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Summary

Chile is the main producer of coho salmon (Oncorhynchus kisutch), with more than 90% of
global production. Piscirickettsia salmonis is the main disease responsible for economic
losses in the Chilean coho salmon industry. Current treatments have been ineffective for the
control of this disease. Improvement of immune response through artificial selection has been
proposed as a feasible alternative to chemical solutions in farmed fish. Selection for tolerance,
the ability to minimize the impact of an infection on survival or growth performance, is a
promising alternative for the control of this disease. Defined as a reaction-norm, tolerance can
be modelled by random regression models of performance or survival against pathogen load.
Thus, family differences in reaction-norm slopes provide a measure of genetic variation in
tolerance to infection within the population.

Multi-variate animal models and univariate random regression sire models were fitted
for day of death (DD), log bacterial load (BL) and average daily gain prior and during
infection (ADG0 and ADGi, respectively) as response variables to data from 698 individuals
from 34 full-sib families that were experimentally infected with Piscirickettsia salmonis.
Tolerance was defined as either the slope of the linear reaction-norm of DD or ADGi against
log(BL). To identify whether there is significant genetic variance in tolerance of coho salmon
to infection, sire effects on intercept and/or reaction-norm slopes were evaluated. Model
comparison was performed based on the log-likelihood ratio test (LRT).

Multi-variate animal models revealed substantial host genetic variation in DD,
log(BL), ADG0 and ADGi with respective heritability estimates of 0.16 (±0.04), 0.21
(±0.08), 0.30 (±0.05) and 0.16 (±0.04) and genetic correlations ranging from -0.98 to 0.85.
The reaction-norm models identified significant negative linear relationship between BL and
either DD or ADGi (p < 0.001). Furthermore, models with sire effects for both intercept and
slope, fitted significantly better (p < 0.001) than models without a genetic effect or with sire
effect only on intercept, indicating significant genetic variation in tolerance to infection.
Based on the results for the random regression model, genetic variance in DD and ADGi
increased from 6.24 to 14.37 and 0.02 to 1.02, respectively, within the observed bacterial load
spectrum.

The current work is one of the first studies that identified significant genetic variance
in individuals’ tolerance to infection, in addition to resistance (as defined by genetic variation
in BL). The results imply that mortality rates in coho salmon exposed to Piscirickettsia
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salmonis could be reduced by genetic selection for both, resistance and tolerance. Further
studies that estimate genetic correlations between both traits contributing to mortality, are
warranted.

Keywords: Resistance, Tolerance, Disease, Oncorhynchus kisutch, Piscirickettsia salmonis,
Random regression, genetic improvement

Introduction

Chile is the main producer of coho salmon (Oncorhynchus kisutch), reaching 160,000 tons in
2014, which represents more than 90% of total production (FAO 2016). However, one of the
main sanitary issues affecting the success and sustainability of coho production is the Salmon
Rickettsial Syndrome (SRS), caused by Piscirickettsia salmonis. This pathogen has generated
53% of mortalities associated to diseases during the first half of 2016, causing considerable
losses in the Chilean industry (Sernapesca 2016).

To date, strategies for the treatment and prevention of SRS are based on antibiotics
and vaccines. However, both methods have had only a partial effectiveness in reducing
mortalities under field conditions (Rozas and Enríquez 2014). Because of this, it is imperative
to develop alternative effective and sustainable strategies for the control of this infectious
disease (Yáñez et al. 2014).

Selective breeding may represent a feasible and sustainable approach for the control of
this disease. Currently, most efforts focus on improving host resistance. However, recently,
the focus has expanded to tolerance, another host defence strategy, aimed to limit the impact
that pathogens can inflict on host survival or performance, without affecting pathogen burden
per se (Doeschl-Wilson and Kyriazakis 2012). Whilst there is plenty of evidence for genetic
variation in host resistance, empirical evidence for genetic variation in tolerance is sparse.

Mathematically, tolerance has been defined as a reaction-norm of fitness or
performance against increase in pathogen load (Simms 2000). Thus, assuming a linear
relationship, regression slope of a fitness or performance measure against pathogen load
provides a measure of tolerance. When combined with pedigree information, random
regression models provide estimates for genetic variances in the regression coefficients, i.e.
fitness or performance in the absence of infection, and tolerance (Kause 2011; Kause and
Ødegård 2012). The presence of genetic variation in tolerance of fish to infection will allow
to improve it by means of artificial selection (Yáñez et al. 2015).

This work aimed to determine the level of additive genetic variation in both resistance
and tolerance to Piscirickettsia salmonis in a coho salmon population. Results shows the
feasibility to improve both traits through artificial selection, suggesting its inclusion in the
breeding goal of genetic improvement programs for the control of this disease.

Material and methods

Coho salmon Population and Experimental Challenge

Individuals from a coho salmon breeding population from a genetic improvement program
run by Pesquera Antares (Puerto Montt, Chile) established in 1997, were experimentally
challenged with 0.2 ml of the LD50 of a pathogenic strain of Piscirickettsia salmonis, through
an IP injection. A sample of 30 individuals were tested for the presence of possible pathogens
prior to the artificial infection. In total, 698 individuals from 34 maternal full-sib families



were intraperitoneal injected and separated into three replicate tanks. Pedigree traceability
was maintained through a PIT-Tag inserted at a mean marking weight (MW) of 5.5 g (SD =
1.02 g) and at a mean marking age (MA) of 218 days (SD = 3). The challenged test was
performed for 50 days.

Data and trait definitions

Survival was measured as day of death (DD), and was monitored daily. Individuals that
survived until the end of the challenge were as assigned the value DD = 50. Average Daily
Gain prior to infection (ADG0, unit g/day) was estimated as the difference of weight at the
beginning of the challenge and weight at tagging divided by the number of days between both
measurements. Average Daily gain during infection (ADGi) was calculated dividing the
difference of weight at day of death and initial weight, by DD. Bacterial load (BL) was
quantified through amplification of 16S gene by qRT-PCR from RNA extracted from head
kidney. Copy number was log transformed and corrected by the six copies of 16S in P.
salmonis (Pulgar et al. 2015). The log-transformed BL was used as a measure of host
resistance to infection (Lough et al. 2017). Measures of tolerance were obtained based on the
reaction-norm slopes, as outlined above, and using the random regression models described
below.

Statistical analyses.

A multi-variate animal models was used to estimate heritabilities and genetic correlations
between the traits described above.

DD ~ Mean + Sex + Tank + ADG0 + Log(BL) + MW + MA + Animal
(1)

Log(BL) ~ Mean + Sex + Tank+ ADG0 + ADGi + MW + MA + Animal
(2)

ADGi ~ Mean + Sex + Tank + ADG0 + Log(BL) + MW + MA + Animal (3)

ADG0 ~ Mean + Sex + Tank + MW + MA + Animal
(4)

In order to estimate genetic variance in tolerance in terms of either survival (DD) or growth
(ADG), two univariate Sire linear random regression models (RRM) were fitted to the data as
follows:

DD ~ Mean + Sex + Tank + ADG0 + ADGi + Log(BL) + MA + MW+ Sire
+ SireLog(BL)
(5)

ADG ~ Mean + Sex + Tank + DD + Log(BL) + MA + MW + Sire + Sire.Log(BL)
(6)
Were ADG refers to either ADG0 and ADGi in the repeated measures model (6). Sex and
tank were treated as fixed effects in all models. Animal refers to the random animal genetic



effect. Sire and Sire.Log(BL) were treated as random effects. The remaining variables in each
model were treated as covariates.
Each of the above random regression models were compared with the model without any
additive genetic sire effect and with sire effect on slope and on intercept only. Significance of
each random effect was evaluated using the likelihood ratio test (LRT). Genetic variance for
DD and ADG as a function of log(BL) was calculated as Kolmodin and Bijma (2004). All
models were fitted using the ASREML software (Gilmour et al. 2009).

Results

Experimental Challenge

Summary of statistics related with P. salmonis challenge are shown in Table 1. Mortality
began on the 10th day after challenge. Evident symptoms and pathological lesions of SRS
were evident in the population. Average mortality reached 41.1%. The ADG0 shows that
prior to infection, individuals gain on average 1.1 g/day in body weight. However, this daily
growth rate was reduced by almost half during the infection process. A loss of weight was
observed throughout the infection, with a maximal weight loss of 5.9 g/day. The phenotypic
variation in ADGi was substantially larger than for ADG0.

Estimation of variance parameters

Multi-variate animal models showed significant genetic variation for ADG0, ADGi,
log(BL) and DD (Table 2). Moderate to high heritabilities values were estimated for these
traits, ranging from 0.16 to 0.30. Significant genetic correlations were estimated with values
from -0.98 to 0.86. Phenotypic correlation from -0.56 to 0.25 suggest partly correlation
among traits.
Univariate random regression models without genetic effects but with BL as covariate,
identified a significant linear association between this variable and either DD or ADG (p <
0.001). A population average tolerance slope of -1.02 (0.22) and -0.48 (0.03) per unit of
log(BL) increase for day of death and for average daily gain, respectively, was estimated.
Model comparison showed a significant improvement in the log likelihood when sire effects
on both, intercept and slope, as well a genetic covariance between them were included, either
for DD and ADG (p < 0.001), implying significant genetic variation in tolerance of coho
salmon to infection with Piscirickettsia salmonis, both in terms of survival and growth. The
resulting genetic variance in DD and ADG as function of bacterial load for both traits are
shown in Fig. 1A and 1B. Results shows an increase of genetic variance as the bacterial load
becomes higher.

Table 1. Summary statistics for initial weight and final weight measured in g, log bacterial
load measured in log10 of 16S, ADG0 and ADGi measures as g/day and day of death for the
challenged individual against P. salmonis.

Variables Min Mean SD Max

Initial Weight 94 265.1 136.1 654

Final Weight 81 300.7 184.4 1996

Log Bacterial Load 0.8 1.5 0.4 2.4



ADG0 0.4 1.1 0.6 2.6

ADGi -5.9 0.5 1.6 6.4

Day of Death 10 40.24 10.6 50

Table 2. Heritabilities (diagonal), phenotypic (above diagonal) and genetic correlations
(below diagonal) for ADG0, ADGi, log(BL) and DD. Standard error in parenthesis. Showed
heritabilites are the estimated in the univariate model.

ADG0 ADGi Log(BL) DD
ADG0 0.30(0.05) 0.14(0.02) -0.15(0.05) 0.25(0.02)
ADGi 0.39(0.14) 0.16(0.04) -0.52(0.03) 0.55(0.02)
Log(BL) -0.12(0.26) -0.95(0.06) 0.21(0.08) -0.56(0.03)
DD 0.28(0.14) 0.86(0.06) -0.99(0.05) 0.16(0.04)

Figure 1. Genetic variance as a function of log bacterial load for day of death (A) and total
average daily gain (B).

Discussion
This study revealed substantial genetic variation in growth and survival response of coho
salmon to Piscirickettsia salmonis. Estimated heritabilities are in agreement with previous
studies evaluating survival or growth traits in salmon (Gutierrez et al. 2015; Yáñez et al.
2016). Measurements of bacterial load in addition to growth and survival allowed for the first
time to estimate genetic variance in both resistance and tolerance to Piscirickettsia salmonis
infection in a coho salmon population. In contrast to previous studies in other species
(Hayward et al. 2014; Lough et al. 2017), our study provided conclusive evidence for
significant genetic variation in tolerance of animals to infection, in addition to variation in
resistance, from experimental challenge data. In particular, our results showed that coho
salmon vary genetically in resistance as well as in tolerance to Piscirickettsia salmonis, both
in terms of growth and survival. Bivariate random regression models did not have sufficient
statistical power to determine whether there is a favourable or antagonistic genetic correlation
between both tolerance traits. However, strong positive genetic correlations between ADGi
and DD, would suggest that it is possible to simultaneously improve growth and survival
response of coho salmon to infection with Piscirickettsia salmonis.

This research indicates that mortality rates of coho salmon populations exposed to
Piscirickettsia salmonis could be substantially reduced through combined artificial selection
for resistance or tolerance.
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