their SE for growth traits

Trait n Mean SD h? SE

9BW' 1,409 595.2 146.7 0.59 0.08
12BW! 1,357 1,131.1 282.0 0.61 0.09
TGC? 1,357 2.07 0.49 0.32 0.07

'9BW and 12BW = BW at 9 and 12 mo posthatch, respectively.

*TGC = thermal growth coefficient between 9 and 12 mo posthatch
[units are grams divided by degree days (T x ¢), where T is water
temperature in Celsius and ¢ is time in days].

phenotypic correlations between 9BW and 12BW were
large (>0.86), whereas correlations of 9BW and 12BW
with TGC were <0.69 (Table 3). Correlations between
12BW and TGC were considerably stronger than cor-
relations between 9BW and TGC.

DISCUSSION

The potential to improve a population of rainbow
trout for resistance to BCWD through selective breed-
ing depends first on there being an additive genetic
component to variation in resistance. Furthermore, the
value of using selective breeding for this trait is condi-
tioned by how selection for BCWD resistance may affect
other traits. In this study, we found a moderate herita-
bility for resistance to BCWD, measured as DTD, and
no significant correlation with growth to market sizes.
These findings are encouraging because they suggest
that selection to improve BCWD resistance will not be
antagonistic to improved growth; thus, both traits can
be improved simultaneously.

Additive genetic variation for resistance to specific
pathogens has been reported for many animals, includ-
ing fish (Chevassus and Dorson, 1990; Van Muiswinkel
et al., 1999; Bishop and Morris, 2007). In particular,
Henryon et al. (2005) also found resistance to Fp to be
heritable. Nevertheless, their estimates were consider-
ably less, at 0.07 compared with our current estimate
of 0.35. In both studies, intraperitoneal injection was
the route of pathogen delivery. Differences in fish size,
strain of the pathogen, and other environmental dif-
ferences could be responsible for the difference in esti-
mates. Additionally, any heritability estimate is partic-
ular to a population and environment, and the response
to this challenge may have had a stronger genetic basis

Table 2. Approximate genetic (r

g
lenge survival and growth traits'

) and phenotypic (r

than the challenge conducted by Henryon et al. (2005).
The difference between heritability estimates from the
animal and sire-dam models (0.35 and 0.43, respective-
ly) provides an idea of the magnitude of nonadditive
genetic effects on the inheritance of BOCWD resistance,
although the data structure was not ideal to interpret
the differences in variances.

The effect of BW at the time of challenge on resis-
tance to BCWD was positive in this study, and a simi-
lar conclusion was reached by Henryon et al. (2005);
however, the BW data from the 2 studies did not mea-
sure exactly the same thing. In the current study, mean
BW of each full-sib family 1 wk before challenge was
used as a covariate in the statistical model. In the study
by Henryon et al. (2005), each fish was weighed when
it was removed from the tank after death or at the end
of the experiment, and these data were included as a
covariate. In both cases, fish BW was positively related
to resistance, suggesting that greater BW at pathogen
exposure confers some advantage.

In our mating design, some of the families were pa-
ternal half sibs, some were maternal half sibs, and some
did not have half sibs. This design required us to es-
timate family breeding values as mean of the EBV of
the animals to estimate genetic correlations between
postchallenge survival and growth traits. However, we
also used the sire-dam model to estimate breeding val-
ues for growth traits by using MTDFREML and to
estimate postchallenge survival by using Survival Kit,
which enabled us to estimate reliabilities of the paren-
tal EBV. The reliabilities of the sire-dam EBV aver-
aged 0.73, 0.73, and 0.60 for 9BW, 12BW, and TGC,
respectively, and 0.88 for survival (data not shown).
These large accuracies suggest that our estimates of 0
for genetic correlations between growth and survival
are good approximations, and support our results when
using EBV from the animal models.

Genetic correlations between resistance to BCWD
and BW at later ages (i.e., 9 and 12 mo posthatch)
and growth rate have not been reported previously. The
nonsignificant correlations found here are promising for
selective breeding, because selection for improvement
in one trait should not have antagonistic effects on the
other. A favorable genetic correlation between Fp re-
sistance and growth would be desirable, because selec-
tion for either trait would result in improvement in the
other.

») correlations between postchal-

Trait T, I,

9BW? —0.09 (—0.31 to 0.15) 0.01 (—0.08 to 0.09)
12BW? —0.10 (—0.33 to 0.13) —0.06 (—0.07 to 0.05)
TGC? 0.09 (—0.15 to 0.31) —0.13 (—0.39 to 0.22)

'Point estimates and range enclosing the 95% confidence limits (in parentheses) are given.

29BW and 12BW = BW at 9 and 12 mo posthatch, respectively.

*TGC = thermal growth coefficient between 9 and 12 mo posthatch [units are grams divided by degree days
(T x t), where T is water temperature in Celsius and ¢ is time in days].
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Table 3. Genetic (below diagonal) and phenotypic
(above diagonal) correlations among BW and thermal
growth coefficient (TGC) traits

Ttem 9-mo BW 12-mo BW TGC
9BW' 0.86 0.15
12BW! 0.93 + 0.02 0.62
TGC? 0.39 + 0.14 0.69 + 0.08

'9BW and 12BW = BW at 9 and 12 mo posthatch, respectively.

*TGC = thermal growth coefficient between 9 and 12 mo posthatch
[units are grams divided by degree days (T x ¢), where T is water
temperature in Celsius and ¢ is time in days].

A weak and nonsignificant correlation between re-
sistance to BCWD and growth means that to improve
both traits would require selection pressure on each
trait. The method expected to give the most rapid im-
provement in merit is simultaneous selection by using
an index incorporating economic weights and heritabili-
ties for each trait, and genetic and phenotypic correla-
tions between the traits (Falconer and Mackay, 1996).

Favorable genetic correlations between general surviv-
al and growth were previously observed in salmon and
trout. Estimates of correlation between general survival
and fingerling growth were 0.23 to 0.37 (reviewed in
Gjedrem, 2000); however, correlations between growth
and resistance to specific diseases are less consistent.

The relationship between growth and disease re-
sistance is not consistent among different species or
among different diseases. Work in the shrimp (Penaeus
vannamei) has shown a favorable genetic correlation
(~0.4) between general survival and growth (Gitterle
et al., 2005a); however, an unfavorable correlation (be-
tween —0.55 and —0.64) was found between growth and
resistance to white spot syndrome virus (Gitterle et al.,
2005b). Gjedrem et al. (1991) found a correlation of 0.3
between vibriosis and growth among matched groups
of fingerling Atlantic salmon (Salmo salar), whereas we
found a correlation near 0 for 2.4-g rainbow trout chal-
lenged with Fp and compared with their growth rate to
market size.

The heritabilities of 9BW and 12BW and growth rate
between 9 and 12 mo were moderate to high and were
somewhat greater than previous estimates for rainbow
trout at similar ages. Other estimates of BW heritability
were between 0.48 and 0.55 (Elvingson and Johansson,
1993) and between 0.15 and 0.38 (Kause et al., 2006).
The differences in growth rates among families and the
moderate to high heritabilities suggest considerable po-
tential for growth improvement in this population.

In summary, we demonstrated that rainbow trout
survival after Fp injection challenge was a moderately
heritable trait in our broodstock population. These re-
sults have favorable implications for selective breeding
for increased disease resistance and have provided an
important experimental resource for investigation into
the mechanistic basis of immunity to this pathogen. In
2 additional studies, we demonstrated a positive corre-

lation between family survival and average spleen size
(Hadidi et al., 2008). In addition, we reported an associ-
ation between survival and 2 microsatellites (OMM3089
and OMM1189) that map near the major histocompat-
ibility IB region (Johnson et al., 2008). Thus, the fish
crosses identified in this study are likely to continue
to provide an important experimental resource. How-
ever, it is important to recognize that several caveats
remain. All our work has used a single bacterial clone
isolated from F. psychrophilum strain CSF 259-93 and
all challenge work has used injection challenge. Further
laboratory-based experiments and field trials are un-
derway to determine the relevance of these findings to
performance under farm conditions.
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